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ARTICLE INFO ABSTRACT
Keywords: Maintaining host iron homeostasis is an essential component of nutritional immunity responsible for seques-
NLRP6 trating iron from pathogens and controlling infection. Nucleotide-oligomerization domain-like receptors (NLRs)

Nutritional immunity
Iron metabolism
Ferroportin

Salmonella Typhimurium

contribute to cytoplasmic sensing and antimicrobial response orchestration. However, it remains unknown
whether and how NLRs may regulate host iron metabolism, an important component of nutritional immunity.
Here, we demonstrated that NLRP6, a member of the NLR family, has an unconventional role in regulating host
iron metabolism that perturbs host resistance to bacterial infection. NLRP6 deficiency is advantageous for
maintaining cellular iron homeostasis in both macrophages and enterocytes through increasing the unique iron
exporter ferroportin-mediated iron efflux in a nuclear factor erythroid-derived 2-related factor 2 (NRF2)-
dependent manner. Additional studies uncovered a novel mechanism underlying NRF2 regulation and operating
through NLRP6/AKT interaction and that causes a decrease in AKT phosphorylation, which in turn reduces NRF2
nuclear translocation. In the absence of NLRP6, increased AKT activation promotes NRF2/KEAP1 dissociation via
increasing mTOR-mediated p62 phosphorylation and downregulates KEAP1 transcription by promoting FOXO3A
phosphorylation. Together, our observations provide new insights into the mechanism of nutritional immunity
by revealing a novel function of NLRP6 in regulating iron metabolism, and suggest NLRP6 as a therapeutic target
for limiting bacterial iron acquisition.

against infectious diseases.

Host iron homeostasis is exquisitely governed by two regulatory
systems. The first, termed systemic iron metabolism, relies primarily on
hepcidin, a hormone mainly produced by hepatocytes. The second,

1. Introduction

Nutritional immunity, based on the restriction of essential transition  kpown as cellular iron metabolism, coordinates the regulation of cellular
metals’ availability, is a key defense strategy against pathogenic mi- iron import, storage, and export [4]. It is well established that these two
crobes [1]. Iron, the most abundant transition metal in human, is a homeostatic pathways intersect in the liver, where many of the
necessary nutrition element required for both humans and nearly all iron-handling functions are modulated by liver macrophages [5]. Mac-
bacterial species, including Salmonella enterica serovar Typhimurium (S. rophages take up transferrin-bound iron via their transferrin receptor
Typhimurium) [2]. As a typical facultative intracellular bacterium, S. (TFR), capture non-transferrin-bound iron through another impor-
Typhimurium survives within macrophages, scavenging iron from its ter—the divalent metal transporter 1 (DMT1)—and preserve iron stor-
host to satisfy its nutrient requirements for growth and proliferation [3]. age in ferritin. Of note, ferroportin (FPN) is the unique protein acting as
Therefore, regulating host iron metabolism and sequestrating iron away iron exporter in mammals. FPN expression is regulated at the

from invading pathogens is considered a potential therapeutic strategy
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List of abbreviation

4EBP1  4E binding protein 1

ARNT  aryl hydrocarbon receptor nuclear translocator
BMDMs bone marrow-derived macrophages

CFUs colony-forming units

DAMPs damage-associated molecular patterns

DFP deferiprone

DMT1  divalent metal transporter 1

FPN ferroportin

FBS fetal bovine serum

FOXO3A Forkhead box O3A

FTH heavy chain of ferritin

HMOX1 heme oxygenase 1

HIF hypoxia-inducible factor

IRE/IRP iron response element/iron regulatory protein
KEAP1 Kelch-like ECH-associated protein 1

FTL light chain of ferritin

LC3 microtubule-associated protein 1 light chain 3
MEFs mouse embryonic fibroblasts

mTORC1 mammalian target of rapamycin complex 1
MLN mesenteric lymph node

MTF1 metal regulatory transcription factor 1

MOI multiplicity of infection

NQO1 NADPH quinone oxidoreductase 1

NDP52 nuclear domain 10 protein 52

NRF2 nuclear factor erythroid-derived 2-related factor 2
NLRs Nucleotide-oligomerization domain-like receptors

p62/SQSTM1 p62/sequestosome 1

PAMPs pathogen-associated molecular patterns

PRRs pattern recognition receptors

S. Typhimurium Salmonella enterica serovar Typhimurium

shRNA  short hairpin RNA
siRNA  small interfering RNA
TFR transferrin receptor
TU transducing unit

transcriptional level by several transcription factors, at the translational
level by the iron response element/iron regulatory protein (IRE/IRP)
system, and at the protein level, by hepcidin-induced FPN internaliza-
tion and proteolysis [6]. Enhanced expression of FPN, which increases
iron export and decreases intracellular iron accumulation in macro-
phages, is considered a protective antimicrobial response in host resis-
tance to S. Typhimurium infection [7].

The innate immune system senses pathogen-associated molecular
patterns (PAMPs) and damage-associated molecular patterns (DAMPs)
through pattern recognition receptors (PRRs). The nucleotide-
oligomerization domain-like receptors (NLRs) form a family of cyto-
plasmic PRRs that modulate inflammatory cytokines production and
mediate regulated cell death (RCD). A growing body of evidence in-
dicates that NLRs may be involved in the maintenance of metabolic
homeostasis [8]. However, the link between NLRs and host iron meta-
bolism, especially during bacterial infections, remains unclear.

In the present study, using well-established models of orally infected
mouse in vivo and macrophage infection in vitro, we explore potential
interconnections between the efficacy of the NLR-associated antimi-
crobial response, regulation of iron metabolism, and pathogenicity of S.
Typhimurium. To the best of our knowledge, we provide the first evi-
dence that NLRs participate in the regulation of iron homeostasis.
NLRP6, a recently identified member of the NLR family, exerts a strong
priming influence on host iron metabolism, leading to an intracellular
iron overload that promotes S. Typhimurium growth and virulence. Our
results identify a novel function for NLRP6 in modulating nutritional
immunity and suggest NLRP6 as a therapeutic target for limiting bac-
terial iron acquisition.

2. Results

2.1. NLRP6 increases host susceptibility to S. Typhimurium infection and
promotes the dysregulation of iron homeostasis

To investigate the contribution of NLRP6 to host defense and iron
homeostasis, we first infected orally NIrp6~/~ mice and littermate wild-
type control mice with S. Typhimurium. The infected Nirp6~/~ mice
exhibited improved survival and lost significantly less body weight
compared with similarly treated wild-type mice (Fig. 1, A and B). We
further examine whether NLRP6 impacted the replication and survival
of S. Typhimurium in vivo. Previous works from our laboratory and
another showed that S. Typhimurium disseminates to systemic organs at
three days post-infection [9,10]. As expected, the infected Nlrp6 '~ mice
had a much lower bacterial burden in colon, mesenteric lymph node
(MLN), liver, and spleen, but not in the duodenum, relative to that of the

wild-type controls at three days post-infection (Fig. 1C and Fig. S1A).
The histopathological analysis revealed extensive morphologic changes
in the colon, liver and spleen of the wild-type mice, compared with those
of the NIrp6~/~ mice, characterizing by increased epithelial disruption
and significant crypt loss in the colon (Fig. S1B); marked infiltration of
inflammatory cells with substantial cell death in the liver (Fig. 1D and
Fig. S1C); multifocal necrotizing splenitis and disruption of normal
structure of the red and white pulp of the spleen (Fig. 1D and Fig. S1D).
Moreover, no significant difference was observed between the duo-
denum of these two genotypes (Fig. S1E). Considering that dysregula-
tion of host iron homeostasis, characterizing by hypoferremia and iron
accumulation in systemic organs, is relevant to severe salmonellosis, we
then asked whether NLRP6 could influence host iron metabolism in vivo.
Serum iron concentration was markedly declined in orally infected
wild-type mice, as previously reported [10]. However, Nlrp6~/~ mice
were resistant to the reduction in serum iron level, manifesting as a
much higher serum iron content than the wild-type at three days
post-infection (Fig. 1E). Accompanied by the changes of serum iron,
Perls’ staining on spleen sections revealed a higher accumulation of iron
in wild-type than in NIrp6~/~ infected mice (Fig. 1F). Of note, the
infected Nlrp6~/~ mice exhibited a significantly lower level of non-heme
iron in liver and spleen, compared with infected wild-type mice, while
the effect of the knockout was modest on heme level (Fig. 1, G and H). In
contrast, NLRP6 deficiency had no effect on non-heme or heme levels in
the duodenum and the colon during infection (fig. S1, F and G). To
characterize the cell types responsible for NLRP6-mediated changes in
iron metabolism during infection, we measured non-heme and heme
iron contents in non-parenchymal liver cells and hepatocytes isolated
from wild-type and NIrp6~/~ mice. While no apparent differences in iron
level were detected between wild-type and Nirp6~/~ hepatocytes,
non-heme iron content, but not the level of heme, was markedly reduced
in NIrp6~/~ non-parenchymal liver cells compared with their wild-type
counterparts (Fig. 1, I and J). Taken together, these results suggest that
NLRP6 is detrimental to the host control of S. Typhimurium infection
and the maintenance of iron homeostasis.

2.2. NLRP6 regulates macrophage iron metabolism through FPN

Macrophages are main contributors to host protection against S.
Typhimurium infection and regulate iron recycling [11,12]. Therefore,
we sought to assess the potential impact of NLRP6 on iron metabolism in
S. Typhimurium-infected macrophages. Non-heme iron level was
significantly lower in macrophages isolated from Nlrp6_/ ~ livers than in
those from wild-type livers (Fig. 2A). To further decipher the role of
NLRP6 in macrophage iron metabolism and whether these changes
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Fig. 1. Nlrp6-deficiency attenuates the dysregulation of iron metabolism and protects mice against infection with S. Typhimurium. Streptomycin-pretreated wild-
type and Nlrp6~/~ mice were orally infected with 1 x 10”7 CFUs of S. Typhimurium strain SL1344. (A) Survival in wild-type and Nlrp6~/~ mice (n = 18 per group).
Results were presented relative to initial values, set as 100% (throughout). (B) Percentage change in body weight during S. Typhimurium infection (n = 18 per
group). Because of increased mortality in wild-type mice, weight assessments were halted on day 7. (C-J) Streptomycin-pretreated wild-type and NIrp6~/~ mice were
orally infected with 1 x 107 CFUs of S. Typhimurium strain SL1344 and analyzed at 3 days post-infection. (C) Viable count of S. Typhimurium in MLN, liver and
spleen (n = 10 per group). (D) Hematoxylin and eosin staining of liver and spleen sections. Original magnification, x 20; scale bars: 50 pm. Representative his-
topathological images are shown. (E) Serum iron levels (Ctrl., n = 8 per group; S. Typhimurium, n = 10 per group). (F) Perls’ Prussian Blue staining of the spleen.
scale bars: 50 pm. One of 3 representative histology experiments is shown. (G) Non-heme iron content in liver and spleen (n = 5 per group). (H) Heme levels in liver
and spleen (n = 5 per group). (I) Non-heme iron content in primary hepatocytes and liver non-parenchymal cells (Ctrl., n = 4 per group; S. Typhimurium, n = 6 per
group). (J) Heme levels in primary hepatocytes and liver non-parenchymal cells (Ctrl., n = 4 per group; S. Typhimurium, n = 6 per group). Data were compared with
independent Student’s t-test. Survival rates were estimated by the Gehan-Breslow-Wilcoxon test. Values are expressed as the mean + SEM, and statistically significant

differences are indicated. *P < 0.05; **P < 0.01;
referred to the Web version of this article.)

*P < 0.001; ns, not significant. (For interpretation of the references to colour in this figure legend, the reader is

could occur at early infection stage as previously described [13], bone
marrow-derived macrophages (BMDMs) were co-cultured with S.
Typhimurium to establish an in vitro model of infection and analyzed at
4 h post-infection. Although NLRP6 deficiency did not affect phagocy-
tosis of bacteria by the macrophages (Fig. S2A), at 4 h post-infection the
Nirp6~/~ BMDMs had lower bacterial burden and non-heme content
than the wild-type BMDMs (Fig. 2, B and C). Treatment with the iron
chelator deferiprone (DFP) reduced S. Typhimurium intracellular pro-
liferation and abolished the difference in bacterial loads between the
wild-type and Nlrp6~/~ BMDM:s (Fig. 2B). To gain a better understand-
ing of the mechanisms whereby NLRP6 modulates cellular iron meta-
bolism, the expression of molecules involved in iron import, storage, and
export was analyzed. At 4 h post-infection, the expression of the major
iron acquisition regulatory genes Tfr and Dmtl was comparable in
Nirp6~/~ and wild-type BMDMs (Fig. 2D). The expression of the major
iron storage protein ferritin, composed of light chains encoded by the Ftl
gene and heavy chains encoded by the Fth1 gene, was higher in Nlrp6 /'~
than in wild-type BMDMs after infection. However, Western blot anal-
ysis did not detect any remarkable difference in either FTL or FTH
protein levels between infected BMDMs with different genotypes (Fig. 2,
E and F), suggesting that changes in expression of ferritin were not the
major driver of NLRP6-mediated iron metabolic dysregulation. Impor-
tantly, in the presence of S. Typhimurium, the Nlrp6~/~ BMDMs had
significantly higher expression of the unique iron exporter FPN than the
wild-type BMDMs, at both the mRNA and the protein levels (Fig. 2, G
and H). Consistent with the above observation, iron export was notably
higher in Nirp6~/~ than in wild-type infected BMDMs (Fig. 2I). Knock-
down of Fpn in BMDMs using a small interfering RNA (siRNA) reversed
the effect of NLRP6-deficiency on intracellular bacterial load and iron
content (Fig. 2, J to L). As a complementary approach to confirm these
findings, we also conducted studies in which NLRP6 was overexpressed
in human THP-1 monocytic cells. Expectedly, the overexpression of
NLRP6 enhanced intracellular bacterial load which could be reversed by
DFP chelation, and decreased both the mRNA and protein levels of FPN
in infected cells (fig. S2, B to E). These observations indicate that NLRP6
inhibits FPN expression, resulting in increased intracellular iron accu-
mulation and bacterial burden.

2.3. NLRP6 regulates FPN transcription through NRF2

The expression of FPN is tightly regulated at the transcriptional,
translational, and protein levels. Because our data showed that the levels
of both FPN mRNA and protein were regulated by NLRP6, we hypoth-
esized that this regulation occurred at the transcriptional level. As ex-
pected, treatment with the transcriptional inhibitor actinomycin D
markedly reduced FPN mRNA levels in both wild-type and Nlrp6~/~
infected BMDMs and reversed the effect of NLRP6-deficiency on FPN
expression (Fig. 3A). Previous studies have reported that FPN tran-
scription was modulated by three transcription factors, namely hypoxia-
inducible factor (HIF), metal regulatory transcription factor 1 (MTF1),
and nuclear factor erythroid-derived 2-related factor 2 (NRF2) [14-16].
To determine whether one of these pathways was relevant to FPN

transcriptional regulation by NLRP6, S. Typhimurium-infected BMDMs
and mouse embryonic fibroblasts (MEFs) were transfected with three
pairs of siRNAs targeting aryl hydrocarbon receptor nuclear translocator
(ARNT, encoding the obligatory dimer for HIF1-a and HIF2-«), MTF1, or
NRF2 (Fig. 3B), and FPN mRNA level was monitored. Knockdown of
either ARNT or MTF1 resulted in a reduction of FPN transcription,
whereas FPN mRNA levels was still higher in Nirp6 ™/~ than in wild-type
infected cells (Fig. 3, C and D), indicating that HIF and MTF1 were in-
dependent of this process. However, the increase of FPN mRNA caused
by NLRP6 deficiency in infected cells was reversed by NRF2 knockdown
(Fig. 3E). In line with this observation, suppression of NRF2 enhanced
intracellular bacterial burden and iron content in infected BMDMs and
eliminated the difference initially seen between the wild-type and
Nirp6~/~ BMDMs (Fig. 3, F and G). These results suggest that NLRP6
regulates iron homeostasis and FPN transcription in a NRF2-dependent
manner during infection. We further explored whether NLRP6 mediated
NRF2 inhibition. At 4 h post-infection, Nlirp6~/~ BMDMs expressed an
amount of NRF2 protein significantly higher than the wild-type,
whereas no significant difference in NRF2 mRNA level was detected
between the BMDMs of these two genotypes (Fig. 3, H and I). At the
same timepoint, the transcriptional level of two prototypical NRF2
target genes, namely NADPH quinone oxidoreductase 1 (NQO1) and
heme oxygenase 1 (HMOX1), was significantly higher in Nlrp6~/~ than
in wild-type BMDMs (Fig. 3J). Consistently, overexpression of NLRP6 in
infected cells decreased NRF2 nuclear translocation, reduced NRF2
protein level, and lowered NQO1 mRNA level (Figs. S2 and F and Fig. 3,
K and L). These results demonstrate that NLRP6 decreases FPN tran-
scription through precluding NRF2 activity.

2.4. NLRP6 is required for autophagy induction upon S. Typhimurium
infection

Next, we focused our study on the mechanism whereby NLRP6 could
regulate NRF2. Dysregulated autophagy has been previously shown to
prolong NRF2 activation [17]. Therefore, we sought to determine
whether NLRP6 impacted autophagy in response to S. Typhimurium
infection. For this purpose, cells carrying a NLRP6-expressing plasmid or
corresponding empty control vector were transfected with
RFP-GFP-LC3, a widely used autophagic indicator with yellow LC3
signal representing autophagosome (with both GFP and RFP signals) and
red LC3 signal when in the autolysosome due to the acidic milieu that
quenches GFP signal [18], and subsequently infected with S. Typhi-
murium. Analysis by immunofluorescence 6 h after infection showed
that the amount of both the yellow LC3 puncta and the red puncta were
lower in control cells than in cells overexpressing NLRP6 (Fig. 4A). The
conversion rate of the cytosol-located LC3-I form into the
autophagosome-associated lapidated LC3-II form is widely used to
assess autophagic activity. As shown in Fig. 4B, no significant difference
in the protein level of total LC3 was observed between wild-type and
Nlrpé_/ ~ BMDMs. However, a progressive increase of the LC3-II/LC3-I
ratio was found in S. Typhimurium-infected wild-type BMDMs,
whereas no significant changes were observed in Nirp6~/~ BMDMs
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Fig. 2. Increased FPN expression in NIrp6~/~ macrophages favors the maintenance of iron homeostasis during S. Typhimurium infection. (A) Streptomycin-
pretreated wild-type and Nlrp6~/~ mice were orally infected with 1 x 10”7 CFUs of S. Typhimurium strain SL1344 and analyzed at 3 days post-infection. Non-
heme iron content in isolated liver macrophages (Ctrl., n = 3 per group; S. Typhimurium, n = 5 per group). (B) BMDM:s isolated from wild-type and NIrp6~/~ mice
were treated with either vehicle or 50 pM DFP for 30 min and then infected with S. Typhimurium strain SL1344 at an MOI of 10. Viable count of intracellular S.
Typhimurium at 4 h post-infection (n = 4 independent experiments). (C-I) BMDMs isolated from wild-type and NIrp6~/~ mice were infected with S. Typhimurium
strain SL1344 at an MOI of 10 and analyzed at 4 h post-infection. (C) Non-heme iron content in BMDMs (n = 4 independent experiments). (D) Quantitative PCR
analysis of Tfr and Dmt1 (n = 4 independent experiments). (E) Quantitative PCR analysis of Ftl and Fth (n = 4 independent experiments). (F) Western blot analysis and
relative intensity of FTL and FTH (n = 4 independent experiments). (G) Quantitative PCR analysis of Fpn (n = 4 independent experiments). (H) Western blot analysis
and relative intensity of FPN (n = 4 independent experiments). (I) Iron export (n = 4 independent experiments). (J) BMDMs isolated from wild-type and Nlrp6’/ -
mice were transfected with either 50 nM negative-control siRNA or 50 nM siRNA specific for Fpn for 48 h. Quantitative PCR analysis of Fpn (n = 4 independent
experiments). (K, L) BMDM isolated from wild-type and Nlirp6~/~ mice were transfected with either 50 nM negative-control siRNA or 50 nM siRNA specific for Fpn.
After 48 h of incubation, BMDMs were infected with S. Typhimurium strain SL1344 at an MOI of 10 and analyzed at 4 h post-infection. (K) Viable count of
intracellular S. Typhimurium (n = 4 independent experiments). (L) Non-heme iron content in BMDMs (n = 4 independent experiments). Data were compared with
independent Student’s t-test. Values are expressed as the mean + SEM, and statistically significant differences are indicated. *P < 0.05; **P < 0.01; ***P < 0.001; ns,
not significant.



Q. Deng et al.

(Fig. 4B). LC3-II reduction might result either from enhanced autopha-
gosome clearance or, alternatively, from impaired induction of auto-
phagy [19]. Hence, macrophages were treated with bafilomycin Al
(BafA1), a blocker of autophagosome/lysosome fusion. BafA1l treatment
resulted in a remarkable increase of LC3-II. However, upon S. Typhi-
murium infection the LC3-II/LC3-I ratio was still lower in Nirp6~/~ than
in wild-type BMDMs (Fig. S3A and Fig. 4C), confirming that this
decrease was due to reduced autophagic flux. Furthermore, loss of
NLRP6 had no significant effect on the transcriptional level of LC3 and
lysosomal-associated membrane protein 1 (LAMP1), or on the expres-
sion of autophagy-related gene 5 (ATG5) and autophagy-related gene
16-like 1 (ATG16L1) (Fig. 4, D and E and fig. S3, B and C).

Recent studies have identified five autophagy receptors that partic-
ipate in autophagy process, namely: NBR1 autophagy cargo receptor
(NBR1), Tax1 binding protein 1 (TAX1BP1), optineurin (OPTN), p62/
sequestosome 1 (p62/SQSTM1) and calcium binding and coiled-coil
domain 2/nuclear domain 10 protein 52 (CALCOCO2/NDP52) [20].
We further investigated which autophagy receptor(s) were involved in
NLRP6-mediated autophagy during S. Typhimurium infection. The
mRNA levels of all five autophagy receptors in Nlrp6~/~ and wild-type
BMDMs were comparable (Fig. S3D). At four and 8 h post-infection,
no significant difference in the protein levels of NBR1, TAX1BP1 and
OPTN was observed between wild-type and Nirp6 '~ BMDMs. However,
the protein level of p62 and NDP52 was dramatically higher in Nirp6 ™/~
than in wild-type BMDMs at 4 h post-infection (Fig. 4F). Moreover, the
Nirp6~/~ BMDMs had significantly higher protein level of NDP52 than
the wild-type BMDMs at 8 h post-infection. (Fig. 4F). These results
suggest that NLRP6 increases autophagic flux and causes a decrease in
p62 and NDP52 protein levels during S. Typhimurium infection.

2.5. The regulation of KEAP1/NRF2 signaling by NLRP6 is mediated
through AKT-driven phosphorylation of p62 and FOX0O3A

Phosphorylation of p62 at Ser351 by mammalian target of rapamy-
cin complex 1 (mTORC1) was suggested to act as a bridge between
autophagy and NRF2 signaling [21,22]. We wondered whether this
autophagy receptor protein could be involved in the reduction of NRF2
caused by NLRP6. As predicted, S. Typhimurium infection led to an
increase in phosphorylation of p62 and 4E binding protein 1 (4EBP1), a
well-known substrate of mTORC1. Importantly, the phosphorylation
levels of these two proteins were dramatically higher in Nlrp6~/~
BMDMs compared with wild-type (Fig. 5, A and B). Treatment with the
mTORC1 inhibitor Rapamycin (Rap) resulted in a significant reduction
of p62 and 4EBP1 phosphorylation, and no significant difference in p62
phosphorylation was detected between wild-type and Nirp6~/~ BMDMs
after downregulation of mTORC1 activity (Fig. 5C). These results, taken
together with the data presented in Fig. 4, indicated conclusively that
NLRP6 decreases the phosphorylation level of p62 by utilizing at least
two mechanisms: i) by increasing autophagic activity which resulted in a
decrease of the autophagy substrate p62. ii) by downregulating
mTORC1-mediated phosphorylation mechanism. However, Nqo1l mRNA
level was still higher in Nlrp6_/ ~ than in wild-type infected BMDMs
(Fig. 5D). We next investigated whether NLRP6 regulated the expression
of Kelch-like ECH-associated protein 1 (KEAP1), a main negative
modulator of NRF2 [23]. Quantitative PCR and Western blot analyses on
cells taken 4 h after infection showed that loss of NLRP6 significantly
decreased KEAP1 expression at both the mRNA and protein levels
(Fig. 5, E and F). A luciferase reporter assay further showed that over-
expression of NLRP6 increased KEAP1 promoter activity (Fig. 5G). Since
KEAP1 is transcriptionally regulated by the transcription factor Fork-
head box O3A (FOXO3A) [24], we assessed whether FOXO3A was
involved in NLRP6-mediated KEAP1 induction. Overexpression of
NLRP6 in either HeLa or THP-1 cells significantly enhanced FOXO3A
nuclear translocation upon S. Typhimurium infection (Fig. SH and
Fig. S4A). Moreover, 4 h post-infection, the level of FOXO3A phos-
phorylation was significantly higher in Nirp6~/~ than in wild-type
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BMDMs (Fig. 5I). These data suggest that NLRP6 may have an effect
on key molecules acting upstream of mTORC1 and FOXO3A and
inhibiting the phosphorylation of these two proteins.

Previous studies have demonstrated that the serine/threonine kinase
AKT, a key regulator of cell survival and metabolism, can directly and
indirectly phosphorylate many downstream enzymes and transcription
factors [25]. Among them, mTORC1 was found to be indirectly phos-
phorylated by AKT through inhibition of tuberous sclerosis complex 2,
while FOXO3A is directly phosphorylated by AKT, which induces its
translocation into the cytoplasm [24,26]. Therefore, we further tested
the possibility that NLRP6 could directly mediate the phosphorylation of
AKT and subsequently regulate KEAP1/NRF2 pathway. Of note, S.
Typhimurium infection induced a significant elevation of AKT phos-
phorylation at Ser473 in Nlrp6~/~ BMDMs as compared to wild-type
BMDMs (Fig. 5J). Immunoprecipitation assays showed physical in-
teractions between NLRP6 and AKT (Fig. 5K and Fig. S4B). Although it
has been reported that lysine-63 (K63) polyubiquitination is involved in
phosphorylation of AKT at Ser473, no significant difference in
K63-linked ubiquitination of AKT was observed between cells trans-
fected with a NLRP6-expressing plasmid or the control vector (Fig. S4C).
To verify if NLRP6-associated AKT suppression was involved in regu-
lating macrophage iron metabolism, S. Typhimurium-infected BMDMs
were treated with the AKT inhibitor MK2206. Notably, the addition of
MK2206 led to an increase in intracellular non-heme iron content and
could rescue the reduction of iron level in Nlrp6~/~ BMDM:s to a large
degree (Fig. 5L). In parallel to this phenotype, differential mRNA levels
of FPN, NQO1, and KEAP1, and differential phosphorylation levels of
p62 and FOXO3A caused by NLRP6 deficiency were also abrogated by
pharmacological inhibition of AKT (Fig. 5, M and N), suggesting that
suppression of AKT activity caused by NLRP6 decreases NRF2-mediated
FPN transcription, in turn, lead to an increase of intracellular iron
accumulation. Collectively, these findings indicate that NLRP6 inhibits
NRF2 activity by utilizing at least two mechanisms: i) by decreasing p62
phosphorylation through AKT-mediated mTORC1-kinase activity. ii) by
increasing KEAP1 transcription through AKT-induced FOXO3A
phosphorylation.

2.6. NLRP6 modulates enterocyte iron metabolism during S.
Typhimurium infection

To investigate if NLRP6 was involved in the regulation of enterocyte
iron homeostasis, wild-type and NLRP6 "~ Caco-2 intestinal epithelial
cells were used to establish an in vitro model of S. Typhimurium infec-
tion. NLRP6 deficiency had no significant effect on the adhesion and
invasion of bacteria (Figs. SS5A and B) and exhibited no significant effects
on the bacterial load at 4 h post-infection (Fig. S5C). However, NLRP6~/
~ Caco-2 cells had a lower intracellular bacterial burden and non-heme
content compared with wild-type Caco-2 cells at 16 h post-infection
(Fig. S5C and Fig. 6A), suggesting that NLRP6-mediated dysregulation
of enterocyte iron metabolism mainly occur at late stage of infection.
Concomitantly, both the mRNA and protein levels of FPN were signifi-
cantly higher in S. Typhimurium-infected NLRP6~/~ Caco-2 cells than in
wild-type Caco-2 cells (Fig. 6, B and C). Similar to our observation in
primary macrophage cultures, elevated active AKT was observed in S.
Typhimurium-infected NLRP6~/~ Caco-2 cells, which subsequently
facilitated NRF2 accumulation and activation (Fig. 6, D-F). Treatment of
Caco-2 cells with MK2206 attenuated NLRP6-mediated intracellular
accumulation of iron, suppression of NRF2 activity, and reduction of
FPN transcription (Fig. 6, G and H). In addition, NLRP6 deficiency
significantly reduced LC3-I to -II conversion and increased the accu-
mulation of p62 and NDP52 after infection (Fig. 6, I and J). These ob-
servations demonstrate that NLRP6 influences iron metabolism in
intestinal epithelial cells during S. Typhimurium infection.
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Fig. 3. NLRP6-mediated regulation of FPN transcription is dependent on NRF2. (A) BMDMs isolated from wild-type and Nlrp6~/~ mice were treated with either
vehicle or 5 pM actinomycin D. After 2 h of incubation, BMDMs were infected with S. Typhimurium strain SL1344 at an MOI of 10 and analyzed at 4 h post-infection.
Quantitative PCR analysis of Fpn (n = 4 independent experiments). (B) MEFs isolated from wild-type and Nlrp6 "~ mice were transfected with either 50 nM negative-
control siRNA or 50 nM siRNA specific for Arnt, Mtfl or Nrf2 for 48 h. Quantitative PCR analysis of Arnt, MtfI and Nrf2 (n = 3-5 independent experiments). (C) MEFs
or BMDMs isolated from wild-type and Nlrp6~/~ mice were transfected with either 50 nM negative-control siRNA or 50 nM siRNA specific for Arnt. After 48 h of
incubation, cells were infected with S. Typhimurium strain SL1344 at an MOI of 10 and analyzed at 4 h post-infection. Quantitative PCR analysis of Fpn (n = 4
independent experiments). (D) MEFs or BMDMs isolated from wild-type and Nlrp6~/~ mice were transfected with either 50 nM negative-control siRNA or 50 nM
siRNA specific for Mtfl. After 48 h of incubation, cells were infected with S. Typhimurium strain SL1344 at an MOI of 10 and analyzed at 4 h post-infection.
Quantitative PCR analysis of Fpn (n = 4 independent experiments). (E-G) MEFs or BMDMs isolated from wild-type and NIrp6~/~ mice were transfected with
either 50 nM negative control siRNA or 50 nM siRNA specific for Nrf2. After 48 h of incubation, cells were infected with S. Typhimurium strain SL1344 at an MOI of
10 and analyzed at 4 h post-infection. (E) Quantitative PCR analysis of Fpn (n = 4 independent experiments). (F) Viable count of intracellular S. Typhimurium in
BMDMs (n = 4 independent experiments). (G) Non-heme iron content in BMDMs (n = 4 independent experiments). (H-J) BMDMs isolated from wild-type and
Nlrp6~/~ mice were infected with S. Typhimurium strain SL1344 at an MOI of 10 and analyzed at 4 h post-infection. (H) Western blot analysis and relative intensity
of NRF2 (n = 4 independent experiments). (I) Quantitative PCR analysis of Nrf2 (n = 4 independent experiments). (J) Quantitative PCR analysis of NqoI and Hmox1
(n = 4 independent experiments). (K, L) THP-1 macrophages transfected with either an empty vector or His-NLRP6 were infected with S. Typhimurium strain SL1344
at an MOI of 10 and analyzed at 3 h post-infection. (K) Western blot analysis and relative intensity of NRF2 (n = 3 independent experiments). (L) Quantitative PCR
analysis of NQO1 (n = 3 independent experiments). Data were compared with independent Student’s t-test. Values are expressed as the mean + SEM, and statistically

significant differences are indicated. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.

2.7. NLRP6-mediated NRF2 regulation of FPN contributes to S.
Typhimurium-induced iron metabolic dysregulation in vivo

To understand better the observed effects of NLRP6 on macrophage
and enterocyte iron homeostasis, NRF2 and FPN expression in duo-
denum, liver, and spleen were quantified by western blotting. Consistent
with our in vitro observations, NRF2 and FPN protein levels were
significantly higher in S. Typhimurium-infected Nirp6~/~ mice than in
wild-type mice (Fig. 7, A and B and Fig. S6A). To test whether the in-
hibition of NRF2 could reverse this phenotype, S. Typhimurium-infected
mice were intravenously injected with a lentivirus expressing a short
hairpin RNA (shRNA) targeting Nrf2 mRNA or the control vector. NRF2
knockdown increased S. Typhimurium burden in both the liver and
spleen, and eliminated the difference initially seen between wild-type
and NIrp6~/~ mice (Fig. 7C). Nrf2 shRNA administration resulted in
comparable levels of serum, hepatic and splenic iron in wild-type and
Nlrpé’/ ~ mice (Fig. 7, D and E). Moreover, downregulation of NRF2
reversed the reduction of non-heme iron content and the accumulation
of FPN protein in liver macrophages caused by NLRP6 deficiency (Fig. 7,
F and G). These findings indicated that NRF2 plays an important role in
NLRP6-associated iron metabolic disorders occurring during S. Typhi-
murium infection in vivo.

2.8. NLRP6 regulates NRF2-mediated expression of FPN and host
resistance to S. Typhimurium infection via modulating AKT activation in
vivo

To further confirm the effects of AKT on NLRP6-mediated enhance-
ment of bacteria load and iron metabolic dysregulation, S.
Typhimurium-infected mice were orally administrated with the AKT
inhibitor MK2206. The significant difference in tissue bacterial burden,
serum iron, and tissue non-heme iron content between the wild-type and
the Nlrp6~/~ mice was abrogated by MK2206 (Fig. 8, A-C). Consistent
with increased non-heme iron levels in liver macrophages, Nlrp6~/~
mice treated with MK2206 had decreased level of FPN protein in these
macrophages (Fig. 8, D and E). Suppression of AKT activity resulted in
similar protein levels of NRF2 and KEAP1 in liver macrophages of the
wild-type and the Nlrp6~/~ mice, consistent with the absence of signif-
icant difference in AKT, 4EBP1, and FOXO3A phosphorylation between
these mice (Fig. 8E). These in vivo data further support our results ob-
tained in vitro, showing that NLRP6 regulates NRF2-mediated FPN
expression and iron metabolism through AKT inhibition during S.
Typhimurium infection.

3. Discussion

Iron occupies an essential position at the host-pathogen interface

[27]. Here, we provide new insights into nutritional immunity by
demonstrating that NLRP6, a member of the NLRs family, is associated
with the dysregulation of host iron metabolism provoked by S. Typhi-
murium infection. We show that NLRP6 physically interacts with AKT,
which leads to decreased AKT phosphorylation. The suppression of AKT
activity decreases NRF2 nuclear translocation by both increasing
NRF2/KEAP1 interaction via decreasing mTOR-mediated p62 phos-
phorylation, and upregulating KEAP1 transcription through the down-
regulation of FOXO3A phosphorylation. The decrease in NRF2
activation subsequently results in a reduction in its transcriptional target
gene Fpn, thus ultimately decreasing FPN-mediated iron export,
increasing intracellular iron content, and promoting S. Typhimurium
survival (Fig. 8F). Our results provide new insights into the molecular
mechanism of nutritional immunity by revealing that part of the effect of
NLRP6 during intracellular pathogens infection results from the modu-
lation of host iron metabolism.

NLRP6 has been shown to exert cell type- or tissue-specific functions
in host defense against microbial infections. NLRP6 plays a protective
role in Citrobacter rodentium-infected mice via regulating goblet cell
mucus secretion [28]. In contrast, NLRP6 acts as a negative regulator of
neutrophil innate immune response during infection with Gram-positive
bacteria such as Listeria monocytogenes and Staphylococcus aureus, and
NRLP6 deficiency is conducive to increased bacterial clearance and
improved survival of infected mice [29]. As reported more recently by
Hara et al., NLRP6 is able to directly bind and recognize the lipoteichoic
acid produced by Gram-positive bacteria and subsequently initiate
inflammation [30]. Using a mouse model of intraperitoneal infection
with S. Typhimurium, one of the most common Gram-negative bacteria,
Anand et al. demonstrated that NLRP6 worsens the course and outcome
of infection [31]. However, S. Typhimurium infection is usually ac-
quired orally [32]. Whether NLRP6 influences host defense in mice
infected with S. Typhimurium via the natural route had remained poorly
understood. Thus, for the current study, we established a
streptomycin-pretreated mouse model of oral infection. Our data
demonstrated that NLRP6 deficiency promotes host resistance against S.
Typhimurium infection, as illustrated by the significantly lower mor-
tality, body weight loss, bacterial load, and inflammatory tissue injury
found in the Nirp6~/~ mice compared with wild-type. Previous study
reported that the number of S. Typhimurium in duodenum reached a
peak at 24-36 h post oral infection and subsequent decreased after 2
days post inoculation [33]. Our results supported these previous ob-
servations showing that the infected Nlrp6~/~ mice had a much lower
bacterial burden in the duodenum than those of the wild-type mice at 18
h post-infection (data not shown), whereas NLRP6 deficiency had no
significant effects on duodenal bacterial loads and histological changes
at three days post-infection (Figs. S1A and E), and no S. Typhimurium
was detected in the duodenum at 5 days post infection (data not shown).
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Fig. 4. Loss of Nlrp6 impairs autophagy during S. Typhimurium infection. (A) HeLa cells were transfected with GFP-RFP-LC3 together with either an empty vector or
His-NLRP6. After 36 h of incubation, HeLa cells were infected with S. Typhimurium strain SL1344 at an MOI of 10 and analyzed at 6 h post-infection. Fluorescence
microscopic analysis of LC3. (Uninfected, 18 cells per group; Infected, 24 cells per group; n = 3 independent experiments). Original magnification, x 100; scale bars,
10 pm. Representative fluorescence images are shown. The number of LC3 puncta was counted using ImageJ Launcher broken symmetry software program. (B, D-F)
BMDMs isolated from wild-type and NIrp6 /'~ mice were infected with S. Typhimurium strain SL1344 at an MOI of 10 for the indicated time points. (B) Western blot
analysis and relative intensity of LC3 (n = 4 independent experiments). (C) BMDMs isolated from wild-type and Nlrp6~/~ mice were treated with either vehicle or
200 nM BafA1 for 4 h and then infected with S. Typhimurium strain SL1344 at an MOI of 10. Western blot analysis and relative intensity of LC3 at 4 h post-infection
(n = 4 independent experiments). (D) Quantitative PCR analysis of Lc3 (n = 4 independent experiments). (E) Quantitative PCR analysis of Lamp1 (n = 4 independent
experiments). (F) Western blot analysis and relative intensity of NBR1, TAX1BP1, OPTN, p62 and NDP52 (n = 4 independent experiments). Data were compared with

independent Student’s t-test. Values are expressed as the mean + SEM, and statistically significant differences are indicated. *P < 0.05; *

not significant.

*P < 0.01; P < 0.001; ns,
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Fig. 5. NLRP6 interacts with AKT and regulates NRF2 activation via AKT-mediated phosphorylation of p62 and FOXO3A. (A, B) BMDMs isolated from wild-type and
NIrp6~/~ mice were infected with S. Typhimurium strain SL1344 at an MOI of 10 and analyzed at 4 h post-infection. (A) Western blot analysis and relative intensity of
p-p62 (Ser351) (n = 4 independent experiments). (B) Western blot analysis and relative intensity of p-4EBP1 (Thr37/46) and 4EBP1 (n = 4 independent experi-
ments). (C, D) BMDMs isolated from wild-type and Nirp6~/~ mice were treated with either vehicle or 1 pM Rapamycin for 6 h and then infected with S. Typhimurium
strain SL1344 at an MOI of 10 for 4 h. (C) Western blot analysis and relative intensity of p-4EBP1 (Thr37/46), 4EBP1 and p-p62 (Ser351) (n = 4 independent
experiments). (D) Quantitative PCR analysis of Nqol (n = 4 independent experiments). (E, F) BMDMs isolated from wild-type and Nlrp6’/ ~ mice were infected with
S. Typhimurium strain SL1344 at an MOI of 10 and analyzed at 4 h post-infection. (E) Quantitative PCR analysis of Keapl (n = 4 independent experiments). (F)
Western blot analysis and relative intensity of KEAP1 (n = 4 independent experiments). (G) HEK293T cells were transfected with KEAP1 luciferase reporter plasmid
together with either an empty vector or His-NLRP6. A plasmid expressing Renilla luciferase was co-transfected as an internal control. KEAP1 luciferase activity at 24
h post-transfection (n = 5 independent experiments). (H) HeLa cells transfected with either an empty vector or His-NLRP6 were infected with S. Typhimurium strain
SL1344 at an MOI of 10 and analyzed at 6 h post-infection. Imnmunofluorescence microscopic analysis of the subcellular distribution of FOXO3A. Original magni-
fication, x 40; scale bars, 50 um. Representative fluorescence images are shown. (I, J) BMDMs isolated from wild-type and Nlrp6~/~ mice were infected with S.
Typhimurium strain SL1344 at an MOI of 10 and analyzed at 4 h post-infection. (I) Western blot analysis and relative intensity of p-FOXO3A (Ser253) and FOXO3A
(n = 4 independent experiments). (J) Western blot analysis and relative intensity of p-AKT (Ser473) and AKT (n = 4 independent experiments). (K) HEK293T cells
were transfected with Flag-AKT together with either an empty vector or GFP-NLRP6 (left), or transfected with combinations of GFP-NLRP6 and Flag-AKT or its empty
vector (right) for 48 h. Coimmunoprecipitation of AKT and NLRP6. (L-N) BMDMs isolated from wild-type and Nirp6 ™~ mice were treated with either vehicle or 1 pM
MK2206 for 2 h and then infected with S. Typhimurium strain SL1344 at an MOI of 10 for 4 h. (L) Non-heme iron content in BMDMs (n = 4 independent exper-
iments). (M) Quantitative PCR analysis of Fpn, Nqol and Keapl (n = 4 independent experiments). (N) Western blot analysis and relative intensity of p-FOXO3A
(Ser253), FOXO3A, p-p62 (Ser351), p-AKT (Ser473) and AKT (n = 4 independent experiments). Data were compared with independent Student’s t-test. Values are
Expressed as the mean + SEM, and statistically significant differences are indicated. *P < 0.05; **P < 0.01; ns, not significant.

It has been reported that bacteria have evolved several mechanisms [38,39]. As an extension of a previous study where Wlodarska et al.
to obtain the iron necessary to satisfy their metabolic demand, which showed that NLRP6 affected autophagy in goblet cells [28], we found
result in hypoferremia and tissue iron overload. For example, previous that NLRP6 deficiency also resulted in a decrease of autophagic flux in
study from other laboratory demonstrated that entC, sit, and feo are three macrophages. Our data further indicated that p62 and NDP52, but not
major iron uptake systems of S. Typhimurium [34]; we recently reported the other three autophagic receptors tested, were involved in

that S. Typhimurium secreted the pSLT-encoded cytotoxic effector SpvB NLRP6-induced autophagy during S. Typhimurium infection. Thus,
to scavenge iron from the host by interfering with both cellular and these results suggest that NLRP6 inhibited NRF2 activity by enhancing

systemic iron metabolisms [9,13]. Therefore, a growing body of evi- KEAP1/NRF2 interaction rather than reducing KEAP1 autophagic
dence suggests that limiting bacterial iron acquisition is meaningful to degradation. This study further revealed that NLRP6 deficiency con-
maintain host physiological iron homeostasis and control bacteria tributes to a higher level of phosphorylation on Ser351 of p62 during S.

growth [6]. Although a previous study showed that a Typhimurium infection. Although suppressing mTORC1 activity
transmembrane-associated PRRs toll-like receptor 4 (TLR4) could reversed the effect of NLRP6 on p62 phosphorylation, it is interesting to

modulate iron metabolism response to bacterial pathogens [35], the note that a mTORCI inhibitor had a smaller reducing effect on NRF2
precise role of cytosolic PRRs in this essential component of the nutri- activation. Previous study from Ichimura et al. implied that (an)other
tional immunity remained to be elucidated. In the present study, our kinase(s) may participate in p62 phosphorylation at Ser351 [21]. The
results demonstrate that NLRP6 plays a detrimental role in maintaining data from our present study support one possible explanation for this
host iron homeostasis during infection. Macrophage iron sequestration phenomenon. That is, mTORC1 inhibition could induce elevated phos-
affects the trafficking of iron in the body and results in hypoferremia phorylation of AKT, which subsequently may lead to a decrease in
[36]. Therefore, the principal manifestation of S. Typhimurium-induced KEAP1 transcription through inhibition of the FOXO3A pathway. Our in
iron metabolic dysregulation is a reduction in serum iron content and an vitro and in vivo experiments provide additional evidence supporting
accumulation of iron in systemic organs [9,10]. In line with previous that NLRP6-mediated suppression of AKT activation aggravates the
works from our laboratory and another, the data presented in Fig. 1E dysregulation of iron metabolism caused by infection and promotes S.
and F indicated that the infected wild-type mice exhibited severe Typhimurium survival.
hypoferremia and markedly iron accumulation in spleen. Importantly, In addition to liver and macrophages, duodenum and enterocytes
NLRP6 deficiency efficiently alleviates hypoferremia and decreases play important roles in the absorption of dietary iron [40]. Our data
splenic iron overload, suggesting that downregulation of NLRP6 could showed that accumulation of NRF2 and FPN during S. Typhimurium
be advantageous for ameliorating iron metabolic disorder during S. infection occurs not only in NLRP6-deficient liver and macrophages but
Typhimurium infection. Of interest, loss of NLRP6 alters non-heme iron also in NLRP6-deficient duodenum and Caco-2 cells. It is noteworthy
content but has no apparent effects on heme levels, and these changes that the changes in AKT activity, autophagic flux, and iron burden
occur in hepatic macrophages rather than hepatocytes. It is therefore caused by NLRP6 deficiency were also found in Caco-2 cells. These ob-
possible that NLRP6 is involved in the regulation of iron recycling. We servations indicate that the molecular mechanism underlying the regu-
confirmed this hypothesis both in vitro and in vivo through knockdown of lation of FPN by NLRP6 in macrophages is also required for intestinal
either FPN or NRF2. Our data showed that NLRP6 deficiency caused a iron absorption.
significantly higher expression of FPN and mediated an increase of iron In summary, by functionally characterizing the role of NLRP6 in the
export in macrophages in a KEAP1/NRF2 pathway-dependent manner. transcriptional regulation of the cellular iron exporter FPN during S.
Inhibition of NRF2 resulted in a reduction of FPN accumulation, Typhimurium infection, we provide new insights into the mechanisms of
aggravated disorders in iron homeostasis, and increased tissue bacterial nutritional immunity in which cytoplasmic PRRs have a fundamental
burden in S. Typhimurium-infected Nlrp6~/~ mice. effect on modulating iron metabolism. These findings reveal a novel
NRF2 abundance and activation within the cell is tightly regulated mechanism whereby NLRP6-mediated posttranslational modification of
by KEAP1, which directly binds to NRF2 and prevents its nuclear AKT phosphorylation regulates iron homeostasis via KEAP1/NRF2
translocation [37]. Given that the present study did not detect any sig- pathway inhibition and subsequent transcriptional downregulation of
nificant influence of NLRP6 on NRF2 transcription, we focused on FPN. While we demonstrated that NLRP6, belonging to the NLRs family,
elucidating potential NLRP6 impacts on KEAP1/NRF2 interaction. It has is a regulator of iron metabolism, it remains to be seen if other NLRs also
been reported that the autophagy receptor protein p62 functions as a contribute to nutritional immunity during infection.

positive regulator of NRF2 by facilitating KEAP1 dissociation from the
NRF2/KEAP1 complex and inducing autophagic degradation of KEAP1
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Fig. 6. NLRP6 interferes with enterocyte iron metabolism upon S. Typhimurium infection. (A-F) Wild-type and NLRP6/~ Caco-2 cells were infected with S.
Typhimurium strain SL1344 at an MOI of 50 for the indicated time points. (A) Non-heme iron content in Caco-2 cells (n = 4 independent experiments). (B) Western
blot analysis and relative intensity of FPN (n = 4 independent experiments). (C) Quantitative PCR analysis of FPN (n = 4 independent experiments). (D) Western blot
analysis and relative intensity of KEAP1 and NRF2 (n = 4 independent experiments). (E) Quantitative PCR analysis of NQO1 (n = 4 independent experiments). (F)
Western blot analysis and relative intensity of p-AKT (Ser473) and AKT (n = 4 independent experiments). (G, H) Wild-type and NLRP6/~ Caco-2 cells were treated
with either vehicle or 1 pM MK2206 for 2 h and then infected with S. Typhimurium strain SL1344 at an MOI of 50 for 16 h. (G) Non-heme iron content in Caco-2 cells
(n = 4 independent experiments). (H) Quantitative PCR analysis of NQO1 and FPN (n = 4 independent experiments). (I, J) Wild-type and NLRP6~/~ Caco-2 cells were
infected with S. Typhimurium strain SL1344 at an MOI of 50 for the indicated time points. (I) Western blot analysis and relative intensity of LC3 (n = 4 independent
experiments). (J) Western blot analysis and relative intensity of NBR1, TAX1BP1, OPTN, p62 and NDP52 (n = 4 independent experiments). Data were compared with
independent Student’s t-test. Values are expressed as the mean + SEM, and statistically significant differences are indicated. *P < 0.05; **P < 0.01; ***P < 0.001; ns,

not significant.

4. Materials and methods
4.1. Animals and ethics statement

Wild-type C57BL/6 mice were obtained from the experimental ani-
mal center of Soochow University. Nlrp6 knockout mice (Nirp6~/"), on
the C57BL/6 genetic background, were a gift from Professor Ying Xu
(Cambridge-Suda Genome Resource Center, Soochow University, Suz-
hou, China). Female wild-type and Nirp6~/~ mice were bred in venti-
lated cages under 12-h light/dark cycles in specific pathogen-free
conditions and received sterile water and food ad libitum. Before the start
of the study, the Nirp6~/~ mice had been backcrossed for at least eight
generations with wild-type C57BL/6 mice. The experiments were per-
formed on 10-12-week-old animals. All of the animal experiments were
conducted in accordance with the principles and procedures outlined in
the National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals (NIH Guidelines) and were approved by the Animal
Experimental Committee of Soochow University (Grant 2111270).

4.2. Bacterial strain and growth conditions

Wild-type S. Typhimurium strain SL1344 was a gift from Professor
Qian Yang (Nanjing Agricultural University, Nanjing, China) and used
for all experiments in this study. SL1344 was grown under sterile con-
ditions on Luria-Bertani (LB) agar (Hangwei, Hangzhou, China) plates or
in LB medium (Hangwei). On the day of experiments, overnight bacteria
cultures were diluted in a ratio of 1:100 and agitated for a further
another 3 h until reaching the late-logarithmic phase. Upon washing 3
times with sterile PBS (Sangon Biotech, Shanghai, China), numbers of S.
Typhimurium in fresh bacterial suspension were estimated and adjusted
based on the optical density at 600 nm absorbance and ready for the
infection experiment.

4.3. S. Typhimurium infection in vivo

For in vivo experiments, S. Typhimurium was resuspended in sterile
0.9% NaCl. Mice pretreated with 20 mg/mouse streptomycin (Sangon
Biotech) for 24 h were orally gavage with 1 x 107 colony-forming units
(CFUs) of SL1344. To investigate the role of NRF2 in NLRP6-associated
regulation of iron metabolism, mice were intravenously injected with 1
x 108 transducing unit (TU) of either control lentivirus or a lentivirus
expressing Nrf2 shRNA (GenePharma, Shanghai, China) for 10 days
before administrating with streptomycin. To investigate the role of AKT
in NLRP6-associated regulation of iron metabolism, mice were orally
gavage with either vehicle or 120 mg/kg MK2206 (MCE, New Jersey,
USA) at 1 day post-infection. To determine the viable counts of S.
Typhimurium, tissues were harvested, weighed, mechanically homog-
enized in sterile 0.5% (vol/vol) Tergitol (MilliporeSigma, Burlington,
MA, USA) supplemented with 0.5% (vol/vol) heat-inactivated fetal
bovine serum (FBS; Biological Industries, Kibbutz Beit-Haemek, Israel).
The bacterial burden of organs was determined by plating homogenized
tissues in appropriate dilutions on Salmonella-Shigella agar plates
(Hangwei) and the number of bacteria was calculated per gram of tissue
wet weight as previously described [7].
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4.4. Isolation of mouse hepatocytes, non-parenchymal liver cells, and
liver macrophages

Hepatocytes, non-parenchymal liver cells and liver macrophages
were isolated as previously described with minor modifications [9,41].
In brief, livers were harvested, perfused with calcium and
magnesium-free Hank’s Balanced Salt Solution (HBSS; Beyotime
Biotechnology, Shanghai, China) and digested with collagenase type I
(Worthington, Lakewood, NJ, USA). The dissociated cells were filtered
through a 70 pm cell strainer (Sorfa, Zhejiang, China) and then centri-
fuged at 50 g for 5 min at 4 °C. The hepatocyte pellets were collected and
processed to eliminate erythrocyte using the Red Blood Cell Lysis Buffer
(Beyotime Biotechnology). The supernatant fluids were transferred to a
clean collection tube and centrifuged at 500 g for 10 min at 4 °C. The
non-parenchymal liver cell pellets were collected and processed to
eliminate erythrocyte using the Red Blood Cell Lysis Buffer (Beyotime
Biotechnology). Liver macrophages were isolated from the
non-parenchymal liver cell fraction as previously described with minor
modifications [42]. Briefly, the non-parenchymal liver cell pellets were
resuspended in sterile PBS (Sangon Biotech), gently layered on a double
Percoll gradient (25% and 50%; GE Healthcare, Buckinghamshire, UK),
and centrifuged at 900 g for 20 min at 4 °C. The layer between the 25%—
50% gradient interface was collected.

4.5. Cell culture

Bone marrow from wild-type C57BL/6 mice and Nlrp6 knockout
mice was maintained in RPMI medium (HyClone Laboratories, Logan,
UT, USA) supplemented with 10% (vol/vol) heat-inactivated FBS (Bio-
logical Industries), 10 ng/ml of Macrophage Colony Stimulating Factor
(M-CSF; PeproTech, Rocky Hill, NJ, USA) and 1% (vol/vol) penicillin-
streptomycin (Beyotime Biotechnology). Nonadherent cells were
removed on day 3. Cells became mature bone marrow derived macro-
phages (BMDMs) on day 7, and adherent BMDMs were collected to
conduct subsequent experiments. Mouse embryonic fibroblasts (MEFs)
isolated from wild-type C57BL/6 mice and Nlrp6 knockout mice were
grown in Dulbecco’s Modified Eagle Medium (DMEM; HyClone Labo-
ratories, Logan, UT, USA) containing 10% (vol/vol) heat-inactivated
FBS (Biological Industries) and 1% (vol/vol) penicillin-streptomycin
(Beyotime Biotechnology). Caco-2 cells (human colon carcinoma cell
line) were a gift from Professor Weiqi He (Cambridge Suda Genome
Resource Center, Soochow University, Suzhou, China). NLRP6 knockout
(NLRP6 /™) Caco-2 cells were constructed using the clustered regularly
interspaced short palindromic repeats (CRISPR)/CRISPR-associated
protein 9 (Cas9) gene editing system as previously described [13,43].
THP-1 cells (human monocytic cell line), HeLa cells (human epithelial
carcinoma cell line) and HEK293T cells (human embryonic kidney cell
line) were purchased from the American Type Culture Collection (ATCC;
Manassas, VA, USA). THP-1 cells were grown in Roswell Park Memorial
Institute (RPMI) 1640 medium (HyClone Laboratories) containing 10%
(vol/vol) heat-inactivated FBS (Biological Industries). THP-1 cells were
differentiated into adherent macrophage-like cells by 100 nM phorbol
12-myristate 13-acetate (PMA; MilliporeSigma) for 48 h. HeLa cells and
HEK293T cells were grown in DMEM medium (HyClone Laboratories)
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Fig. 7. NLRP6 regulates FPN expression and disturbs iron homeostasis through NRF2 pathway in vivo. (A, B) Streptomycin-pretreated wild-type and NIrp6~/~ mice
were orally infected with 1 x 10”7 CFUs of S. Typhimurium strain SL1344 and analyzed at 3 days post-infection. (A) Western blot analysis and relative intensity of
NRF2 and FPN in liver (n = 5 per group). (B) Western blot analysis and relative intensity of NRF2 and FPN in spleen (n = 5 per group). (C-G) Wild-type and Nlrp6 "~
mice were intravenously injected with 1 x 10® TU of either control lentivirus or a lentivirus expressing Nrf2 shRNA. After 10 days of pretreatment, wild-type and
NIrp6~/~ mice were orally administrated with 20 mg streptomycin for 24 h and infected with 1 x 107 CFUs of S. Typhimurium strain SL1344 for 3 days. (C) Viable
count of S. Typhimurium in liver and spleen (Ctrl. shRNA, n = 5 per group; Nrf2 shRNA, n = 7 per group). (D) Serum iron levels (Ctrl. shRNA, n = 5 per group; Nrf2
shRNA, n = 7 per group). (E) Non-heme iron content in liver and spleen (Ctrl. shRNA, n = 5 per group; Nrf2 shRNA, n = 7 per group). (F) Non-heme iron content in
isolated liver macrophages (Ctrl. sShRNA, n = 5 per group; Nrf2 shRNA, n = 7 per group). (G) Western blot analysis and relative intensity of NRF2 and FPN in isolated
liver macrophages (Ctrl. shRNA, n = 5 per group; Nrf2 shRNA, n = 7 per group). Data were compared with independent Student’s t-test. Values are expressed as the
mean + SEM, and statistically significant differences are indicated. *P < 0.05; **P < 0.01; ns, not significant.
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containing 10% (vol/vol) heat-inactivated FBS (Biological Industries).
4.6. Plasmid, siRNA and transfection experiments

Plasmid RFP-GFP-LC3 was a gift from Professor Tamotsu Yoshimori
(Osaka University, Osaka, Japan). The Cas9 expression plasmid
pST1374-Cas9-N-NLS-Flag linker, the single guide RNA (sgRNA)
plasmid pGL3-U6-sgRNA-PGKPuro and plasmid pPBB-EF-EGFP-C were
gifts from Professor Ying Xu (Cambridge Suda Genome Resource Center,
Soochow University, Suzhou, China). Plasmid pCMV-HA, pcDNA3.1-
Flag and pcDNA3.1-Flag-AKT were purchased from Public Protein/
Plasmid Library (PPL). A fragment of His-NLRP6 was cloned into pCMV-
HA or pPBB-EF-EGFP-C. THP-1 macrophages were transiently trans-
fected with plasmid using Lipofectamine 3000 (Thermo Fisher Scienti-
fic, Waltham, MA, USA) for 48 h according to the manufacturer’s
instructions. HeLa cells were transiently transfected with plasmid using
Lipofectamine 2000 (Thermo Fisher Scientific) for 36 h according to the
manufacturer’s instructions. The negative control siRNA (NC siRNA)
and siRNA specific for Fpn, Arnt, Mtfl or Nrf2 were purchased from
GenePharma. BMDMs and MEFs were transfected with 50 nM siRNA
using Lipofectamine RNAIMAX reagent (Thermo Fisher Scientific) for
48 h according to the manufacturer’s instructions. Knockdown effi-
ciency was assessed by quantitative PCR.

4.7. S. Typhimurium infection in vitro

For in vitro experiments, S. Typhimurium was resuspended in RPMI
medium (HyClone Laboratories) or DMEM medium (HyClone Labora-
tories) without FBS and added to mammalian cells at a multiplicity of
infection (MOI) as described in the figure legends. BMDMs were washed
3 times with sterile PBS (Sangon Biotech) at 30 min after infection and
other cells were washed at 1 h post-infection to remove extracellular
bacteria. Infected cells were subsequently cultured in RPMI medium or
DMEM medium containing 10% (vol/vol) heat-inactivated FBS (Bio-
logical Industries) and 50 pg/ml gentamicin (Sangon Biotech) for 2 h.
Afterward, cell culture medium was replaced with those containing 10%
(vol/vol) FBS (Biological Industries) and 10 pg/ml gentamicin (Sangon
Biotech). Samples were collected for further experiments at the indi-
cated time points as described in the figure legends. When appropriate,
cells were pre-treated or treated with 50 pM deferiprone (DFP; Milli-
poreSigma), 5 pM actinomycin D (MCE), 200 nM bafilomycin Al
(BafAl; MCE), 1 pM rapamycin (MCE) and 1 pM MK2206 (MCE) for
indicated times as described in the figure legends. To determine intra-
cellular bacteria loads, cells were washed 5 times with sterile PBS
(Sangon Biotech), lysed in 1 ml 0.3% (vol/vol) Triton X-100 (Milli-
poreSigma), and subsequently plated in appropriate dilutions on LB agar
plates (Hangwei). Adhesion and invasion assays were performed as
previously described [44].

4.8. Histopathology and Perls’ Prussian Blue staining

Duodenum, colon, liver and spleen samples were fixed in 4% para-
formaldehyde (Servicebio, Wuhan, China), embedded in paraffin and
cut into 5-pm thick sections. The sections were then subjected to
hematoxylin-eosin staining (Servicebio) or Perls’ Prussian Blue staining
(Servicebio) according to the manufacturer’s instructions. Scores for
pathology were analyzed according to the methods described previously
[45-47]. Photomicrographs were taken with a Nikon Eclipse Ni-U
fluorescence microscope (Nikon Corporation, Tokyo, Japan) with
NIS-Elements F (Nikon Corporation).

4.9. Non-heme and heme iron assays
Non-heme and heme iron assays were performed as previously

described [48]. In brief, blood samples were collected from anesthetized
mice through intracardiac puncture. Tissue and cell samples were lysed
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in RIPA Lysis Buffer (Beyotime Biotechnology), and protein concentra-
tions were measured using the BCA Protein Assay (Beyotime Biotech-
nology). Detection of non-heme iron content was measured using an iron
assay kit (BioAssay Systems, Hayward, CA, USA) according to the
manufacturer’s instructions and normalized to the protein concentration
of each sample. Calculation of iron release was performed as previously
described [49]. To determine heme levels, equal amounts of samples
were mixed with 2 M oxalic acid (Meilunbio, Beijing, China), heated to
95 °C for 30 min, and then centrifuged at 1000 g for 10 min at 4 °C to
remove debris. The fluorescence of the supernatant was assessed on the
Synergy 2 Multiscan Spectrum (BioTek, Vermont, USA) and normalized
to the protein concentration of each sample.

4.10. RNA isolation and quantitative PCR

Total RNA was isolated using TRIzol reagent (Beyotime Biotech-
nology) and reverse-transcribed using the All-in-one RT MasterMix kit
(Applied Biological Materials, Richmond, BC, Canada) according to the
manufacturer’s instructions. The transcript levels of different genes were
analyzed using EvaGreen MasterMix-Low ROX (Applied Biological Ma-
terials) on the ViiA7 real-time PCR instrument (Applied Biosystems,
Carlsbad, CA, USA) according to the manufacturer’s instructions. Tar-
geted genes were amplified with specific primers as previously described
[9,20,27,50]. Results were normalized to the housekeeping gene Gapdh
or $-ACTIN measured in the same samples and expressed as fold in-
duction in comparison to baseline levels, which were set at a value of 1.

4.11. Western blot analysis

Samples were lysed in RIPA Lysis Buffer (Beyotime Biotechnology)
containing protease and phosphatase inhibitor (Beyotime Biotech-
nology). Protein concentrations were measured using the BCA Protein
Assay (Beyotime Biotechnology). Equal amounts of cell lysates were
separated on SDS-PAGE and electroblotted onto PVDF membranes
(MilliporeSigma, Burlington, MA, USA). Membranes were incubated
with 5% nonfat dry milk powder in TBST containing 0.1% Tween 20 at
room temperature for 1 h to block nonspecific binding, and then probed
with the corresponding primary antibodies at 4 °C overnight. After
incubating with the appropriate horseradish peroxidase-labeled sec-
ondary antibodies at room temperature for 1 h, membranes were then
visualized with an enhanced chemiluminescence luminescence reagent
(Meilunbio). The intensities of the bands were calculated by ImageJ
Launcher broken symmetry software program (NIH, Bethesda, MD,
USA). Primary antibodies to FPN (NBP1-21502) and LC3 (NBP100-
2220) were purchased from Novus Biologicals (Littleton, CO, USA).
Primary antibodies to p-AKT (Ser473; #9271), AKT (#4691), p-4EBP1
(Thr37/46; #2855), 4EBP1 (#9644), p62 (#5114) and ATG16L1
(#8089) were purchased from Cell Signaling Technology (Danvers, MA,
USA). Primary antibodies to NDP52 (12229-1-AP), OPTN (10837-1-AP),
TAX1BP1 (14424-1-AP), NBR1 (16004-1-AP), KEAP1 (10503-2-AP) and
FOXO3A (10849-1-AP) were purchased from Proteintech (Rosemont, IL,
USA). Primary antibodies to p-p62 (Ser349; ab211324), NRF2
(ab31163), p-FOXO3A (Ser253; ab154786), FTL (ab109373), FTH
(ab183781), ubiquitin K63 (ab179434) and ATG5 (abl108327) were
purchased from Abcam (Cambridge, MA, USA). Primary antibodies to
NLRP6 (SAB1302240), p-actin (SAB1305554) and GFP (SAB4301138)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Primary an-
tibodies to FLAG (MA1-91878) and 6 x His (MA1-21315) were pur-
chased from Thermo Fisher Scientific. Primary antibody to GAPDH (bs-
10900R) was purchased from Boster Biological Technology (Beijing,
China).

4.12. Immunofluorescence

Cells were seeded on glass coverslips and incubated with S. Typhi-
murium described in the figure legends. After being washed 3 times with
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sterile PBS (Sangon Biotech), the samples were fixed with 4% para-
formaldehyde (Servicebio) at room temperature for 20 min and incu-
bated with 0.3% (vol/vol) Triton X-100 (MilliporeSigma) for 10 min.
After being blocked with 3% bovine serum albumin (BSA; Beyotime
Biotechnology), the samples were incubated with primary antibodies at
4 °C overnight, developed with the appropriate Alexa Fluor® 555 sec-
ondary antibody (Thermo Fisher Scientific) at room temperature for 1 h,
and then incubated with DAPI (Sigma-Aldrich) for 10 min. Photomi-
crographs were taken with a Nikon Eclipse Ni-U fluorescence micro-
scope (Nikon Corporation, Tokyo, Japan) with NIS-Elements F (Nikon
Corporation). Primary antibody to NRF2 (ab31163) was purchased from
Abcam (Cambridge, MA, USA). Primary antibody to FOXO3A (10849-1-
AP) was purchased from Proteintech (Rosemont, IL, USA).

4.13. Luciferase reporter assay

A fragment of the human KEAPI promoter was cloned into the pGL3-
basic luciferase reporter gene vector (Promega, Madison, WI, USA).
Promoter activity was measured using the Dual Luciferase assay kit
(Promega) according to the manufacturer’s instructions. Firefly lucif-
erase activity was corrected by co-transfection of cells with the consti-
tutively expressed Renilla luciferase vector phRL-TK (Clontech,
Mountain View, CA, USA).

4.14. Immunoprecipitation

Samples were lysed in NP-40 Lysis Buffer (Beyotime Biotechnology)
containing protease and phosphatase inhibitor (Beyotime Biotech-
nology). Cell lysates were collected and incubated with protein A/G
Plus-Agarose (Santa Cruz Biotechnology, Dallas, TX, USA) at 4 °C for 4 h.
The suspension was then incubated with the corresponding primary
antibodies together with protein A/G Plus-Agarose (Santa Cruz
Biotechnology) at 4 °C overnight. Agarose were then washed five times
with NP-40 Lysis Buffer (Beyotime Biotechnology) and prepared for
Western blot analysis. When appropriate, cells were treated with 10 pM
MG-132 (Selleck Chemicals, Houston, TX, USA).

4.15. Statistical analysis

Data are presented as mean + SEM. Statistical analysis was per-
formed using IBM SPSS statistics 22 (Chicago, IL, USA). Survival rates
were estimated by the Gehan-Breslow-Wilcoxon test. Normality of nu-
merical variables was assessed and in the case of normality, an inde-
pendent Student’s t-test was applied for comparisons of 2 groups. Values
of P < 0.05 were considered statistically significant.
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