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Impairment of innate immune cell function and metabolism
underlies immunosuppression in sepsis; however, a promising
therapy to orchestrate this impairment is currently lacking. In
this study, high levels of NOD-like receptor family CARD
domain containing-3 (NLRC3) correlated with the glycolytic
defects of monocytes/macrophages from septic patients and
mice that developed immunosuppression. Myeloid-specific
NLRC3 deletion improved macrophage glycolysis and sepsis-
induced immunosuppression.Mechanistically, NLRC3 inhibits
nuclear factor (NF)-kB p65 binding to nuclear factor of acti-
vated T cells 5 (NFAT5), which further controls the expression
of glycolytic genes and proinflammatory cytokines of immuno-
suppressivemacrophages. This is achieved by decreasingNF-kB
activation—co-induced by TNF-receptor-associated factor 6
(TRAF6) or mammalian target of rapamycin (mTOR)—and
decreasing transcriptional co-activator p300 activity by
inducing NLRC3 sequestration of mTOR and p300. Genetic in-
hibition of NLRC3 disrupted the NLRC3-mTOR-p300 complex
and enhanced NF-kB binding to the NFAT5 promoter in con-
cert with p300. Furthermore, intrapulmonary delivery of re-
combinant adeno-associated virus harboring a macrophage-
specific NLRC3 deletion vector significantly improved the
defense of septic mice that developed immunosuppression
upon secondary intratracheal bacterial challenge. Collectively,
these findings indicate that NLRC3 mediates critical aspects
of innate immunity that contribute to an immunocompromised
state during sepsis and identify potential therapeutic targets.

INTRODUCTION
Sepsis is a dysregulated host immune response to disseminated
infection characterized by an acute inflammatory response and a pro-
longed hyporesponsiveness or immunosuppression.1,2 These infec-
tions are frequently encountered in the intensive care unit (ICU), ac-
counting for 4%–17% of ICU admissions,3,4 and are responsible for
more than 8 million deaths worldwide each year,1 with this form of
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immunosuppression accounting for 85% of sepsis-related deaths.1

In the setting of immunosuppression, deactivation of modulatory
pathways has been considered an important cause of abnormal host
response, which is characterized by reduced responsiveness of im-
mune cells to pathogens5 or monocyte human leukocyte antigen
(HLA)-DR expression,5,6 increased secondary bacterial infections,
and an elevated risk of mortality after sepsis.5 Thus, the current
view in the field is that targeting sepsis-induced immunosuppression
could be a cure for sepsis, but the challenge remains to identify appro-
priate targeted therapy.

Sepsis-induced monocyte/macrophage dysfunction is one of the
manifestations of sepsis-induced immunosuppression.5,7,8 During
infection, the macrophage immune response is initiated when the
pattern recognition receptors (PRRs) in the cell membrane of macro-
phages recognize microbial molecular patterns of external pathogens
(pathogen-associated molecular patterns [PAMPs]). PAMPs recogni-
tion activates immediate innate host defense mechanisms and primes
adaptive immune responses to protect the host from microbial infec-
tion.9 However, prolonged exposure to PRR ligands such as lipopoly-
saccharide (LPS) affects the signal transduction inside the cell and
induces an immunosuppressive state known as endotoxin tolerance.10

The endotoxin tolerance of monocytes/macrophages contributes to
the induction of whole-body immunosuppression because it recapit-
ulates several key features of sepsis-induced immunosuppression.5,11

Among these features, metabolic reprogramming plays an essential
role in inducing and maintaining immune tolerance during sepsis.12

Genome-wide transcriptome analysis of blood from patients with
sepsis revealed that the metabolic shift to glycolysis was inhibited
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upon microbial reinvasion, thereby underlying the immunosuppres-
sive phase.12 In an in vitromodel that imitates sepsis-induced immu-
nosuppression, metabolic defects in human monocytes were partially
restored with interferon-g through enhancing the glycolysis.12

Increased glycolysis has been postulated as a common feature of mi-
crobial ligand-activated macrophages, as it delivers energy to support
antimicrobial responses.12–15 These lines of evidence regarding the
role of aerobic glycolysis in monocytes/macrophages offer new
insight into biological therapies for sepsis-induced immunosuppres-
sion if targeting PRRs, but further studies are still needed.16–18

Most of the best-studied PRRs are receptors or sensors that drive
innate immune responses to microbial ligands and subsequently
initiate inflammatory signaling cascades; however, these PRRs can
easily elicit disproportionate inflammation and severe tissue injury.19

By contrast, a few PRRs in the myeloid lineage have a negative role in
regulating innate immune responses, and deficiency of these mole-
cules can strengthen the defensive capability of the host, but a prom-
ising therapeutic result has not yet been forthcoming.19–21 NOD-like
receptor (NLR) family CARD domain containing-3 (NLRC3) is a less
studied novel negative cytoplasmic PRR that is expressed in various
immune tissues and cells. As a sensor of microbial ligands, NLRC3
acts as a fine-tuning rheostat to T cell responses during viral infection,
and deficiency of this receptor enhances protection against lympho-
cytic choriomeningitis virus and Mycobacterium tuberculosis infec-
tion.21,22 NLRC3 is also a negative regulator of signaling pathways
activated by Toll-like receptors (TLRs), and negatively regulates
TLR4-dependent nuclear factor kB (NF-kB) activation by binding tu-
mor necrosis factor receptor-associated factor 6 (TRAF6) in activated
immune cells.20,23 During cancer development, TRAF6 sequesters
NLRC3 and mammalian target of rapamycin (mTOR) to negatively
regulate mTOR pathways.24,25 mTOR pathway serves as a master
regulator of cell metabolism, and its activation is highly dependent
on the phosphorylation of mTOR. Activation of mTOR pathway
can elicit the subsequent activation of numerous downstream targets,
thereby regulating several transcription factors involved in the regu-
lation of metabolic pathway genes, including glycolytic genes.12,21

Additionally, mTOR can also interact with transcriptional co-activa-
tors such as p300 to control transcription and cell metabolism.26

However, there is limited understanding of the mechanism underly-
ing the regulation of NLRC3 on aerobic glycolysis, and whether
NLRC3 inhibits the innate immune signaling to drive sepsis-induced
immunosuppression has yet to be elucidated.

Here, we found that high NLRC3 expression correlates with the glyco-
lytic defects of the monocyte/macrophage from septic patients and
mice that developed immunosuppression. Genetic inhibition of
myeloid-specific NLRC3 disrupts the NLRC3-mTOR-p300 complex
and enhances NF-kB binding to the NFAT5 promoter in concert
with the p300 to further improve the glycolysis of cells and sepsis-
induced immunosuppression. Intrapulmonary delivery of recombi-
nant adeno-associated virus (rAAV) harboring macrophage-specific
NLRC3 deletion vector (rAAV-SP-NLRC3) significantly improved
the defense of septic mice that developed immunosuppression upon
secondary intratracheal bacterial challenge, suggesting that NLRC3
may be a therapeutic target for sepsis-induced immunosuppression.

RESULTS
NLRC3 is upregulated in clinical immunotolerantmonocytes and

in macrophages that underwent sepsis-induced

immunosuppression

NLRC3 is a negative innate sensor that guards against excessive acute
inflammation in mouse models of sterile sepsis,20 but its function in
the host’s defense response after undergoing sepsis-induced immuno-
suppression has not been fully characterized. We firstly measured
NLRC3 expression in monocytes from 35 patients with bacterial
sepsis (Figures 1A–1E). Monocytes from septic patients had signifi-
cantly higher NLRC3 levels than those from control subjects (Fig-
ure 1E). The demographic and clinical characteristics of these subjects
are listed in Table S1. Low HLA-DR expression and decreased levels
of proinflammatory cytokines (e.g., tumor necrosis factor a [TNF-a])
in monocytes after sepsis are considered a hallmark of sepsis-induced
immunosuppression.5,27 These hallmarks were analyzed (Figures 1B–
1D) and revealed an overall decrease in HLA-DR expression in
monocytes from septic patients (Figures 1B and 1C), and the HLA-
DR expression inversely correlated with induction of NLRC3 expres-
sion (r2 =�0.5451, p = 0.0007; Figure 1F). Additionally, we observed
significantly impaired production of TNF-a in monocytes challenged
with LPS in vitro (Figure 1D), and the decreased TNF-a was inversely
correlated with induction of NLRC3 expression (r2 = �0.7132,
p < 0.0004; Figure 1H). These findings suggest that NLRC3 elevation
in monocytes is specifically correlated with induction of immunosup-
pression during sepsis.

To further explore the regulatory role of NLRC3 in sepsis-induced
immunosuppression, as previously described,7,28–30 we established a
cecal ligation and puncture (CLP) model with impaired host immunity
that most accurately resembles conditions in patients (Figures S1 and
S2A). In this model, alveolar macrophages (AMs) and peritoneal mac-
rophages (PMs) from mice after undergoing CLP had reduced expres-
sion of TNF-a in response to a subsequent LPS challenge in vitro (Fig-
ure S2C), which is analogous to what we observed with clinical
monocyte tolerization, while the NLRC3 expression in AMs and
PMs of sepsis-surviving mice increased 12 h after CLP and peaked at
48–72 h (Figure S3A). NLRC3-specific immunoblotting further
confirmed upregulated NLRC3 protein expression in PMs 48 h after
CLP (Figure S3B). These experiments suggest that NLRC3 expression
in macrophages may have an important regulatory role in establishing
immunosuppression in septic mice.

Sepsis-induced immunosuppression alters the host’s immune response,
leading to increased susceptibility of septic host to nosocomial pneu-
monia.7,28,30,31 In the clinic cohort, we identified septic patients with
culture-proven secondary infection (n = 19). To confirm whether in-
duction of NLRC3 expression in macrophages correlated with impair-
ment of septic host defenses, the antimicrobial role at the infection site
was evaluated. There was a decrease in the host’s ability to clear the bac-
teria of the lungs and blood of CLPmice after Pseudomonas aeruginosa
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infection (Figures S1C and S1D), and the septic mice challenged with a
secondary infection of P. aeruginosa intratracheally (i.t.) (3 � 109 col-
ony-forming units [CFU]mL�1) at 48 h displayed a significant increase
in mortality compared with sham mice subjected to infection or CLP
without undergoing infection (Figure S1B).

NLRC3 depletion in myeloid cells alleviates sepsis-induced

immunosuppression

To address the role ofmacrophageNLRC3 expression in orchestrating
sepsis-induced immunosuppression, myeloid-specific NLRC3-defi-
cient mice were generated by crossing NLRC3 floxed mice with
LysM-Cre mice (Figures S4A and S4B). We confirmed that the
Nlrc3 gene was specifically deleted in bone marrow-derived macro-
phages (BMDMs), AMs, and PMs isolated from NLRC3-deficient
LysM-Cre+ NLRC3fl/fl (NLRC3DMac) mice but was unaffected in con-
trol LysM-Cre-NLRC3fl/fl mice (NLRC3WT) (Figures S4C and S4D).
Myeloid cell population counts in the peritoneal cavities and spleens
of NLRC3WTand NLRC3DMac mice were similar (Figures S5A and
S5B), suggesting that NLRC3 deletion does not affect myeloid cell
development or maturation. The mortality of NLRC3DMac mice was
not significantly different from that of their wild-type (WT) counter-
parts 48 h after CLP (Figure 2B), but surviving septicNLRC3DMacmice
had a significantly improved survival rate in response to secondary
P. aeruginosa challenge at 48 h post CLP (Figure 2B). The bacterial
burdens in the lungs and blood of NLRC3DMac mice undergoing
CLP challenged with a secondary infection of P. aeruginosa were
significantly lower than those in NLRC3WT mice Figure 2C). The
TNF-a and interleukin-6 (IL-6) levels in lung homogenates from sep-
ticNLRC3DMacmicewere significantly higher than those ofNLRC3WT

mice, but IL-1b levels showed no difference (Figure 2D). Lung section
staining showed that lung inflammation was exacerbated in
NLRC3DMac mice at 24 h after the secondary P. aeruginosa challenge
(Figures 2E and 2F).

To further evaluate the role of macrophage NLRC3 deficiency in mice
subjected to CLP during secondary infection, we detected the expres-
sion of cytokines and cell-surface molecules in macrophages from
septic mice with LPS stimulation in vitro. AMs and PMs from septic
NLRC3DMac mice showed higher levels of TNF-a (Figures 1K and 1L)
and IL-6 (Figures S6A–S6B) in response to LPS challenge in vitro than
did macrophages from NLRC3WT septic mice. Moreover, monocyte-
macrophages in the lungs of septic mice also showed upregulation of
CD86 and major histocompatibility complex class II (MHC II)
expression relative to those from NLRC3WT mice (Figure 2I),
although there were no significant differences in the overall numbers
(Figure 2H). This evidence suggests that NLRC3 depletion in myeloid
cells leads to stronger immune responses, alleviates sepsis-induced
immunosuppression, and further confers protection against second-
ary pneumonia with P. aeruginosa in septic mice.

NLRC3 depletion improves metabolic pathways in

immunotolerant macrophages during sepsis

The increased immune response by macrophages to eliminate patho-
gens during the acute phase of infection is characterized by robust al-
156 Molecular Therapy Vol. 31 No 1 January 2023
terations in the expression of genes encoding inflammation and immu-
nological effector mechanisms. To characterize the transcriptome
alterations by which NLRC3 loss regulates pathogen infection, we per-
formed RNA sequencing (RNA-seq) to identify the genes involved in
NLRC3 regulation of microbial ligand stimulation in macrophages.
We noted robust alterations in the BMDM transcriptome 12 h after
LPS treatment, such as differential expression of genes encoding
TNF-a, cytokine interaction receptors, TLRs, metabolic pathway
signaling molecules (Figure 3A), and some genes encoding products
involved in glycolytic enzyme (Figure 3B). We further validated
changes in genes encoding glycolytic enzymes using quantitative
PCR (qPCR) and found that several mRNAs including Glut1, Hk2,
and Ldha were significantly upregulated in AMs and PMs of sham-
surgery NLRC3DMac mice subjected to LPS challenge than did macro-
phages from NLRC3WT mice (Figures 3C, S10, S11A, and S12).

As a result of the functional reprogramming of macrophages during
microbial ligand-induced immunosuppression, most inducing genes
are transcriptionally silenced and not expressed upon restimula-
tion;5,32,33 broad cellular glycolytic metabolism defects in the mono-
cytes of septic patients underlie the immunosuppressive phase. In
determining whether the above changes could be identified in macro-
phages from sepsis-induced immunosuppression hosts subjected to
secondary LPS stimulation, we found that the mRNA levels of
Glut1, Pfk, Hk2, and Ldha were significantly upregulated in AMs
(Figures 3C and S10) and PMs (Figures S11A and S12) from septic
NLRC3DMac mice following in vitro LPS challenge compared with
those from septic NLRC3WT mice. The enhanced transcription of
glycolytic genes increases the capacity of cells to execute glycolysis.
The gene transcription data were thus confirmed by lactate release,
which is an inevitable product of glycolysis. Substantial increases in
lactate production were detected in culture supernatants of macro-
phages from NLRC3DMac mice subjected to CLP (Figure 3D) and
monocytes from septic patients with immunosuppression after
LPS stimulation in vitro compared with those of control host
(Figures S11D and S11E). These results demonstrate a shift toward
aerobic glycolysis (known as the Warburg effect) and thus illustrate
that induction of theWarburg effect inmacrophages from septic hosts
occurred in immunosuppression after NLRC3 depletion.

To broadly assess the ability of NLRC3 to inhibit glycolysis in macro-
phages in the setting of immunosuppression during sepsis, we gener-
ated an in vitro tolerancemodel using LPS. RAW264.7 cells were trans-
duced with recombinant lentivirus expressing a stable short hairpin
RNA (shRNA) that targets the mRNA encoding NLRC3 (shNLRC3)
or overexpressing a vector encoding NLRC3 (ovNLRC3) before being
treatedwith LPS.We found substantially lower expression of NLRC3 in
RAW 264.7 cells (Figure S14A), while NLRC3-overexpressing macro-
phages (Figure S14A) that encountered tolerance showed lower mRNA
levels of Glut1, Hk2, Pfk, and Ldha, while shNLRC3 resulted in higher
expression levels (Figure 3E) after secondary LPS challenge (Figure S13)
and a substantial increase in lactate production in culture supernatants
when tolerant BMDMs (Figure 3F) or RAW 264.7 cells (Figure S11B)
with NLRC3 deficiency were restimulated with LPS. Extracellular



Figure 1. NLRC3 is upregulated in clinical immunotolerant monocytes and macrophages that underwent post-CLP immunosuppression

(A) Schematic overview of experimental design for (B) to (I). (B and C) Flow cytometry assessment of HLA-DR expression on circulating monocytes from septic patients

(n = 35) and non-septic donors (n = 29). (D) ELISA for TNF-a in the culture supernatants from septic patients (n = 35) and non-septic donor monocytes (n = 29) stimulated with

or without LPS (10 ng/mL) in vitro for 12 h (data are presented in a violin plot and were compared with a t test). (E) NLRC3mRNA levels in monocytes of septic patients (n = 35)

and non-septic donors (n = 29). (F) Correlation assay between HLA-DR levels and change in TNF-a production (DTNF-a) in monocytes of septic patients (n = 35). (G–I)

Correlation assay between NLRC3 levels and HLA-DR levels (G), and changes in TNF-a production (DTNF-a) in monocytes (H) and SOFA scores (I) of septic patients (n = 35).

(J) Treatment schematic for (K) and (L). (K and L) ELISA for TNF-a in the supernatants of NLRC3WT (LysM-Cre-NLRC3fl/fl) and NLRC3DMac (LysM-Cre+ NLRC3fl/fl) mouse AMs

(K) and PMs (L) stimulated with or without LPS in vitro (n = 5). DTNF-a: RPMI-stimulated samples versus LPS-stimulated samples. Circles represent individual participants.

*p < 0.05; **p < 0.01; ***p < 0.001; NS, not significant (two-way ANOVA or Student’s t test). See also Table S3 and Figures S1–S6.
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acidification rate (ECAR) analysis can directly and continuously detect
changes in aerobic glycolysis in living cells and reflect the glycolysis rate
of the cells.34–36 Consistent with endpoint assays such as lactate levels in
supernatants, the basal ECARs, glycolytic reserve, and capacity were
significantly elevated in immunotolerant macrophages with stable
NLRC3 deficiency after 12 h of LPS stimulation (Figures 4G and 4H)
compared with cells overexpressing NLRC3. These data suggest that
NLRC3 depletion could alleviate the decrease in glycolytic activation
in immunosuppressive macrophages.

To further confirm the role of glycolysis in host immune defense dur-
ing sepsis-induced immunosuppression, we inoculated the glycolytic
inhibitor 2-deoxyglucose (2-DG) into septic NLRC3DMac mice before
P. aeruginosa infection. Treatment of septic NLRC3DMac mice with
2-DG significantly increased mortality (Figure 3J) and bacterial loads
in the lung and blood (Figure 3L) compared with the control group,
indicating a direct role of macrophage glycolysis in NLRC3-driven
sepsis-induced immunosuppression.

Immunometabolism by NLRC3 deficiency is not completely

dependent on mTOR or TRAF6 signaling

We next explored the specific molecular pathways used by NLRC3 to
orchestrate the glycolytic metabolism of macrophages in the setting of
immunotolerance. Because mTOR is found to increase transcription
of glycolytic enzymes, thereby enhancing the capacity of cells to
execute glycolysis,12,21 and given the finding that NLRC3 inhibits
Molecular Therapy Vol. 31 No 1 January 2023 157
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mTOR pathways in colon epithelial cells24,25 and the gene transcrip-
tion data (Figure S8), we assessed whether mTOR signaling highly
depends on the phosphorylation of mTOR and the downstream effec-
tors S6K and 4EBP1. We observed that shNLRC3 enhanced S6K and
4EBP1 phosphorylation of tolerant macrophages upon secondary
LPS challenge, whereas macrophages with NLRC3 overexpression
showed lower phosphorylation (Figure 4A). Moreover, freshly iso-
lated PMs from NLRC3WT mice that had undergone CLP 48 h
were stimulated with LPS in vitro and showed decreased phosphory-
lation of S6K and 4EBP1. Conversely, macrophages from septic
NLRC3DMac mice showed enhanced phosphorylation of S6K and
4EBP1 (Figure 4B). Notably, the small-molecule active-site mTOR ki-
nase inhibitor INK128 37 did not completely inhibit the ECARs or
lactate and proinflammatory cytokine production of tolerant macro-
phages with NLRC3 loss upon secondary LPS challenge (Figures 4C
and 4D). These lines of evidence suggest that mTOR activation
may be involved in sensing the cellular energy status of tolerant
macrophages with NLRC3 deficiency but is not the only molecule
that activates the downstream immunometabolism.

TLR-NF-kB systems are involved in most key metabolic pathways
involved in the Warburg effect in tumor cells.38,39 Association of
NLRC3 with TRAF6 leads to auto-ubiquitylation of the latter protein;
this is a critical step in inhibiting TLR-dependent activation of NF-kB
signaling.20,21 We observed more rapid K63-linked ubiquitination of
TRAF6 in tolerant macrophages with stable NLRC3 deficiency than
in cells stably overexpressing NLRC3, and expression levels of
TRAF6 and the downstream effector NF-kB were more abundant
in the former cell population (Figure 4E). NF-kB activation was
also enhanced in macrophages from septic NLRC3DMac mice
compared with WTmice (Figure 4F), but the ECARs and lactate pro-
duction were not completely inhibited by TRAF6 knockdown (Fig-
ure S14B) in tolerant macrophages with NLRC3 deficiency upon
secondary LPS challenge (Figures 4G and 4H). These findings suggest
that immunometabolic changes due to NLRC3 deficiency do not
completely depend on the association between TRAF6 and NLRC3,
but rather that co-activation of both TRAF6 and mTOR pathways
is needed. Thus, inhibition of either TRAF6 or mTOR is insufficient
to adequately inhibit the immunometabolic effects; inhibition of both
is required.

NLRC3 deletion affects NF-kB-mediated immunometabolism

without directly interacting with NF-kB subunits

As a point of cross-talk of the downstream effectors between TRAF6
and mTOR signaling pathways, NF-kB functional inhibition results
Figure 2. NLRC3 depletion in myeloid cells alleviated sepsis-induced immunos

(A) Schematic overview of experimental design for (B) to (I). (B) Kaplan-Meier survival cu

(n = 16mice/group). (C–F) Bacterial loads in the lung and blood (C), ELISA for TNF-a, IL-1

histological injury scores (F); samples were collected at 24, 48, or 96 h after the second

lung-infiltrating cells that were neutrophils (CD11b+ Gr-1+) or monocyte-macrophages

detected on monocyte-macrophages (CD11b+ Gr-1�), with representative histogram

collected at 24 h after the infection challenge; assays were conducted by flow cytom

***p < 0.001; NS, not significant (two-way ANOVA or Student’s t test and log-rank test
in impaired expression of the gene encoding the glycolytic enzyme
and subsequent reduction of glycolysis in tumor cells.40 We found
that the NF-kB inhibitor BAY11-7082, which antagonizes I-kB ki-
nase-b preventing nuclear translocation of NF-kB, abolished the
induction of a glycolytic response and proinflammatory cytokine pro-
duction by NLRC3 knockdown (Figures 4I–4K). These results suggest
that the effect of NLRC3 on glycolysis may require NF-kB signaling
and subsequent translocation.

The key subunits of NF-kB form a homo- or heterodimer with other
NF-kB subunits to activate the target gene transcription involved as
the endpoint in an array of signal transduction events.41 To establish
whether the p65 subunit transmitted these glycolytic metabolic ef-
fects, we used shRNA-mediated knockdown to inhibit them in
NLRC3-deficient macrophages (Figure S14C). Loss of p65 or c-Rel
could not completely reduce ECAR levels and lactate production of
tolerant macrophages with NLRC3 deficiency upon secondary LPS
challenge (Figure S15). These results suggest that the effect of
NLRC3 on glycolysis may be independent of the forms of NF-kB
dimer with its subunit and subsequent transduction in immunotoler-
ant macrophages, and that another mechanism is required in the
context of NF-kB-dependent glycolysis.

p300-Mediated NFAT5 signaling is required to activate

NLRC3–/–-tolerant macrophage glycolysis

The effects of NLRC3 on signal transduction pathways in activated
immune cells were orchestrated, whereby in addition to the NF-kB
signaling the nuclear factor of activated T cell (NFAT) was also a ma-
jor factor.23 The NFAT family consists of five members, NFAT1 to
NFAT5, which share a conserved DNA-binding domain that is
structurally related to the NF-kB family members42,43 and play a
key role in the control of cytokine gene expression in T cells. We
thus examined the expression levels of them in NLRC3�/� LPS-
tolerant RAW264.7 macrophages (Figure S18B) and macrophages
from septic NLRC3DMac mice (Figure S18C) upon LPS secondary
challenge. Given that NFAT5 was most highly expressed
(Figures S18A and S18B) and could regulate specific genes but also
others that are inducible by NF-kB and NFAT1 to NFAT4,44 and
that the RNA-seq data from the NCBI Gene Expression Omnibus
(GEO)45 shows an enrichment of genes involved in glycolysis relevant
to NFAT5 expression in BMDM macrophages with LPS stimulation
(Figures 5A, S16, and S17), we thus focused on the NFAT5 isoform.
PMs from NLRC3DMac mice that had undergone CLP 48 h and were
stimulated with LPS in vitro showed a much stronger NFAT5 expres-
sion, and LPS-tolerant macrophages with NLRC3 deficiency showed
uppression

rves. All mice were monitored for 10 days after secondary P. aeruginosa challenge

b, and IL-6 in lung homogenate (D), histopathological images of lung tissues (E), and

ary infection. Scale bar represents 100 mm (n = 6 mice/group). (G–I) Percentages of

(CD11b+ Gr-1�) (G and H). Expression levels of CD86, MHC II, and CD206 were

with the corresponding median fluorescence intensity (MFI) (I). All samples were

etry (n = 6 mice/group). Circles represent individual mice. *p < 0.05; **p < 0.01;

for survival). See also Figures S4–S6.
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more enhanced NFAT5-dependent reporter activity than that of
NLRC3-overexpression cells (Figures 5B and 5C). Furthermore,
monocytes from septic patients with immunosuppression also had
lower NFAT5 expression after LPS stimulation in vitro compared
with those of control hosts (Figure S18D). These data suggest that
NFAT5 activation plays a critical role in activating NLRC3�/�-
tolerant macrophage glycolysis.

NF-kB binding to the NFAT5 promoter is one of the main mecha-
nisms modulating NFAT5 function.46 We found that NLRC3 defi-
ciency markedly increased the affinity of NF-kB p65 binding to the
NFAT5 promoter in LPS-tolerant macrophages upon LPS secondary
challenge and validated the interaction between NF-kB and NF-kB
consensus binding sites in the NFAT5 promoter region with chro-
matin immunoprecipitation (ChIP) assays (Figure 5D). We observed
a similar increase in the activity of a reporter vector that includes the
upstream site (base pairs �3,000 to +1) of NFAT5 that contains
the NF-kB consensus sequences (Figure 5E). To better understand
the role of NFAT5 in the effect of NLRC3 on glycolysis pathways,
we inhibited NFAT5 with the specific inhibitor KRN2 that blocks
the interaction between NF-kB and its binding site in the regulatory
region of the NFAT5 gene in response to secondary LPS stimulation.
This treatment abolished the induction of a glycolytic response by
TLR signaling activation and resulted in a significant decrease in
ECARs and lactate production in activated immunotolerant
NLRC3�/� macrophages in response to LPS secondary challenge
(Figures 5F and 5G), with a similar decrease in TNF-a, IL-1b, and
IL-6 (Figure 5G). These findings suggest that NF-kB binding to
NFAT5 might be essential for NLRC3-deficient-mediated immuno-
metabolism in tolerant macrophages in response to secondary LPS
stimulation, but the mechanism by which NLRC3 deficiency en-
hances NF-kB binding to the NFAT5 promoter region is not
completely understood.

NFAT5 connects DNA-bound NF-kB to the histone acetyltransferase
p300 when p300 is activated and is critical for the target gene transcrip-
tion after NF-kB nuclear translocation.47 We thus examined intracel-
lular p300 activity by measuring the acetylation of histone H3 and
p300. The results showed that NLRC3 loss significantly increased the
p300 activity of LPS-tolerant macrophages in response to secondary
Figure 3. NLRC3 functions within macrophage to drive glycolysis defects durin

(A and B) Total RNA of each mouse was isolated from 1.0 � 106 BMDMs (n = 3 mice

enrichment analysis of the differentially expressed genes (DEGs) in immunometabolism-a

this pathway term to all genes; the size of the symbols represents the number count o

indicates the significance of the Rich factor, ranging from �1 to 1. (B) Heatmap showin

detection of the mRNA expression levels of representative NLRC3-regulated genes invo

sham operation (n = 5 mice/each group), and (E) tolerant or naive RAW 264.7 with null v

LPS stimulation. The results of mRNA expression were normalized to b-actin, and log2 va

ratio of normalized expression (n = 5). (D and F) Lactate production in AMs and PMs follo

(D) in tolerant or naive BMDMs transduced with shNLRC3 or ovNLRC3 following LPS st

naive RAW 264.7 macrophages transduced with null or shNLRC3 or ovNLRC3 vector af

overview of experimental design (K); bacterial loads in the lung (left) and blood (right) fro

P. aeruginosa intratracheal administration (L). Circles represent individual mice. Graphs s

independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001; NS, not significant (two-wa
LPS stimulation (Figure 5H). p300 is predominantly nuclear but can
shuttle between the cytoplasm and nucleus,26,48 and it can be activated
to control cell metabolism through direct interaction with mTOR and
subsequent mTOR-dependent phosphorylation.26 During colorectal
tumorigenesis, NLRC3 regulates mTOR signaling by directly associ-
ating with the protein and modulating mTOR phosphorylation.24,25

One possibility is that NLRC3 loss disrupts the association with
mTOR and p300, after which mTOR-mediated phosphorylation acti-
vates p300, thereby leading to subsequent NFAT5 activation. We over-
expressed NLRC3, p300, and mTOR in 293T cells and performed co-
immunoprecipitation experiments with p300, and observed that
NLRC3, p300, and mTOR were in the same complex (Figure 5I).
Consistent with this, INK128 reduced the p300 activity of tolerant
macrophages with NLRC3 loss in response to secondary LPS
challenge (Figure 5J). Similarly, after using the cerulenin to specif-
ically disrupt the p65-NFAT5-p300 interaction, the NLRC3�/� LPS-
tolerized macrophages following scondary LPS treatment exhibited a
decrease in the co-precipitation of NFAT5 and p300 in p65 immuno-
precipitation assays- (Figure 5K), in the glycolytic activity, and in the
level of TNF-a, IL-6, and IL-1b (Figure 5L). These results suggest that
NLRC3 loss enhances p300 activity by directly disrupting the associa-
tion between mTOR and p300, which increases NF-kB binding to
NFAT5 after NF-kB translocation, and that the NF-kB-NFAT5 com-
plex controls macrophage metabolism and then modulates sepsis
progression.

NLRC3 gene therapy targeting intrapulmonary macrophages

improves sepsis-induced suppression of lung immune defenses

Although the benefit of NLRC3 knockdown in enhancing sepsis host
immunity has been appreciated, NLRC3 has not yet been developed
into a therapeutic target. rAAVs have emerged as attractive, highly
versatile, gene delivery agents owing to their safe, stable, and trans-
gene expression, and rAAVs have become the gene therapy vector
of choice for human clinical trials.49 To further assess whether
NLRC3 knockdown could be used as a potential therapeutic interven-
tion against secondary infection in a septic host experiencing immu-
nosuppression, we used an AAV system (Figure 6A) harboring
macrophage-specific synthetic promoter 146 with shRNA targeting
NLRC3 (AAV-SP146-miR30-shNLRC3-eGFP, AAV-SP-shNLRC3)
to deliver the gene delivery agents according to the experimental
g sepsis-induced immunosuppression

/each group) and analyzed by RNA-seq. (A) Left: scatterplot of the KEGG pathway

ssociated pathways. Right: the Rich factor is the ratio of DEG numbers annotated in

f DEGs, and higher values indicate greater intensiveness; coloring of the p values

g the relative amounts of RNA of the three pairwise comparisons. (C and E) qPCR

lved in glycolysis in macrophages: (C) AMs with LPS in vitro challenge after CLP or

ector, stable NLRC3 deficiency (shNLRC3), or overexpression (ovNLRC3) following

lues were used to calculate correlations. Each column in the heatmap represents the

wing LPS in vitro challenge in the indicated genotypes after CLP or sham operation

imulation (F). (G–I) Analysis of the extracellular acidification rate (ECAR) of tolerant or

ter LPS stimulation. (n = 5). (J–L) Kaplan-Meier survival curves (n = 16) (J); schematic

m surviving NLRC3DMac (LysM-Cre+ NLRC3fl/fl) mice with either 2-DG or PBS after

how themean ±SE of experimental replicates and are representative of at least three

y ANOVA or Student’s t test and log-rank test for survival). See also Figures S7–S13.
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Figure 4. mTOR or TRAF6 activation is only part of the mechanism by which NLRC3 regulates metabolic pathways in tolerant macrophages

(A and B) (A) Schematic of treatments (upper), and immunoblot to detect phosphorylated mTOR, S6K, and 4EBP1 in tolerant or naive RAW 264.7 macrophages transduced

with shNLRC3, ovNLRC3, or null vector (lower), and (B) in PMswith or without LPS in vitro challenge after CLP operation (n = 4). (C and I) Seahorse XFe 24monitored ECAR in

(legend continued on next page)
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setup in Figure 6B. NLRC3 expression in AAV-infected mice was
confirmed on day 28 after infection. As shown in Figures 6C and
6D, AAV-SP-shNLRC3 was successfully delivered and expressed in
AMs and lung macrophages (LMs), and significantly decreased the
expression of NLRC3 in macrophages from mice treated with
AAV-SP-shNLRC3 compared with macrophages from the control
mice, as well as in their lung epithelial cells (Figure 6E). As sepsis-
induced immunosuppression is evidenced by the suppression of
host antibacterial defense in the lung, we investigated the role of
AAV-SP-shNLRC3 in host defense against secondary intrapulmo-
nary P. aeruginosa challenge in septic mice. As previously observed
in the NLRC3 knockout mice, treatment with AAV-SP-shNLRC3
in mice undergoing CLP had significantly increased survival rate
following secondary pulmonary P. aeruginosa challenge compared
with the control group (Figure 6F). Sham-operated mice infected
with Pseudomonas had 100% survival in both the AAV-SP-
shNLRC3 and AAV-Ctrl shRNA groups (Figure 6F). Similar to pre-
vious observations, lung and blood from AAV-SP-shNLRC3-infected
mice undergoing CLP displayed a reduced bacterial load after second-
ary P. aeruginosa infection (Figure 6G) compared with AAV-Ctrl
shRNA groups, and lung homogenates from AAV-SP-shNLRC3-in-
fected mice had higher levels of TNF-a and IL-6 than those of
control groups (Figure 6H). Collectively, these results suggest that
AAV-SP-shNLRC3 confers protection against secondary challenge
with P. aeruginosa in septic mice.

DISCUSSION
Immunometabolic modulation is critical for orchestrating the host
immune defense during sepsis-induced immunosuppression.12,15,17

NLRC3 moderately mitigates CD4+ T cell activation and exerts an
immunosuppressive effect in response to viruses.21 However, little
is known about the regulatory role of NLRC3 in immunometabolism
and innate immune defenses in the setting of sepsis. Our results
demonstrate that NLRC3 expression in monocytes correlates with
the immunosuppressive states of septic patients, and NLRC3 expres-
sion drives glycolytic defects of immunotolerant macrophages by
inhibiting NF-kB p65 binding to NFAT5 after NF-kB translocation
co-induced by both TRAF6 and mTOR in concert with mTOR-
dependent p300 deactivation (Figure 7). Macrophage-specific dele-
tion of NLRC3 could retune this pathway and protect a mouse model
of sepsis by developing immunosuppression against secondary bacte-
rial infection.
tolerant RAW 264.7 with stable NLRC3 deficiency in the presence of mTOR inhibitor INK

naive macrophages with stable NLRC3 deficiency in the presence of INK-128 (C) or NF

ELISA for lactate production, TNF-a, IL-6, and IL-1b in tolerant BMDMs of NLRC3DMac (L

7082 (J and K) or vehicle after LPS restimulation; and in naive macrophages of NLRC3DM

with no LPS stimulation (n = 5). (E) Immunoprecipitation of IkB and p65 and of TRAF6, Ik

or shNLRC3 or ovNLRC3 vector after 90-min LPS restimulation, followed by immunoblo

p65 in PMs with or without LPS in vitro challenge after CLP operation (n = 4). (G) RAW 2

shNS (control) vector; Seahorse XFe 24 monitored ECAR in these tolerant cells followin

production in tolerant BMDMs of NLRC3DMac mice with shTRAF6 or shNS (control) vect

or shNS vector in the absence of LPS stimulation. Circles represent individual mice. Grap

three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001; NS, not significan
Septic patients who have undergone immunosuppression are more
susceptible to secondary infections as a result of functional reprog-
ramming of myeloid cells,5 which is characterized by hyporesponsive-
ness and metabolic defects. Our findings reveal NLRC3 as an inducer
of monocyte and macrophage hyporesponsiveness during sepsis,
whereby monocytes and macrophages exhibit low TNF-a production
and glycolysis; myeloid NLRC3-deletion mice were more resistant to
secondary bacterial challenge, with strikingly lower lung and blood
bacterial loads and an increased survival rate compared with WT
mice. However, a previous study demonstrated that NLRC3�/�

mice have enhanced responses, including proinflammatory cytokine
release and greater body temperature, during LPS-induced sterile
shock thanWTmice.20 Thus, it is unclear whether NLRC3 deficiency
in macrophages will lead to uncontrolled tissue damage and a
poor prognosis. In the present study, the mortality rate of septic
NLRC3DMac mice 48 h after CLP was not strikingly different from
that of their WT counterparts, and even splenic histopathology did
not reveal significant differences. Although NLRC3DMac mice showed
enhanced pulmonary inflammation as indicated by a higher histopa-
thology score and a striking increase in cytokine levels (TNF-a, IL-1b,
and IL-6), the pulmonary histopathology and inflammation gradually
recovered after 2 days of secondary infection. Importantly, to avoid
systemic adverse events as much as possible, we developed NLRC3
gene therapy targeting intrapulmonary macrophages, for which an
AAV delivery strategy harboring a macrophage-specific promoter
that restricts NLRC3 expression to the monocyte/macrophage lineage
was designed to confer protection against secondary challenge with
P. aeruginosa in septic mice.

Mechanistically, NLRC3 limits immune responses and the cellular
glycolytic metabolism of immunotolerant macrophages during LPS
rechallenge by suppressing NF-kB signaling. Previous studies re-
vealed that NLRC3 reduced NF-kB activation in macrophages and
T cells by attenuating K63-linked ubiquitination of TRAF6 in
response to viruses,20,21 but it is unclear whether NLRC3 drives im-
munotolerant macrophage hyporesponsiveness via the same mecha-
nism. After tolerization, NLRC3�/�macrophages showed heightened
polyubiquitination of TRAF6 and increased NF-kB activity upon LPS
rechallenge. Preventing activation of TRAF6, an upstream mediator
of NF-kB, did not significantly reduce NF-kB activity or glycolysis
in NLRC3-deficient tolerant macrophages following LPS rechallenge,
suggesting that TRAF6 activation may not be the only mechanism
-128 (C) or NF-kB inhibitor BAY11-7082 (I) or vehicle after LPS restimulation; and in

-kB inhibitor BAY11-7082 (I) or vehicle with no LPS stimulation (n = 5). (D, J, and K)

ysM-Cre+ NLRC3fl/fl) mice in the presence of INK-128 (D) or NF-kB inhibitor BAY11-
ac in the presence of INK-128 (D) or NF-kB inhibitor BAY11-7082 (J and K) or vehicle

B, and p65 from the tolerant or naive RAW 264.7 macrophages transduced with null

t to detect K63-linked ubiquitination (K63-Ub) of TRAF6. (F) Immunoblot of IkB, and

64.7 macrophages with stable NLRC3 deficiency were transfected with shTRAF6 or

g LPS stimulation or naive cells with no LPS stimulation (n = 5). (H) ELISA for lactate

or after restimulation (n = 5), and in naive BMDMs of NLRC3DMac mice with shTRAF6

hs show the mean ± SE of experimental replicates and are representative of at least

t (two-way ANOVA or Student’s t test). See also Figures S14 and S15.
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Figure 5. p300-mediated NFAT5 signaling is required for activation of NLRC3–/–-tolerant macrophage glycolysis

(A) The heatmap closely related to glycolysis is based on RNA-seq data comparing NFAT5 shRNA (NFAT5KD) and transduced empty vector (NFAT5Ctrl) RAW 264.7 (left), and

NFAT5 KOBMDMs (NFAT5 KO) and NFAT5WT BMDMs (NFAT5WT) treated with LPS (right) from the NCBI GEO database.45 Each column in the heatmap represents the ratio

of normalized expression (n = 3). (B) Immunoblot to detect NFAT5 levels in PMs with or without LPS in vitro challenge after CLP or sham operation (n = 4). (C) Tolerant RAW

264.7 with stable NLRC3 deficiency (shNLRC3) or overexpression (ovNLRC3) were transfected with NFAT5 consensus sequences fused to a GFP reporter construct. Flow

(legend continued on next page)
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that senses the immunometabolic status. mTOR is a central immuno-
metabolic element in proinflammatory macrophages,50,51 and the as-
sociations of NLRC3 with TRAF6 and mTOR can influence NLRC3
function in the regulation of mTOR activation in colon epithelial
cells.24,25 However, enhanced glycolytic activity and cytokine produc-
tion by NLRC3 deficiency in immunotolerant macrophages were not
restored after pharmacological inhibition of mTOR. These findings
suggest that inhibition of mTOR or TRAF6 activation alone could
not restore the enhanced immunometabolic response of immunoto-
lerant macrophages induced by NLRC3 loss. Intriguingly, inhibiting
NF-kB nuclear translocation, as a point of cross-talk of the down-
stream effectors linking TRAF6 and mTOR signaling, could reduce
immunometabolic activity, suggesting that NLRC3 might impair
the immune and metabolic processes in immunotolerant macro-
phages by inhibiting NF-kB translocation co-induced by mTOR
and TRAF6 activation in the setting of immunosuppression during
sepsis.

The mechanisms by which NF-kB regulates immune inflammatory
responses in activated immune cells are well described,40 but their
role in the immunometabolism of NLRC3-deficient immune cells is
less studied. NF-kB is a master transcription factor; when active, it ex-
erts immunologic defense functions by binding to specific DNA se-
quences in target genes to modulate their transcription. However,
knocking down key subunits of the NF-kB pathway did not markedly
enhance glycolytic or inflammatory activity elicited by LPS rechal-
lenge in tolerant NLRC3-deficient macrophages. Intriguingly, we
identified an additional transcription factor, NFAT5, whose DNA-
binding domain shares structural homology with NF-kB52 and has
two NF-kB consensus binding sites, as a key regulator of glycolytic ac-
tivity. We also demonstrated that inducing NF-kB binding to the
NFAT5 promoter is required for cell immune function in immunoto-
lerant macrophages with NLRC3 deficiency following LPS rechal-
lenge. Indeed, NFAT5 was also required to induce TNF-a and IL-6
gene expression in response to different stimulation thresholds, and
it also controls glycolysis and MHC II expression of macro-
phages.45,53,54 Our findings show that promoting NF-kB binding to
NFAT5 in macrophages can modulate immune responses and the
cytometry was performed to analyze NFAT5-dependent GFP expression (n = 3). (D, E, a

vector and restimulated with LPS, where macrophages (naive) transfected with ovNLRC

conducted in these cells after 90-min secondary LPS stimulation, with exon14 used as

these macrophages following transfection with GFP reporter system containing two NF-

lysate histone H3 were analyzed with anti-acetyl-lysine and anti-acetyl-histone H3 in the

264.7 with stable NLRC3 deficiency in the presence of KRN2 or vehicle after LPS restim

KRN2 or vehicle without LPS stimulation (n = 5). (G and L) ELISA for lactate production a

mice in the presence of KRN2 (G) or cerulenin (L) or vehicle after undergoing LPS restim

cerulenin (L) or vehicle in the absence of LPS stimulation (n = 5). (I) Human embryonic

plasmids. p300 immunoprecipitates were analyzed for p300, HA, and mTOR expressi

treated with vehicle or INK-128 before LPS rechallenge (n = 3). Naive macrophages w

Immunoprecipitated p300 and lysate histone H3 were analyzed with anti-acetyl-lysine an

deficiency were treated with vehicle or cerulenin before LPS rechallenge, with naive m

control group. Cell lysates were immunoprecipitated (IP) using anti-p65 antibody. The im

(n = 3). Circles represent individual mice. Graphs show the mean ± SE of experiment rep

**p < 0.01; ***p < 0.001; NS, not significant (two-way ANOVA or Student’s t test). See
glycolysis of immunotolerant macrophages with deficient NLRC3
expression. Levels of TNF-a, IL-6, and MHC II in lung tissue from
NLRC3-deficient septic mice with immunosuppression were
enhanced in response to secondary infection. The proglycolytic effect
of NFAT5 in NLRC3-deficient immunotolerant macrophages was
attenuated with NFAT5 inhibitors. These findings reveal a molecular
mechanism for orchestrating immunometabolic activity associated
with NFAT5-p65 function in immunotolerant macrophages with
NLRC3 deficiency.

Nuclear NFAT5-p65-p300 complexes that connect DNA-bound
NF-kB to the histone acetyltransferase p300 after p300 activation
are critical for orchestrating NFAT5-p65 function.47 Our results
demonstrated that p300 activity is increased in LPS-NLRC3�/�-
tolerant macrophages compared with WT macrophages in response
to secondary LPS stimulation. When the p65-NFAT5-p300 interac-
tion was disrupted with a specific inhibitor, the glycolytic activity of
LPS-NLRC3�/� tolerant macrophage was decreased. However, as a
transcriptional co-activator with histone acetyltransferase activity,
p300 is predominately localized in the nucleus;48 how the cytoplasmic
sensor NLRC3 modulates NFAT5-p65 remains poorly understood.
NLRC3 deletion induces mTOR co-localization with lysosomes,25

leading to auto-activation of mTOR, and lysosomal distribution of
p300 with mTOR was also observed in HeLa cells.26 Our co-immuno-
precipitation analysis revealed that NLRC3, p300, and mTOR were in
the same complex. After blocking mTOR activity with inhibitors,
p300 activity of immunotolerant macrophages with NLRC3 loss
was reduced upon secondary LPS challenge. When p300 was in-
hibited, the amount of p300 immunoprecipitated with p65 was
dramatically lowered, suggesting that hypoacetylation of H3 by
NLRC3 occurs when p300 binding is inhibited. These data show
that the effects of NLRC3 occur when histone acetylation is prevented
by inhibition of p300, thus leading to the inhibition of NF-kB-inde-
pendent NFAT5. Activated p300 can acetylate cytoplasmic substrates
or act as scaffold protein to shuttle proteins from the cytoplasm to the
nucleus for gene transcription. This has been demonstrated in
numerous biological processes26,48 such as mTOR-mediated auto-
phagy. We thus postulate that nucleocytoplasmic shuttling of p300
nd H) (D) Tolerant macrophages were stably transfected with ovNLRC3 or shNLRC3

3 or shNLRC3 vector without LPS served as the control groups; ChIP assays were

a negative control (n = 3); (E) Flow cytometry monitored the GFP expression level in

kB binding sites upstream of NFAT5 gene (n = 3). (H) Immunoprecipitated p300 and

se cells, respectively (n = 3). (F) Seahorse XFe 24 monitored ECAR in tolerant RAW

ulation, and in naive macrophages with stable NLRC3 deficiency in the presence of

nd TNF-a, IL-6, and IL-1b in tolerant BMDMs of NLRC3DMac (LysM-Cre+ NLRC3fl/fl)

ulation, and in naive macrophages of NLRC3DMac in the presence of KRN2 (G) or

kidney (HEK) 293T cells were transfected with the p300, HA-NLRC3, and mTOR

on by immunoblot (n = 3). (J) Tolerant macrophages with stable NLRC3 deficiency

ith stable NLRC3 deficiency without LPS treatment served as the control group.

d anti-acetyl-histone H3, respectively. (K) Tolerant macrophages with stable NLRC3

acrophages transfected with shNLRC3 without undergoing LPS treatment as the

munoprecipitates and cell lysates were immunoblotted for p300, NFAT5, and p65

licates and are representative of at least three independent experiments. *p < 0.05;

also Figures S16–S18.
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Figure 6. NLRC3 gene therapy targeting intrapulmonary macrophages improves sepsis-induced suppression of lung immune defense

(A) Full sequence map for AAV-SP146-miR30-shNLRC3-eGFP (AAV-SP-shNLRC3). (B) Schematic overview of experimental design for (C) to (H). Mice were administrated

intratracheally with AAV-SP-shNLRC3 or AAV-Ctrl shRNA (nonsense control shRNA), and 28 days later were subjected to CLP or sham operation and secondary intra-

pulmonary P. aeruginosa infection. (C and D) Flow cytometric analysis of GFP expression in AMs from bronchoalveolar lavage fluid (C) and in lung macrophages (LMs) from

homogenates (D) of uninfected and AAV-SP-shNLRC3-infected mice on day 28. (E) RT-PCR detected NLRC3 expression in AMs, LMs, and lung epithelial cells of AAV-SP-

shNLRC3 or AAV-Ctrl shRNA-infected mice. (F–H) Surviving mice with AAV-SP-shNLRC3 or AAV-Ctrl shRNA were subjected to secondary intrapulmonary P. aeruginosa

infection after CLP or sham operation: Kaplan-Meier survival curves (n = 19 mice/group) (F), bacterial loads in the lung (left) and blood (right) (G), ELISA for TNF-a, IL-1b, and

IL-6 in lung homogenate (H); survival curves were monitored for 10 days, and samples were collected after the secondary infection challenge. i.t., intratracheal. Circles

represent individual mice. *p < 0.05; **p < 0.01; ***p < 0.001; NS, not significant (two-way ANOVA or Student’s t test and log-rank test for survival).
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Figure 7. Schematic model depicting how NLRC3

drives glycolytic defects and septic

immunosuppression

(Left) NLRC3 expression of immunosuppressive

macrophages increases in the context of sepsis-

induced immunosuppression. On one hand, increased

NLRC3 inhibits NF-kB translocation co-induced by both

TRAF6- and mTOR-dependent signaling. On the other

hand, NLRC3 association with mTOR and p300 inhibits

mTOR-mediated phosphorylation dependent on p300

activity. Finally, the p300 activity and the NF-kB binding

to the NFAT5 promoter region was decreased, thereby

preventing the NF-kB-NFAT5 complex from controlling

the expression of genes encoding glycolytic enzymes

and proinflammatory cytokines. (Right) Macrophage-

specific NLRC3 deletion increases the p300 activity and

further enhances NF-kB binding to the NFAT5 promoter

region following NF-kB translocation, and thereby the

enhanced NF-kB-NFAT5 complex elicits fine-tuning of

proinflammatory cytokine production and glycolysis

while the septic host achieves an enhanced protective

immune response against secondary bacterial challenge.
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may contribute to NFAT5-dependent recruitment of p300 in NLRC3-
deficient immunotolerant macrophages. However, the exact mecha-
nism by which NLRC3 modulates p300-NF-kB-NFAT5 signaling
needs further investigation.

Although this study showed that NLRC3 deficiency improved lung
host defense responses in an experimental model of sepsis-induced
immunosuppression in response to acute secondary bacterial
infection by regulating macrophage function, and was associated
with improved survival in the septic host, it is premature to
conclude that myeloid-specific NLRC3 loss is protective for all sep-
tic patients because this model primarily serves as a model of
immunosuppression rather than a clinically relevant model of
infection in critically ill septic patients. However, very few sepsis
patients succumb to early death; the majority of critically ill pa-
tients survive sepsis and rapidly develop immunosuppression,55,56

thus becoming susceptible to opportunistic secondary infec-
tions,2,31 which are the primary cause of death among critically
ill patients. The experimental model in the current study in which
a secondary intratracheal bacterial challenge was conducted, at one
level, simulates the pathophysiological process. More importantly,
as high NLRC3 expression correlated with secondary infections in
patients with sepsis, NLRC3 expression in monocytes or macro-
phages may be a reliable parameter to monitor susceptibility to
secondary infections or perform sepsis stratification, although
this merits future investigation. Also, NLRC3 gene therapy target-
ing intrapulmonary macrophages improved lung antibacterial host
defense and prognosis in septic mice; for septic hosts with high
NLRC3 expression in monocytes, targeting NLRC3 in specific cells
is likely to be a promising candidate therapy that orchestrates
sepsis-induced immunosuppression.

In conclusion, we identified NLRC3 as a driver of monocyte and
macrophage tolerance because its inhibition could improve immuno-
metabolism in both cell types in the immunosuppressive period of
sepsis. Loss of NLRC3 inmacrophages intrinsically enhanced the pro-
tective immune response against secondary bacterial infection, in that
NLRC3 deficiency activated cellular glycolytic pathways and cyto-
kines by regulating NF-kB-independent NFAT5 signaling in an
mTOR-dependent-on-p300 activation manner. Collectively, these re-
sults indicate that NLRC3 is a potential target for therapeutic inter-
ventions against secondary infection in polymicrobial sepsis.

MATERIALS AND METHODS
Mice

Six- to eight-week-old male C57BL/6 WT mice were obtained from
Beijing HFK Bioscience (Beijing, China) and weighed between 20
and 25 g.

The Nlrc3 conditional knockout mouse model (named as Nlrc3fl/+

C57BL/6) was created by Beijing Biocytogen (Beijing, China). In brief,
we employed a circular donor vector, and the loxP sites were intro-
duced into introns 1 and 3. Cas9 mRNA, sgRNAs, and donor vector
were mixed and co-injected into the cytoplasm of one-cell stage fertil-
ized eggs (C57BL/6) to generate Nlrc3fl/+ C57BL/6 chimeric mice that
were mated with C57BL/6 mice to generate Nlrc3fl/+ C57BL/6 mice.
Southern blotting with two independent probes (30 probe [NcoI,
WT 4.1 kb, targeted allele 2.8 kb] and LR probe [50] [NdeI, WT 5.7
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kb, targeted allele 2.8 kb]) were used to identify correctly targeted
Nlrc3fl/+ C57BL/6 mice. F0 offspring were genotyped using two pairs
of primers: L-GT-F1, L-GT-R1 and R-GT-F1, R-GT-R1 (Table S2).

Myeloid-cell-specific NLRC3 knockout mice were generated by
crossing NLRC3 floxed mice with LysM-Cre mice (#004781; The
Jackson Laboratory, Bar Harbor, ME, USA). Male mice were used
for experiments at 8–9 weeks of age. In all experiments, including
BMDM studies, NLRC3WT littermates served as controls for
NLRC3DMac mice. Mice were maintained under specific pathogen-
free conditions and a 12:12-h light/dark cycle. They received food
and water ad libitum.

Patients and samples

Patients who were admitted to Union Hospital and fulfilled the clin-
ical criteria for sepsis-357 were screened for eligibility. Sepsis-3 defines
sepsis as life-threatening organ dysfunction caused by a dysregulated
host response to infection. Organ dysfunction can be identified as an
acute change in total Sequential Organ Failure Assessment (SOFA)
score of 2 or more points due to the infection. Blood samples of septic
patients were collected on days 1–2 of hospitalization. Exclusion
criteria included pregnancy or breast feeding, age >80 or <18 years,
malignancy, organ transplantation, human immunodeficiency vi-
rus/acquired immunodeficiency syndrome, autoimmune diseases,
and immunosuppressive medication use during the last month.
Age- and sex-matched volunteers without sepsis for elective surgery
served as controls. Demographic information and clinical variables
of patients, including age, sex, infection site, types of infection,
SOFA score, length of hospital and ICU stay, and 28-day mortalities
were retrieved from available medical records (Table S3). SOFA
grades the function of six organ systems on a scale of 0–4 depending
on the degree of dysfunction using objective measurements. The
maximum SOFA scores were the highest (worst) scores within 24 h
of sepsis diagnosis. Hospital-acquired infection was diagnosed if the
patient had a positive culture of a new pathogen obtained from lower
respiratory tract specimens (bacterial pneumonia), blood samples
(bacteremia), or urine (urinary tract infection) collected R48 h after
ICU admission.58

PBMCs were isolated by dilution of the blood in pyrogen-free PBS
and density gradient centrifugation over Ficoll/Paque (catalog [cat.]
#17-1440-03; GE Healthcare, Chicago, IL, USA). Cells were washed
twice in PBS and resuspended in RPMI 1640 medium (cat. #12-
167F; Invitrogen, Carlsbad, CA, USA) containing 10% (v/v) fetal
bovine serum (FBS) (cat. #TMS-013-B; Millipore, Billerica, MA,
USA), 10 mM L-glutamine, and 50 U/mL penicillin/streptomycin
(cat. #15070-063; HyClone, Logan, UT, USA). Cells were counted
in a Coulter counter (Coulter Electronics, Hialeah, FL, USA) and
adjusted to 5 � 106 cells/mL.

Monocytes were separated from other cells using the plastic adher-
ence method.29 Monocyte HLA-DR (cat. #307619; BioLegend, San
Diego, CA, USA) expression was measured with flow cytometry.
Moreover, monocytes were also stimulated with RPMI culture me-
168 Molecular Therapy Vol. 31 No 1 January 2023
dium containing Escherichia coli LPS (055: B5; 10 ng/mL; cat. #
L6529; Sigma, St. Louis, MO, USA) for 12 h in the presence of 10%
serum, and supernatants were stored at �80�C until cytokine and
lactate measurements were performed.

We identified septic patients in an immunosuppression phase as indi-
cated by low HLA-DR expression on monocytes (<30%) and low
TNF-a levels in supernatants. A total of 35 septic patients met the
above conditions. Detailed clinical information is presented in
Table S3.

Cell preparation

Murine AMs and PMs were harvested by lavage as previously
described.59 Cells were resuspended in RPMI 1640 containing
2 mM L-glutamine, 1% penicillin/streptomycin, and 10% FBS, and
cultured for 2 h. Cells were washed with RPMI 1640 to remove non-
adherent cells; only adherent monolayer cells were used.

BMDMs from the indicated mice femurs and tibias were obtained us-
ing 30 ng/mL recombinant macrophage colony stimulating factor
(cat. # 315-02; PeproTech, Rocky Hill, NJ, USA) as described previ-
ously.60 Adherent BMDMs were detached on day 6 and replated in
multiwell plates for analysis.

RAW 264.7 (TIB-71) cells were purchased from the American Type
Culture Collection (ATCC) (Manassas, VA, USA). Before use, myco-
plasma contamination was negative for all cells. NLRC3 stably over-
expressing (ovNLRC3) and knockdown RAW 264.7 cells (shNLRC3)
were selected using 8 mg/mL polybrene (cat. # H9268; Sigma) as
described previously.61 The lentiviral vectors harboring shNLRC3,
shTRAF6, p65, c-Rel, or overexpressing a vector encoding NLRC3
were constructed by Genechem (Shanghai, China), and were used
to infect the RAW 264.7 cells or BMDMs as described by the manu-
facturer. These cells were grown in RPMI 1640 or Dulbecco’s mini-
mum essential medium (DMEM) supplemented with 10% heat-inac-
tivated FBS and 1% penicillin/streptomycin at 37�C, 95% humidity,
and 5% CO2. HEK293 cells (ATCC #3216) were also cultured in
DMEM with 10% FBS at 37�C under 5% CO2.

For primary AM or PM stimulation in vitro, 100 ng/mL LPS was
added for the indicated time. To induce immune tolerance, RAW
264.7 cells or BMDMs were preincubated with 100 ng/mL LPS. After
24 h, cells were washed with PBS, cultured in medium (2 h), and re-
challenged with 100 ng/mL LPS for the desired amount of time. In
such experiments, unstimulated (naive) BMDMs or RAW 264.7
were incubated in the medium. After 24 h, cells were washed and
challenged with 100 ng/mL LPS to produce responsive cell controls.
Pharmacological inhibition of mTOR (300 nmol/L; INK128, cat.
#S281104; Selleck Chemicals, Houston, TX, USA), inhibition of
NF-kB (300 mM; BAY 11-7082, cat. #S2913; Selleck Chemicals),
disruption of NFAT5-p65-p300 interaction (10 mM; cerulenin, cat.
# C2389; Sigma), and inhibition of NFAT5 (0.8 mM, KRN2, cat.
#248260-75-5; Sigma) were achieved by pretreating cells with inhib-
itors for 1 h before LPS activation unless otherwise indicated.10,21
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Bacterial strains and culturing conditions

P. aeruginosa (ATCC #27853) was obtained as previously
described.7,8,28,62 In brief, P. aeruginosa was incubated overnight in
Luria-Bertani medium at 37�C with constant shaking (100 cycles
min�1). Bacteria were washed and diluted in PBS. The concentration
of bacteria was determined by reading the optical density (OD) at
600 nm and then plotting the OD on a reference curve verified by
quantitative culture of the inoculum. The bacteria were then diluted
to the desired concentration.

Polymicrobial sepsis model and secondary infection

For polymicrobial sepsis induction, the CLP model was performed as
previously described.29,30,60 In brief, male C57BL/6mice ranging from
22 to 28 g (8–10 weeks old) or littermates of the same sex NLRC3fl/fl

LysM-cre� (NLRC3WT) and NLRC3fl/flLysM-cre+ (NLRC3DMac) mice
matched by age and body weight underwent CLP. Approximately
50% of the cecum was ligated and punctured twice with a 20-gauge
needle to induce severe sepsis. Saline (1 mL) was injected subcutane-
ously for resuscitation immediately after closing the abdomen.
A broad-spectrum carbapenem antibiotic (imipenem-cilastatin,
25 mg/kg; Merck, Kenilworth, NJ, USA) was given beginning 6 h after
CLP and then every 12 h for the first 4 days.63 Sham-treated mice
received the same operation without puncture.

For the secondary infection model, sepsis-surviving mice were anes-
thetized and infected with 20 mL (3� 109 CFUmL�1) of P. aeruginosa
intratracheally (i.t.) on day 2 after CLP as described previously.29,30

Control mice were administered with 20 mL of PBS i.t. Mice were
monitored for 10 days or sacrificed 6–120 h after CLP and 12–96 h
after i.t. challenge to collect serum or tissue.

AM and PM stimulation

Adherent AMs and PMs from CLP and sham mice were stimulated
ex vivo with or without 100 ng/mL LPS (cat. # L6529; Sigma) at
37�C and 5% CO2 for indicated times. Cell lysates and supernatants
were harvested for mRNA expression or ELISAs and measurement
of lactate levels.

qPCR

Total RNA was extracted from macrophages using TRIzol reagent
as previously described.64 cDNA synthesis was performed using
PrimeScript RT reagent kit with gDNA eraser (RR047B; TaKaRa, Ku-
satsu, Japan). qPCR was run using SYBR Premix Ex Taq II Assay
(RR820A; TaKaRa) on a C1000 Thermal Cycler (Bio-Rad Labora-
tories, Hercules, CA, USA). The primers are presented in Table S2.
Target gene expression was normalized to b-actin, and fold changes
were calculated via the 2–DDCt method.

Histological assays

Mice were sacrificed at the indicated time points. After cardiac perfu-
sion with PBS, the left upper of lung and spleen tissues were obtained,
fixed in 4% paraformaldehyde overnight, and embedded in paraffin,
and 4-mm sections were cut and stained with hematoxylin and eosin.
The slides were imaged using a microscope. Lung injury was scored
by a blinded investigator from 0 (absent) to 4 (severe) with the
following parameters: necrosis or formation of abscess, interstitial
inflammation, endothelialitis, bronchitis, edema, thrombi, pleuritis,
and percentage of the lung surface demonstrating confluent (diffuse)
inflammatory infiltrate, as previously described.65

Total lung leukocyte preparation

Whole-lung samples were harvested from euthanized mice and colla-
genase digested as previously described.7 The digestion buffer was
prepared with RPMI, 10% fetal calf serum, 1 mg/mL collagenase
(Roche, Basel, Switzerland), and 30 mg/mL DNase (Sigma-Aldrich),
and the lung slurries were enzymatically digested for 30 min at
37�C. Samples were then centrifuged through a 40% Percoll gradient
to enrich for leukocytes. Viable cells were counted on a hemocytom-
eter by trypan blue exclusion and then cultured in RPMI, followed by
flow cytometry (as described below).

Bacterial counts

Bacterial loads in lung and blood were determined as previously
described.7,66 In brief, lungs were harvested after pulmonary vascula-
ture perfusion with PBS containing 5 mM EDTA and then homoge-
nized for 1 min with a homogenizer (Ultra-Turrax T25; Ika, Staufen,
Germany) in 1 mL of sterile saline. Homogenates were then serially
diluted 1:5 in PBS. Blood was collected from the right ventricle
with a heparinized syringe at 24 h after P. aeruginosa challenge,
then serially diluted 1:2 with PBS, after which 10 mL of each dilution
was plated on blood agar to determine lung and blood CFU.

ELISA

The concentrations of TNF-a (cat. #500850; Cayman Chemical, Ann
Arbor, MI, USA), IL-6 (cat. # 583371; Cayman Chemical), and IL-1b
(cat. # EMC001b; Neobioscience, Beijing, China) inmouse serum, cell
culture supernatants, and lung homogenates were determined by
ELISA according to the manufacturer’s instructions. The lung tissues
(right lobes) were obtained and homogenized in 2 mL of PBS with
0.05% Tween 80, and homogenized supernatants were filtered
(0.22-mm pore size).

Metabolism assays

Lactate levels in the supernatants were measured using a Lactate
Assay Kit (cat. #700510; Cayman Chemicals) according to the man-
ufacturer’s instructions. In brief, the supernatants were collected
and deproteinated, and neutralized acid was used to remove any
precipitated salts. The reaction mix was added to the samples, and
the average fluorescence of each sample was measured on a micro-
plate reader (OD 570 nM) to calculate the lactate concentration.

ECARs were measured with a Seahorse XFe24 Extracellular Flux
Analyzer (Agilent Technologies, Santa Clara, CA, USA) as previously
described.34 In brief, macrophages were seeded into XF-24 cell culture
microplates (2� 105 cells/well in 200 mL, cat. #102342-100) and then
stimulated with LPS with or without the inhibitors (BAY 11-7082 or
INK128 or KRN2) for the indicated time. The cells were washed with
XF Running Buffer and then placed at 37�C for 1 h in the absence of
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CO2. Glycolysis was measured with the XF Glycolysis Stress Test Kit
(cat. #103020-100; Agilent Technologies) according to the manufac-
turer’s instructions, and the macrophages were measured over time
and exposed to glucose, oligomycin, and 2-DG for ECAR measure-
ment at the indicated time points. ECARs were recorded three times
for each condition. The basal ECAR, glycolysis (ECAR after glucose
addition), glycolytic capacity (maximal ECAR after subtracting the
ECAR following 2-DG exposure), and glycolytic reserve (difference
between oligomycin-induced maximal ECAR and glucose-induced
glycolytic flux) were calculated.

Flow cytometry

Single-cell suspensions of lung tissue, spleen tissue, and peritoneal
cavity were harvested as previously described8,29 and washed in ice-
cold PBS containing 1% FBS. Cells were preincubated with anti-
FcgRII/FcgRIII antibodies (cat. #101320; BioLegend) and fixable
viability dye eFluor 780 (cat. #565388; BD Biosciences, Franklin
Lakes, NJ, USA) in DMEM with 2% FBS for 15 min at 4�C, then
stained with fluorescently labeled antibodies for 30 min at 4�C. The
cells were fixed and permeabilized with the IC Staining Buffer Kit
(cat. #00-5523-00; eBioscience, Hatfield, UK) for intracellular tran-
scription factor before antibody labeling. Stained cells were washed
twice with 2 mL of fluorescence-activated cell sorting buffer (Dulbec-
co’s PBS containing 1% FBS and 2 mM EDTA). Flow cytometry an-
tibodies and other reagents are listed in Table S4. Flow cytometry data
were acquired on a FACSDiva flow cytometer (BD Biosciences) and
further analyzed with FlowJo software (Tree Star, Ashland, OR, USA).

Ubiquitination assay

Ubiquitination experiments were performed as described previ-
ously.21,35,67 In brief, cells were lysed with 1% SDS isotonic buffer,
and lysed cell samples were boiled at 95�C for 15 min to remove
any noncovalent interactions. Lysates were cleared by centrifugation
(15,000 � g, 4�C, 15 min) and diluted with 1% Triton X-100 buffer.
Lysates were immunoprecipitated with anti-TRAF6 antibody (cat.
#sc-8409; Santa Cruz Biotechnology, Dallas, TX, USA), incubated
overnight at 4�C with gentle shaking, after which protein G agarose
beads (cat. #9863; Cell Signaling Technology, Danvers, MA, USA)
were added, and incubation was continued for another 4 h at 4�C.
The beads were washed and resuspended in sample buffer. Immuno-
precipitates were separated on mini-gels (Invitrogen), and TRAF6
and K63 ubiquitination of TRAF6 were detected by immunoblotting
with an antibody for either K63 Ub (cat. #5621; Cell Signaling Tech-
nology) or TRAF6 (cat. #sc-8409; Santa Cruz Biotechnology).

Immunoprecipitation and immunoblotting

Co-immunoprecipitation was performed as described previously.25

In brief, cells were collected with ice-cold PBS and lysed by three
freeze-thaw cycles in PBS containing 0.1% Triton X-100 and protease
and phosphatase inhibitors, then centrifuged at 13,000 rpm for
15 min at 4�C. The supernatants were incubated with 10 mL of Pro-
tein A/G agarose beads (cat. #20423; Pierce, Rockford, IL, USA) for
2 h to remove endogenous immunoglobulin G and centrifuged at
5,000 rpm for 5 min to remove the beads. For immunoprecipitation,
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protein samples were incubated with 3 mg of primary antibodies at
4�C for 12 h on a rocking platform. Protein A/G agarose beads
(20 mL) were then added to enrich the primary antibody/protein com-
plex for another 4 h on a rocking platform. The beads were washed
five times with PBS containing 0.1% Triton X-100. Immunocom-
plexes were eluted using 2� SDS sample buffer and boiled at 100�C
for 5 min.

Immunoblotting was performed as described previously.65 Cells were
lysed in lysis buffer including proteinase/phosphatase inhibitors (cat.
#MSSAFE; Sigma), and nuclear and cytoplasmic proteins were ex-
tracted. Cleared lysates were separated using 8%–15% SDS-PAGE.
Proteins were transferred onto polyvinylidene fluoride membranes
(cat. #IPVH00010; Millipore). The membranes were blocked with
5% non-fat dry milk (cat. #9999; Cell Signaling Technology) in
TBST buffer (cat. #9997; Cell Signaling Technology) at room temper-
ature and then incubated with the indicated primary antibodies at
4�C overnight. The antibody to mouse NLRC3 (cat. #ab77817; Ab-
cam, Cambridge, UK) was used at 1:500 dilution in 5% non-fat
milk. The other antibodies are listed in Table S4 and were used at
1:1,000 dilution; all secondary antibodies were used at a 1:40,000 dilu-
tion. Band densities were normalized to b-actin expression.

NFAT5 transcriptional activity assay

A green fluorescent protein (GFP)-NFAT5 promoter reporter system
with two NF-kB binding sites and a NFAT5 transcriptional reporter
with consensus sequence (TGG AAA ATT ACC G) were constructed
as previously described46 and then transfected into NLRC3 stable
knockdown RAW 264.7 with Lipofectamine 3000 (cat. #L3000015;
Invitrogen). The cells were then made tolerant and rechallenged
by LPS for the indicated time. Reporter gene activity was assessed
by measuring GFP expression using a FACSDiva flow cytometer
(BD Biosciences).

Chromatin immunoprecipitation

ChIP assays were performed according to the manufacturer’s protocol
(Pierce Agarose ChIP kit, cat. #26156; Pierce).35 In brief, macrophages
were harvested and fixed with 1% formaldehyde for 5 min at 37�C. The
chromatin was purified by micrococcal nuclease digestion, after which
soluble chromatin-containing lysates were immunoprecipitated with
an anti-p65 antibody (cat. #8242; Cell Signaling Technology). The
DNA sequences were amplified by PCR with specific primers to
analyze p65/NF-kB binding capacity. Primers used to amplify
NFAT5-bound regions were 50-TTT GGA GGA TCC CTC TTC
AC-30 and 50-ACA AGT CAA GAA GGG CCA AG-30. Enrichment
of DNA fragments was normalized against an NFAT5 exon region us-
ing the following control primers: 50-GCG AGA TGA TGT CAC TTC
AG-30 and 50-GTG GAA GTT TGA CTG TGG AC-30.46

RNA-seq analysis

Total RNA was isolated from 1.0 � 106 BMDMs as previously
described.1,64 RNA samples were obtained from BMDMs with or
without LPS treatment in three independent WT and NLRC3�/�

mice. RNA concentration and integrity were verified using a
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Nanodrop analyzer (Agilent). High-quality RNA was used for cDNA
library construction. RNA-seq libraries were generated with the
KAPA Stranded RNA-Seq Kit for Illumina withmultiplexing primers,
according to the supplier’s protocols, after which RNA-seq was con-
ducted with the Illumina Nova sequencer (Illumina, San Diego, CA,
USA). Differential gene expression analysis was performed using
DESeq R package (ver. 1.10.1) with raw gene counts output from Rsu-
bread. Counts for NLRC3were based on number of RNA sequences in
the deleted region of NLRC3 in NLRC3�/� mouse: from the final
103 bp of exon 2 to the first 35 bp of exon 4.20 The RNA-seq data
used to identify targeting gene expression patterns of NFAT5 were
obtained from the NCBI’s GEO database (GEO: GSE76554 and
GSE49604).45,53 Raw sequence data were downloaded and analyzed
with HISAT2 (ver. 2.0.5.2). Heatmaps of gene expression were gener-
ated using the pheatmap R package, and differential expression was
analyzed using DESeq, GOseq, and R packages. Subsequent gene
ontology/Kyoto Encyclopedia ofGenes andGenomes (KEGG) enrich-
ment analysis was performed based on differentially expressed genes
identified in the previous step (adjusted p < 0.05) using the limma
package (ver. 3.36.5), clusterProfiler package (ver. 3.8.1), and
org.Hs.eg.db package (ver. 3.6.0) of R software.

Recombinant adeno-associated virus and intrapulmonary

targeting interference

An rAAV vector carrying macrophage-specific NLRC3 deletion
plasmid was generated by Hanbio Biotechnology (Shanghai, China).
The AAV9 system harbors a macrophage-specific synthetic promoter
146,68 anmiR30-based shRNA targeting NLRC3,69 a cytomegalovirus
promoter, and an enhanced GFP reporter. The nucleotide shRNA of
NLRC3 was cloned using the following sequence: 50-GAG AAC CAC
GGT CTG CAC CAT ATT A-30. Four-week-old male mice were
administered with AAV-SP-shNLRC3 or AAV-Ctrl shRNA virus at
a dose of 1� 1011 viral particles in 20 mL of PBS per mouse via intra-
tracheal injection. GFP expression levels in infected macrophages
were detected with flow cytometry and NLRC3 expression by real-
time PCR on day 28 after AAV injection. The survival rate, bacterial
load, and cytokine levels were assessed as described above.

Quantification and statistical analysis

Data are shown as mean ± standard error (SE). When multiple exper-
iments using different numbers of animals were pooled for statistical
analysis, the exact number (n) is indicated in the figure legend. Two-
sided Student’s t tests were used to compare two groups. For multiple
comparisons, one- or two-way ANOVA was performed followed by
post hoc Bonferroni tests for two comparisons between groups. The
correlation analysis was performed by Pearson rank correlation tests.
Kaplan-Meier survival curves were compared using log-rank tests. All
statistical tests were two-tailed with significance set at p < 0.05. All
data were analyzed using GraphPad Prism software (ver. 8.3.0)
(GraphPad Software, San Diego, CA, USA).
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