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As an important transcription factor, heat shock factor 1 (HSF1) plays an endogenous
anti-inflammation role in the body and can alleviate multiple organ dysfunction caused by
sepsis, which contributes to an uncontrolled inflammatory response. The NLRP3
inflammasome is a supramolecular complex that plays key roles in immune surveillance.
Inflammation is accomplished by NLRP3 inflammasome activation, which leads to the
proteolytic maturation of IL-1b and pyroptosis. However, whether HSF1 is involved in the
activation of the NLRP3 inflammasome in septic acute lung injury (ALI) has not been
reported. Here, we show that HSF1 suppresses NLRP3 inflammasome activation in
transcriptional and post-translational modification levels. HSF1 can repress NLRP3
expression via inhibiting NF-kB phosphorylation. HSF1 can inhibit caspase-1 activation
and IL-1b maturation via promoting NLRP3 ubiquitination. Our finding not only elucidates
a novel mechanism for HSF1-mediated protection of septic ALI but also identifies new
therapeutic targets for septic ALI and related diseases.
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INTRODUCTION

Sepsis refers to dysregulated host responses to infections that lead to life-threatening organ
dysfunctions. Sepsis is increasing every year in China, and more than one million people die
from sepsis annually, which occupies a large number of medical resources (1, 2). The uncontrolled
inflammatory response and multiple organ dysfunction induced by sepsis are attributed to its high
Abbreviations: HSF1, heat shock factor 1; HSE, heat shock element; NLRP3, NOD-like receptor protein-3; CLP, cecal ligation
and puncture; ALI, acute lung injury; ARDS, acute respiratory distress syndrome; MODS, multiple organ dysfunction
syndrome; PRRs, pattern recognition receptors; TLRs, Toll-like receptors; NLRs, NOD-like receptors; LRR, leucine-rich repeat;
PAMPs, pathogen-associated molecular patterns; DAMPs, danger-associated molecular patterns; LPS, lipopolysaccharide;
TPR, tetratricopeptide repeat; EMSA, electrophoretic mobility shift assay; Co-IP, co-immunoprecipitation; BALF,
bronchoalveolar lavage fluid; IL-18, interleukin-18; IL-1b, interleukin-1b.

org June 2022 | Volume 13 | Article 7810031

https://www.frontiersin.org/articles/10.3389/fimmu.2022.781003/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.781003/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.781003/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:strongtan@csu.edu.cn
mailto:springtan@csu.edu.cn
https://doi.org/10.3389/fimmu.2022.781003
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.781003
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.781003&domain=pdf&date_stamp=2022-06-01


Shi et al. HSF1 Inhibits NLRP3 in Sepsis
mortality rate. In sepsis, inflammatory cells are activated and
release a large number of inflammatory mediators, such as tumor
necrosis factor (TNF), interleukin-1, and oxygen free radicals,
which cause serious damage to the tissues and body organs (3, 4).
As one of the most vulnerable organs in sepsis, acute lung injury
(ALI) can progress into acute respiratory distress syndrome,
which finally leads to multiple organ dysfunction and death.
Therefore, inhibition of the inflammatory response can protect
sepsis-induced ALI and improve the survival of sepsis (5, 6).

Inflammasomes are cytoplasmic sensors that sense pathogen
infection and tissue damage, leading to the maturation and
release of pro-inflammatory cytokines such as IL-1b and IL-18.
Currently, the best-characterized inflammasome is the NOD-like
receptor (NLR)-family pyrin domain-containing 3 (NLRP3)
inflammasome. The NLRP3 inflammasome is composed of a
sensor NLRP3, an adaptor ASC (apoptosis-associated speck-like
protein containing caspase activation and recruitment domain),
and an effector pro-caspase-1 (7). NLRP3 inflammasome
activation requires two signals. Triggered by pathogen-
associated molecular patterns (PAMPs), TNF, and IL-1b, the
first signal upregulates the mRNA expression of NLRP3 and pro-
IL-1b by activating nuclear factor-kB (NF-kB). The second
signal is activated by other stimuli such as pore-forming
toxins, ATP, and particulate matter, which lead to
inflammasome assembly and caspase-1 activation. Activated
caspase-1 cuts pro-IL-1b and pro-IL-18 into their mature
forms and secretes these inflammatory cytokines into
extracellular space (8). Posttranslational modifications (PTMs)
such as ubiquitination are crucial regulators of inflammasome
assembly. Dysregulated inflammasomes are responsible for
many chronic diseases such as Alzheimer’s disease and
rheumatoid arthritis (9, 10). Further clarifying transcriptional
and posttranslational regulation of inflammasomes such as
ubiquitination will shed more light on various diseases (11, 12).

As a key transcription factor regulating heat shock or stress
responses, heat shock factor 1 (HSF1) can bind to heat shock
elements (HSEs) of various downstream target genes, showing
different protective effects against cellular damage (13). Previous
research has proved that HSF1 plays an important role in
suppressing the inflammatory response. For example, HSF1
can reduce liver tissue damage and the development of
alcohol-associated liver diseases by inhibiting NLRP3
inflammasome activation (14, 15). Also, HSF1 significantly
alleviated lipopolysaccharide (LPS)-induced ALI by inhibiting
oxidative stress and inflammatory response (16). However,
whether HSF1 affects the NLRP3 inflammasome activation
during sepsis-induced ALI and its molecular mechanisms
remains unknown.

In our research, we demonstrated that septic lung tissue
expressed NLRP3 inflammasome-related components and
produced a large number of IL-1b and IL-18. The high
expressions of IL-1b and IL-18 were confirmed in septic
pat ients . HSF1 inhibi ted the act ivat ion of NLRP3
inflammasome and the secretion of IL-1b and IL-18 in vitro
and in vivo. Our further experiments proved that HSF1 inhibited
the activation of the NLRP3 inflammasome by inhibiting the NF-
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kB signaling pathway and promoting ubiquitination of NLRP3 at
transcriptional and post-translational modification levels,
respectively. SGT1 and TRAF3 decreased consistently in septic
patients, which serves as extra proof that they can be candidate
therapeutic target molecules in sepsis.
MATERIALS AND METHODS

Animal
HSF1 knockout mice were donated by Benjamin’s laboratory;
wild-type (HSF1+/+) mice of the same age, strain, and sex were
used as control. The protocols for animal breeding and
experiments were approved by the Institutional Animal Care
and Use Committee of Central South University, approval
Number 2018sydw077. All animal experiments were conducted
in the Department of Zoology, Central South University.

Clinical Sepsis Patient Specimens
Sepsis was diagnosed according to the definition of sepsis 3.0,
and the Sequential Organ Failure Assessment (SOFA) score was
≥2 points. Each of the six SOFA parameters reflects the function
of the organ systems (respiratory, cardiovascular, renal,
neurological, hepatic, and hematological) with a score of 0 to
4. The patients had different degrees of lung injury; most of the
patients had symptoms such as cough, sputum, and fever. The
collection of specimens was approved by the ethical review of the
Third Xiangya Hospital of Central South University, Approval
Number 2019-S548. The subjects were informed of the collection
of this specimen and provided signed informed consent.

Antibodies
The following antibodies were used: rabbit anti-NLRP3
monoclonal antibody (Cell Signaling Technology, Danvers, MA,
USA, dilution 1:1,000); mouse anti-IL-1b monoclonal antibody
(Cell Signaling Technology, USA, dilution 1:1,000); mouse anti-
Ub monoclonal antibody (Santa Cruz, Dallas, TX, USA, dilution
1:300); rabbit anti-SUGT1 polyclonal antibody (ProteinTech,
Chicago, IL, USA, dilution 1:1,000); rabbit anti-HSF1 polyclonal
antibody (Cell Signaling Technology, USA, dilution 1:1,000);
rabbit anti-pro Caspase-1+p10+p20 monoclonal antibody
(abcam, Cambridge, UK, dilution 1:1,000); rabbit anti-IgG
(Cell Signaling Technology, USA, dilution 1 mg); mouse
antiglyceraldehyde-3-phosphate dehydrogenase (GAPDH)
monoclonal antibody (Cell Signaling Technology, USA, dilution
1:5,000); and mouse anti-ACTIN monoclonal antibody (Cell
Signaling Technology, USA, dilution 1:1,000).

Cecal Ligation and Puncture Model
Mice were anesthetized with isoflurane inhalation; the skin and
muscle layers along the midline of the lower abdomen were cut;
the abdominal cavity was exposed to find the cecum; the end of
the cecum 1/3 was ligated with line 3; the distal end of the cecum
was punctured (through the cecum) with a size 7 needle,
squeezing out a little stool gently; then the cecum is gently
returned to the abdominal cavity; the peritoneum and the
June 2022 | Volume 13 | Article 781003
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muscular layer are sterilized; and the muscular layer and skin are
sewn up and sterilized again. Mice were rehydrated by
subcutaneous injection of preheated saline into the back. They
were kept warm after the operation, and the general condition of
the mice was observed. After the mice were modeled, the state of
the mice was observed, including 7 indicators of appearance,
consciousness level, activity, stimulus response, eye condition,
respiratory rate, and respiratory quality. Each indicator was
graded from 0 to 4 points, and the scores of the 7 indicators
were added together. The highest score was 28 points, and the
dead mice were recorded as having the highest score. H&E
staining was used to detect the lung histopathology of mice,
and the mice in the cecal ligation and puncture (CLP) group had
secondary lung injury, which manifested as a large number of
inflammatory cells, debris, and red blood cell (RBC) infiltration
in the alveolar cavity and interalveolar septum, destruction of
alveolar structure, and obvious edema and thickening of the
alveolar septum. The results showed that the CLP-induced sepsis
model was successfully replicated and induced lung injury.

Real-Time Quantitative PCR
Total RNA was purified from cells using TRIzol® Reagent
(Gibco, Grand Island, NY, USA) according to the
manufacturer’s instructions. Complementary DNA (cDNA)
was synthesized using total RNA as a template with
PrimeScript® RTreagent Kit and gDNA Eraser kit (TaKaRa
Bio, Siga, Japan). Diluted cDNAs were subjected to qPCR
analysis using SYBR® Green Quantitative PCR kit (TaKaRa
Bio, Siga, Japan). Relative mRNA levels were calculated after
normalization to actin using the DCt method. The PCR primer
sequences used in this paper are listed in Table 1. Primer is
designed by Primer5.0 online software, and biosynthesis is
performed by TSINGKE (Changsha, China).

Western Blotting
Tissue and cell proteins were lysed with radioimmunoprecipitation
assay (RIPA) lysates (P0013, Beyotime, Shanghai, China), the
supernatant was collected after ultrasound and centrifugation,
protein concentrations were measured using a bicinchoninic acid
(BCA) protein quantification kit (98L001100, Beijing Dingguo
Changsheng Biotechnology Co., Ltd., Beijing, China), and the
same amount of protein was mixed with 5× sodium dodecyl
sulfate (SDS) loading buffer and heated for 10 min at 95°C. The
pyrolysis products were separated by 10% SDS–polyacrylamide gel
Frontiers in Immunology | www.frontiersin.org 3
electrophoresis (SDS-PAGE), transferred to polyvinylidene
difluoride (PVDF) membrane, sealed in TBST containing 5%
skim milk powder for 2 h, and incubated overnight with the
corresponding primary antibody. After being washed with TBST
three times, horseradish peroxidase-labeled anti-rabbit or anti-
mouse IgG was used as the secondary antibody to seal for 1.5 h,
and the immune response bands were observed by the
chemiluminescence imaging system (Aplegen, Pleasanton, CA,
USA). Anti-GAPDH or anti-actin antibody was used to
normalize equal amounts of proteins.

Enzyme-Linked Immunosorbent Assay
The serum levels of IL-1b (CSB-E08054m, CUSABIO, Wuhan,
China) and IL-18 (CSB-E04609m, CUSABIO, China) in each
group were measured using a mouse ELISA kit. A human ELISA
kit was used to detect serum levels of IL-1b (CSB-E08053h,
CUSABIO, China), IL-18 (CSB-E07450h, CUSABIO, China),
and SGT1 (69-32967, MSKBIO, Wuhan, China) in sepsis
patients and normal people. All the experimental procedures
were carried out according to the kit instructions.

Isolation of Primary Mouse
Peritoneal Macrophages
Mice were intraperitoneally injected with 3 ml of 3%
thioglycolate broth medium and sacrificed via cervical
dislocation after 4 days. After being immersed in 75% alcohol
for 10 min, the sacrificed mice were placed in a supine position
on an ultra-clean workbench where their abdominal skins were
cut open and then flushed twice with 5 ml of pre-chilled Roswell
Park Memorial Institute (RPMI) 1640 medium (supplemented
with 10 U/ml of penicillin and 100 mg/ml of streptomycin),
followed by a collection of their peritoneal lavage fluid (PLF).
After centrifugation (1,000 rpm, 5 min), the resulting
supernatant of the PLF was discarded, and the pellet was
resuspended with 5 ml of 1× RBC Lysis Buffer (555899, BD
Biosciences, San Jose, CA, USA) and incubated in an ice bath for
10 min. After a second centrifugation step, the resulting
supernatant was discarded again, and the cell pellet was
resuspended and plated in RPMI 1640 medium containing
10% fetal bovine serum (FBS) for cultivation.

Electrophoretic Mobility Shift Assay
RAW264.7 cells were treated at 43°C in a 10-cm cell culture dish
for 60 min and immediately by the extraction of nuclear proteins
TABLE 1 | PCR primer sequence.

Gene Forward sequence Reverse sequence

Caspase-1 TGCCGTGGAGAGAAACAAGG CCCCTGACAGGATGTCTCCA
NLRP3 GACACGAGTCCTGGTGACTT GGCTTAGGTCCACACAGAAAG
SGT1 AGAGAGAGTTGTCTGCTTTGGT CTTTTCCCATCTCACCGCCT
b-Actin CATTGCTGACAGGATGCAGAAGG TGCTGGAAGGTGGACAGTGAGG
IL-18 TAAGAGGACTGGCTGTGACC TGGCAAGCA AGA AAGTGTCC
IL-1b TCTTTGAAGTTGACGGACCC TGAGTGATACTGCCTGCCTG
GAPDH CATCACTGCCACCCAGAAGACTG ATGCCAGTGAGCTTCCCGTTCAG
HSF1-KO TCTCCTGTCCTGTGTGCCTAGC CAGGTCAACTGCCTACACAGACC
NEO AGGACATAGCGTTGGCTACCCGTG GCCTGCTATTGTCTTCCCAATCC
June
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(P0027, Beyotime, China). After the protein concentration was
determined via the BCA assay, the nuclear protein samples were
stored at −80°C in a freezer until use. DNA probes were
generated according to the HSE sites as double-stranded
(Tables 2 and 3). After being validated with nucleotide blast,
the probe sequences were sent to Sangon Biotech (Shanghai,
China) Co., Ltd., for probe synthesis. Electrophoretic mobility
shift assay (EMSA) was performed in accordance with
instructions provided in the kit (20148, Thermo Scientific™,
Waltham, MA, USA), and the results were visualized using a
chemiluminescence imaging system (Aplegen, USA).

Dual-Luciferase Reporter Assay
Luciferase reporter plasmids containing SGT1 and TRAF3 were
constructed (SangonBiotech, Shanghai, China). The plasmidswere
extracted (D6950-01, Omega, Doraville, GA, USA), their
concentration was determined, and the DNA was stored at −20°C
for subsequent experiments. HEK293 cells were inoculated in a 24-
well plate and grown to about 70% to 90% confluence before being
co-transfected (L3000015, Invitrogen™, Carlsbad, CA, USA) with
pcDNA3.1, HSF1-constitutive plasmids, luciferase reporter
plasmids, PGL-basic, and pRL-TK. After 48 h of transfection, the
cell lysate was extracted and tested using a dual-luciferase reporter
assay kit (E1910, Promega, Madison, WI, USA) and loaded onto a
luminometer for the measurement of luminescence (SynergyHI

Microplate Reader, BioTek, Winooski, VT, USA).

Co-Immunoprecipitation
Protein A/G Mix Magnetic Beads (50 µl) (LSKMAGAG10,
Millipore, Billerica, MA, USA) were pipetted into a 2-ml
microcentrifuge tube and washed three times with PBST
(phosphate-buffered saline (PBS) containing 0.01% Tween®20
detergent). After being resuspended with PBS, primary
antibodies NLRP3, SGT1, and IgG (rabbit IgG) measuring 1.0–
10.0 µl were added and then incubated at room temperature (23°
C–26°C) for 1 h. After being washed three times with PBST for
10 min each time, 150 µg of protein sample was added to the
antibody-coated magnetic beads, which were then incubated
overnight with agitation at 4°C. Magnetic beads were washed
three times with PBST for 10 min each, and 1× SDS elution
buffer was added, followed by heating at 85°C for 10 min.
Subsequently, the supernatant was harvested via aspiration,
and 5× SDS loading buffer was added, followed by heating at
95°C for 10 min, before performing SDS-PAGE.
Frontiers in Immunology | www.frontiersin.org 4
Ubiquitination Assay
Total cellular protein measuring 150 mg was added to a 1.5-ml
microcentrifuge tube, and primary antibodies NLRP3 (#15101,
Cell Signaling Technology, USA) and IgG (#2729, Cell Signaling
Technology, USA) measuring were added and incubated for 1 h
at 4°C. The resuspended volume of Protein A/G plus-agarose (sc-
2003, Santa Cruz, USA) measuring 20 ml was added and
incubated at 4°C on a rotating device for 1 h overnight.
Immunoprecipitates were collected by centrifugation at 2,500
rpm for 5 min at 4°C, and the pellet was washed four times with
PBS, each time repeating the above centrifugation steps. After the
final wash, the supernatant was aspirated and discarded, and the
pellet was resuspended in a 1× electrophoresis sample buffer.
Samples were boiled for 2–3 min and analyzed by SDS-PAGE.
Proteins were transferred onto methanol-activated 0.2-mm
PVDF membranes. Membranes were washed three times in
TBST and blocked in 5% non-fat dried milk in TBST.
Membranes were then incubated overnight with an anti-
Ub antibody.

Statistical Analysis
Results are expressed as means ± SEM. All data were analyzed
using PASW Statistics 21.0. Student’s t-test was applied for
comparison between two groups and one-way ANOVA for
multiple comparisons. Survival data were analyzed using the
log-rank test. Differences were considered statistically significant
when p < 0.05.
RESULTS

HSF1 Alleviated Sepsis-Induced Acute
Lung Injury in Mice
In order to demonstrate the protective effects of HSF1 against
sepsis-induced lung injury, CLP was used to prepare the sepsis
model, and the survival curve was plotted. As shown in
Figure 1A, the survival rate of HSF1 knockout (HSF1−/−)
mice was significantly lower than that of HSF1+/+ mice.
Subsequently, the histological examination of lung tissues
after CLP was detected. H&E staining showed hyperemia and
edema in the alveolar cavity, the alveolar septa were
significantly widened, accompanied by a large number of
inflammatory cells infiltration, and the HSF1−/− group was
significantly more serious than the HSF1+/+ group
(Figure 1B). In addition, ELISA showed that the expression
of inflammatory cytokines IL-1b and IL-18 in lung tissue
TABLE 2 | SGT1 probe sequence.

Probe Probe sequence

SGT1 Labeled probe F 5′-AGAATTCGCAGGAAACTTCCTAGTGTGAT-3′
SGT1 Labeled probe R 5′-ATCACACTAGGAAGTTTCCTGCGAATTCT-3′
SGT1 Competitive probe F 5′-AGAATTCGCAGGAAACTTCCTAGTGTGAT-3′
SGT1 Competitive probe R 5′-ATCACACTAGGAAGTTTCCTGCGAATTCT-3′
SGT1 Mutant probe F 5′-AGCAGTCACAGTCAACGTCATATTGAGAT-3′
SGT1 Mutant probe R 5′-ATCTCAATATGACGTTGACTGTGACTGCT-3′
TABLE 3 | TRAF3 probe sequence.

Probe Probe sequence

TRAF3 Labeled probe F 5′-ATTCCTGAGAGAAATTTCTTTGTCCAGA-3′
TRAF3 Labeled probe R 5′-TCTGGACAAAGAAATTTCTCTCAGGAAT-3′
TRAF3 Competitive probe F 5′-CGTCATGCGCTAGATCGCTGTGTATATA-3′
TRAF3 Competitive probe R 5′-TATATACACAGCGATCTAGCGCATGACG-3′
TRAF3 Mutant probe F 5′-ATTCCTGAGAGAAATTTCTTTGTCCAGA-3′
TRAF3 Mutant probe R 5′-TCTGGACAAAGAAATTTCTCTCAGGAAT-3′
June 2022 | Volume 13 | Article 781003
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homogenate and alveolar lavage fluid of mice after CLP was
significantly increased, and the HSF1−/− group was significantly
higher than the HSF1+/+ group (Figures 1C–F). The above
Frontiers in Immunology | www.frontiersin.org 5
results indicated that HSF1 can significantly alleviate CLP-
induced ALI and improve the survival rate of septic mice by
inhibiting the inflammatory response.
A

B

C D

E F

FIGURE 1 | HSF1 ameliorates pulmonary inflammation in sepsis-induced ALI. (A) The survival rate of HSF1−/− and HSF1+/+ mice after CLP. (B) After 12- and 24-h
CLP interventions, representative pictures of lung tissue sections were stained with H&E. (C–F) The expression of IL-1b and lL-18 in lung homogenate and lung
BALF after CLP operation was monitored by ELISA. Data are representative or means (SD) of at least three independent experiments. Statistical analyses were
determined using a Student’s t-test and one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001 versus control group; #p < 0.05, ##p < 0.01, ###p < 0.001 versus
HSF1+/+ CLP group. ALI, acute lung injury; CLP, cecal ligation and puncture; BALF, bronchoalveolar lavage fluid.
June 2022 | Volume 13 | Article 781003
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HSF1 Inhibited NLRP3 Inflammasome
Activation
To clarify the NLRP3 inflammasome activation in sepsis, we
performed CLP on mice to observe the NLRP3 inflammasome
expression in lung tissue. It is found that the mRNA and protein
levels of NLRP3 and IL-1b were both increased in the HSF1+/+

and HSF1−/− groups after CLP, but the enhanced expression was
significantly higher in the HSF1−/− group (Figures 2A–D). The
inflammasome-related molecule expression was also detected in
lung tissue. CLP intervention significantly increased the
production of IL-1b and IL-18 in serum in both the HSF1−/−

and HSF1+/+ groups, with a significantly higher cytokine increase
in the HSF1−/− group (Figures 2E, F).

Peritoneal primary macrophages were isolated from HSF1−/−

and HSF1+/+ mice. The peritoneal primary macrophages were
stimulated with ATP, an activator of the NLRP3 inflammasome
(17). A total of 1 day later, the cells were stimulated with LPS for 3 h,
Frontiers in Immunology | www.frontiersin.org 6
followed by ATP (2.5 mM) for 30 min. As shown in Figure 3, the
mRNA expressions of NLRP3, caspase-1, IL-18, and IL-1b in
macrophages were sharply increased in the HSF1−/− group than
in the HSF1+/+ group after LPS and ATP stimulations. The protein
expressions of NLRP3, activated caspase-1, and mature IL-1b also
increased much higher in the HSF1−/− group. The secretion of
mature IL-1b and IL-18 in supernatants also increased much higher
in HSF1−/− mice. These results collectively indicate that HSF1 can
inhibit the activation of NLRP3 inflammasome in the lung tissue of
septic mice and primary peritoneal macrophages.

HSF1 Inhibited Lipopolysaccharide-
Induced NLRP3 Activation via Suppressing
NF-kB Signaling Pathway
NF-kB activation is required for NLRP3 and pro-IL-1b
production (18); therefore, we investigated whether HSF1
impaired LPS-induced NF-kB activation. TRAF3 is an
A B

C D

E F

FIGURE 2 | HSF1 suppresses the activation of NLRP3 inflammasome in lung tissue. (A, B) HSF1−/− and HSF1+/+ mice after CLP surgery; the gene expressions of
NLRP3 and IL-1b in the lung tissue were assessed by qPCR. (C, D) The protein levels of NLRP3 and IL-1b were measured by Western blotting. (E, F) Serum levels
of IL-1b and IL-18 were detected by ELISA. Data are representative or means (SD) of three independent experiments. Statistical analyses were performed using one-
way ANOVA. *p < 0.05, **p < 0.01 versus control group; #p < 0.05, ##p < 0.01 versus HSF1+/+ CLP group. CLP, cecal ligation and puncture.
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A B

C D

E F

G H

FIGURE 3 | HSF1 represses the activation of NLRP3 inflammasome in peritoneal primary macrophages. (A–D) Peritoneal primary macrophages were isolated from
HSF1−/− mice and HSF1+/+ mice. A total of 1 day later, the cells were stimulated with LPS (100 ng/ml) for 3 h, followed by ATP (2.5 mM) for 30 min. The mRNA
levels of NLRP3, caspase-1, IL-1b, and IL-18 in peritoneal primary macrophages cells were analyzed via qPCR. (E, F) The protein levels of NLRP3, caspase-1, and
IL-1b were measured by Western blotting. (G, H) Cell supernatant levels of IL-1b and IL-18 were detected by ELISA. Data are representative or means (SD) of at
least three independent experiments. Statistical analyses were determined using one-way ANOVA. *p < 0.05, **p < 0.01 versus control group; #p < 0.05, ##p < 0.01
versus HSF1+/+ CLP group. LPS, lipopolysaccharide; CLP, cecal ligation and puncture.
Frontiers in Immunology | www.frontiersin.org June 2022 | Volume 13 | Article 7810037
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important class of intracellular signal transduction factors
involved in the signal transduction of a variety of receptor
families, including the TNF receptor (TNFR) family, Toll-like
receptor (TLR) family, interleukin-1 receptor (IL-1R) family, and
RIG-I-like receptor (RLR) family, and plays an important role in
innate and acquired immunity. When the receptor is activated,
TRAF3 directly or indirectly recruits the intracellular domain of
the downstream receptor, participates in signal transduction, and
ultimately inhibits the NF-kB signaling pathway, which is
involved in the occurrence and development of inflammatory
immune diseases (19, 20). To further investigate the role of HSF1
in the NF-kB signaling pathway in septic ALI, we detected the
expression of NF-kB related proteins TRAF3, p-IkBa, and p-p65
in the lung tissues of septic mice. As shown in Figure 4,
compared with the control group, TRAF3 and IkBa in the
CLP group were decreased, while the expressions of p-IkBa
and p-p65 were increased. Compared with the HSF1+/+ group,
the expressions of TRAF3 and IkBa in the HSF1−/− group were
decreased more obviously, and the expressions of p-IkBa and p-
p65 were increased more obviously.

Similarly, peritoneal primary macrophages were isolated from
HSF1−/− and HSF1+/+ mice. The cells were stimulated with LPS
and ATP as described previously. We detected the expression of
TRAF3, p-IkBa, and p-p65, and the results were consistent with
those in the lung tissue of septic mice. Immunofluorescence
detected the localization of phosphorylated P65 in primary
peritoneal macrophages, compared with the control group, the
fluorescence intensity of P65 in the LPS+ATP treatment group
was increased while increased in the HSF1−/− group compared
with the HSF1+/+ group. The results suggested that the activation
of the NF-kB signaling pathway was increased in the HSF1−/−

group. These results indicated that HSF1 can effectively inhibit
the activation of the NF-kB signaling pathway in the lung tissues
of septic mice and primary peritoneal macrophages induced
by LPS.

TRAF3 plays an important role in the activation of the NF-kB
signaling pathway, and TRAF3 expression is decreased in both
the lung tissues of septic mice and the primary peritoneal
macrophages of LPS-stimulated. The decrease was more
obvious in the HSF1−/− group, suggesting a certain correlation
between TRAF3 and HSF1. In order to investigate whether HSF1
has a transcriptional regulation effect on TRAF3, we used the
Jaspar database (http://jaspar.genereg.net/) to predict the
presence of HSF1 transcriptional binding elements in the
TRAF3 promoter region (21). As shown in Figure 5, the dual-
luciferase reporter genes showed that the transcriptional activity
of TRAF3 was significantly increased in the cells transfected with
HSF1 composed of activated plasmid, while the transcriptional
activity of the mutant TRAF3 was significantly decreased.
Furthermore, the EMSA showed that the activation of HSF1
significantly increased the binding between HSF1 and TRAF3
DNA promoter region. At the same time, we co-transfected
pcDNA3.1-HSF1 and siTRAF3 to detect the expression of NF-
kB signaling pathway-related proteins and found that TRAF3
interference can reverse the inhibition of HSF1 on the NF-kB
signaling pathway. These results suggest that HSF1 inhibited the
Frontiers in Immunology | www.frontiersin.org 8
NF-kB signaling pathway by upregulating TRAF3 expression,
thereby inhibiting the production of NLRP3 at the
transcriptional level and ultimately inhibiting the activation of
the NLRP3 inflammasome.

HSF1 Inhibited the NLRP3 Inflammasome
Activation by Increasing NLRP3
Ubiquitination
Diverse PTMs determine the active state of NLRP3, among
which polyubiquitination is critical for subsequent NLRP3
activation. FBXL2 is an SCF (SKP1-cullin-F-box) E3 ligase
complex subunit that can recognize Trp73 in NLRP3 and
target it for ubiquitination and proteasomal degradation (22).
This finding established that the E3 ligase is required for NLRP3
ubiquitination-dependent activation, indicating that the SCF
complex is most likely a key E3 ligase responsible for NLRP3
ubiquitination-dependent degradation in sepsis development.
SGT1 (a suppressor of the G2 allele of SKP1) is a ubiquitin
ligase-associated protein that associates with SKP1 and CUL1,
subunits of the SCF ubiquitin ligase complex (23). Jaspar
database (http://jaspar.genereg.net/) prediction identified the
presence of HSF1 transcriptional binding elements in the
SGT1 promoter region. Then we hypothesized that SGT1 may
be involved in HSF1-regulated ubiquitination of NLRP3. We
found that compared with the control group, the mRNA, and
protein expression of SGT1 after CLP were decreased. Compared
with the HSF1+/+ group, the expression of SGT1 in the HSF1−/−

group decreased more obviously. Similarly, we extracted primary
peritoneal macrophages to detect the expression of SGT1, and
the results were consistent with those in the lung tissue of septic
mice. These results indicated that SGT1 expression was
decreased in both septic mice and primary peritoneal
macrophages, and the knockout of HSF1 could inhibit the
expression of SGT1 (Figure 5).

The above findings suggest that HSF1 may be involved in the
activation of the NLRP3 inflammasome by affecting the
expression of SGT1. To prove whether HSF1 has a
transcriptional regulation effect on SGT1, as shown in
Figure 5, the dual-luciferase reporter genes showed that the
transcriptional activity of SGT1 was significantly increased in the
cells transfected with HSF1 composed of activated plasmid, while
the transcriptional activity of the mutant SGT1 was significantly
decreased. EMSA showed that HSF1 activation significantly
increased the binding of HSF1 to the SGT1 promoter region.
These results suggest that HSF1 can bind the HSE in the SGT1
promoter region to promote the transcription expression
of SGT1.

Protein interaction prediction from database String (https://
string-db.org/) suggested that there may be interactions between
SGT1 and NLRP3. To prove this hypothesis, we extracted
primary peritoneal macrophages from mice and stimulated
them with LPS+ATP for immunofluorescence co-localization.
As shown in Figure 6, SGT1 and NLRP3 were found to co-locate
in the cytoplasm. Immunoprecipitation showed that SGT1
protein in the cytoplasm could be precipitated by an anti-
NLRP3 antibody. Similarly, anti-SGT1 antibodies precipitate
June 2022 | Volume 13 | Article 781003
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FIGURE 4 | HSF1 inhibits the activation of NF-kB signaling pathway by upregulating TRAF3 expression. (A) Western blotting detected the expression of NF-kB
pathway-related proteins in the lung tissues of septic mice. (B) Western blotting detected the expression of NF-kB pathway-related proteins in LPS3h (100 ng/ml),
and ATP (2.5 mM) induced primary peritoneal macrophages of mice. (C) Immunofluorescence was used to detect the nucleation of P65 under different treatment
conditions. (D) Western blotting detected the expression of NF-kB pathway-related proteins in RAW264.7 cells transfected with pcDNA3.1-HSF1 and siTRAF3.
(E) The transcriptional regulation of HSF1 on TRAF3 was detected by dual-luciferase reporter genes. (F) The combination of HSF1 and TRAF3 was detected by
EMSA. Data are representative or means (SD) of at least three independent experiments. Statistical analyses were determined using a Student’s t-test. ***p < 0.001,
compared with the control (pcDNA3.1+TRAF3). LPS, lipopolysaccharide; EMSA, electrophoretic mobility shift assay.
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the NLRP3 protein in the cytoplasm successfully. The expression
of SGT1 was increased and the expression of NLRP3 was
decreased after HSF1 overexpression. In contrast, the
expression of SGT1 was reduced and the expression of NLRP3
was increased after HSF1 knockout.

SGT1 can interact with a variety of proteins such as certain
SCF ubiquitin ligases (23), so we hypothesize that SGT1 may
be involved in the ubiquitination of NLRP3 inflammasome. As
Frontiers in Immunology | www.frontiersin.org 10
shown in Figure 6, the ubiquitination of NLRP3 was
significantly increased after SGT1 and HSF1 overexpression.
However, in the primary peritoneal macrophages of the
HSF1− /− group, the ubiquit inat ion of NLRP3 was
significantly reduced compared with the HSF1+/+ group.
These results suggest that HSF1 may inhibit the activation of
NLRP3 inflammasome through SGT1-mediated ubiquitination
of NLRP3.
A B

C D

E F

FIGURE 5 | The influence of HSF1 on the transcriptional regulation of SGT1. (A, B) The expression of SGT1 in lung tissues of septic mice was detected
by PCR and Western blotting. (C, D) The expression of SGT1 in primary peritoneal macrophages was detected by PCR and Western blotting. (E) The
transcriptional regulation of HSF1 on SGT1 was detected by dual-luciferase reporter genes. (F) The combination of HSF1 and SGT1 was detected by
EMSA. Data are representative or means (SD) of at least three independent experiments. Statistical analyses were determined using a Student’s t-test and
one-way ANOVA. *p < 0.05, versus control group; #p < 0.05, ##p < 0.01, versus HSF1+/+ CLP; aaP<0.01, versus PCDNA+SGT1. EMSA, electrophoretic
mobility shift assay; CLP, cecal ligation and puncture.
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FIGURE 6 | HSF1 inhibited the NLRP3 inflammasome activation by increasing the ubiquitination of NLRP3. (A) Expression and localization of NLRP3 and SGT1 in
primary peritoneal macrophages were detected by immunofluorescence. Green and red colors represent SGT1 and NLRP3, respectively; blue represents nuclei.
Merge (yellow) in the overlay images indicates co-localization. (B) The effects of HSF1 overexpression on the interaction between NLRP3 and SGT1 in LPS3h (1 mg/
ml) and ATP (5.0 mM) induced RAW264.7 cells. (C) The effects of HSF1 knockout on the interaction between NLRP3 and SGT1 in LPS3h (100 ng/ml) and ATP (2.5
mM) induced primary peritoneal macrophages. (D) The effect of SGT1 overexpression on the ubiquitination of NLRP3 in LPS3h (1 mg/ml) and ATP (5.0 mM) induced
RAW264.7 cells. (E) The effect of HSF1 overexpression on the ubiquitination of NLRP3 in LPS3h (1 mg/ml) and ATP (5.0 mM) induced RAW264.7 cells. (F) The effect
of HSF1 knockout on the ubiquitination of NLRP3 in LPS3h (100 ng/ml) and ATP (2.5 mM) induced primary peritoneal macrophages. Data are representative or
means (SD) of at least three independent experiments.
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Increased IL-1b and IL-18 and Decreased
TRAF3 and SGT1 Are Detected in
Septic Patients
The serum of septic patients was collected to further clarify
NLRP3 inflammasome activation. The serum levels of IL-1b and
IL-18 from septic patients and healthy controls (HCs) were
detected. As shown in Figure 7, compared with HCs, septic
patients had a higher expression of IL-1b and IL-18. Further
detection of TRAF3 and SGT1 in the serum found that the
expressions of TRAF3 and SGT1 were significantly lower in
septic patients than in HCs (Figure 7). These results suggest that
decreased expression of TRAF3 and SGT1 as well as increased
expression of IL-1b and IL-18 may be associated with the poor
prognosis of patients with clinical sepsis, and this result is also
consistent with our previous observation on the overall animal
and cellular levels.
DISCUSSION

The NLRP3 inflammasome is a supramolecular complex that
plays a key role in immune monitoring (24). Abnormal
activation of inflammasomes has been linked to a number of
human diseases, including gout, diabetes, and atherosclerosis
(25–27). Nifuroxazide can reduce sepsis-related ALI and
myocardial injury by inhibiting the NLRP3 inflammasome
Frontiers in Immunology | www.frontiersin.org 12
activation and reducing the inflammatory mediator secretion
(28). Dysfunction of the NLRP3 inflammasome can lead to an
increased inflammatory response in the body, thus aggravating
the development of sepsis (29). Clarifying the regulatory
mechanism of NLRP3 inflammasome activation through
multiple signaling pathways and PTMs will help to identify
more therapeutic molecules in sepsis.

HSFs are a family of evolutionary conserved DNA-binding
proteins that regulate gene expression at the transcriptional level.
The human genome encodes six heat shock transcription factor
(HSF) proteins: HSF1, HSF2, HSF4, HSF5, HSFX, and HSFY.
Currently, only HSF1 has been reported in sepsis-related studies.
HSF1 activation is regulated by a multimolecular chaperone
complex composed of HSP40, HSP70, and HSP90 (13, 30). It
has been reported that inhibition of HSP70 expression may lead
to dysfunction of immune cells and reduce resistance to
infectious infection during severe sepsis. Under normal
physiological conditions, HSF1 exists in the cytoplasm as an
inactive monomer. Under stress, HSF1 is activated and
transferred to the nucleus, where it binds to HSEs in the target
protein promoter region to initiate transcription and ultimately
protect cells from stress damage (31, 32). Our previous work has
shown that HSF1 improved survival in mice with endotoxemia
by inhibiting the inflammatory response (33). By inhibiting the
expression of XCL-1/XCR-1 and MCP-1/CCR-2, two pairs of
chemokine ligands/receptors, HSF1 inhibited the migration and
A B

C D

FIGURE 7 | The expression of NLRP3 inflammasome-related genes in serum of patients with clinical sepsis. (A–D) The expression of IL-1b, IL-18, TRAF3, and
SGT1 in serum of patients with clinical sepsis was detected by ELISA. Data are representative or means (SD) of at least three independent experiments. Statistical
analyses were determined using a Student’s t-test.
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infiltration of neutrophils and macrophages in lung tissue and
finally alleviated LPS-induced ALI in mice (34). Studies have
shown that HSF1 can reduce the activation of NLRP3
inflammasome in macrophages during alcohol-related liver
injury, thereby reducing the alcohol-related liver injury (15).
Whether HSF1 is involved in the activation of the NLRP3
inflammasome in septic ALI has not been reported yet. In the
present study, we demonstrated for the first time that HSF1
inhibited the activation of the NLRP3 inflammasome and the
secretion of IL-1b in septic ALI via suppressing the NF-kB
signaling pathway and promoting the ubiquitination of NLRP3.
This finding provides a novel mechanism for how HSF1 is
involved in the intracellular immune response to protect against
septic ALI.

Accumulating evidence suggests that HSF1 has developed
many mechanisms to protect the immune system (35).
Consistent with these studies, the present research provides a
novel description for HSF1 protection of the immune system via
targeting NLRP3 inflammasome. It was revealed conclusively
that HSF1 inhibited the activation of the NLRP3 inflammasome
and the secretion of IL-1b via suppressing the NF-kB signaling
pathway and promoting the ubiquitination of NLRP3.

TRAF3 is an intracellular signaling molecule with important
functions in signal transduction pathways (36). TRAF3 acts as an
adaptor molecule. Other signaling proteins, such as CIAP and
NIK, are recruited into protein complexes to control signal
transduction pathways. These events include the activation of
NF-kB and activator protein 1, key transcription factors that
control many immune response genes (37, 38). Coronavirus
ORF3a has been reported to activate the NLRP3 inflammasome
by inducing pro-IL-1b transcription through activation of NF-
kB, which is mediated by TRAF3-dependent ubiquitination (39).
Therefore, the activation of the NLRP3 inflammasome can be
Frontiers in Immunology | www.frontiersin.org 13
reduced by regulating TRAF3 expression and then inhibiting the
NF-kB signaling pathway. In sepsis, whether HSF1 can
participate in the activation of the NLRP3 inflammasome by
regulating the expression of TRAF3 is still unclear. In this study,
we found that HSF1 upregulated TRAF3 expression to inhibit the
NF-kB signaling pathway, thereby inhibiting the production of
NLRP3 at the transcriptional level and ultimately inhibiting the
activation of the NLRP3 inflammasome.

The ubiquitin system is a highly complex PTM system. It has
been reported that the E3 ubiquitin ligase TRIM31 directly binds to
NLRP3 to promote the proteasome degradation ofNLRP3, thereby
inhibiting the activation of the NLRP3 inflammasome, suggesting
that ubiquitination is one of the main mechanisms regulating the
activation of the NLRP3 inflammasome (40). SGT1, as a ubiquitin
ligase-associated protein, can interact with a variety of proteins,
including molecular chaperones and certain SCF ubiquitin ligases
(41). Studies have shown that SGT1 can enhance the ubiquitination
activity of SSPH2 in vitro to regulate innate immunity (42).
Whether SGT1 is involved in HSF1-regulated ubiquitination of
NLRP3 is still unclear. In this study, we found that there was an
interaction between SGT1 and NLRP3, and HSF1 could promote
the transcriptional expression of SGT1, thereby promoting the
ubiquitination of NLRP3 and inhibiting the activation of NLRP3
inflammasome at the level of a PTM. However, its specific types of
ubiquitination and ubiquitination sites are still unclear and need to
be further studied.

Collectively, the findings of the present study demonstrated
that HSF1 not only inhibited the development of ALI in sepsis but
also suppressed the NLRP3 inflammasome activation and IL-1b
maturation. The inhibitory activity was mediated by HSF1 and
involved in the suppression of the NF-kB signaling pathway and
promotion of NLRP3 ubiquitination (Figure 8). The findings of
this study provided a more enhanced understanding of the
FIGURE 8 | Illustration of HSF1 protecting sepsis-induced acute lung injury by inhibiting NLRP3 inflammasome activation.
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interplay between HSF1 and immune response and revealed a
novel mechanism of HSF1-mediated protection of septic ALI,
which contributes to an out-of-control inflammatory response.
Our data may also provide new therapeutic targets for the
inflammatory response of septic ALI and related diseases.

Clinical Perspectives

i) Uncontrolled inflammatory response and multiple organ
dysfunction induced by sepsis are attributed to its high
mortality rate. Therefore, inhibition of the inflammatory
response can protect sepsis-induced ALI and improve the
survival of sepsis.

ii) HSF1 inhibits NLRP3 inflammasome activation by
upregulating TRAF3 and SGT1 expression at the
transcriptional level and post-translational modification
level, respectively, thereby alleviating septic ALI.

iii) The findings of this study revealed a novel mechanism of
HSF1-mediated protection of septic ALI, which contributes to
an out-of-control inflammatory response. Our data may also
provide new therapeutic targets for the inflammatory
response of septic ALI and related diseases.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material. Further inquiries can be
directed to the corresponding authors.
Frontiers in Immunology | www.frontiersin.org 14
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the ethical review of the Third Xiangya Hospital of
Central South University. The patients/participants provided
their written informed consent to participate in this study. The
animal study was reviewed and approved by the Institutional
Animal Care and Use Committee of Central South University.
AUTHOR CONTRIBUTIONS

XS and TL assisted in the design of the study, performed the
experiments, analyzed the data, and drafted the manuscript. YL,
SCT, and LY contributed to the manuscript revision. LX and LF
helped draft the manuscript. YZ, HC, KW, and XX helped
perform some of the experiments and supporting materials.
SPT and HZ contributed to the study design and revision of
the manuscript and provided funding. All authors have read and
approved the final manuscript.
FUNDING

This study is supported by the National Natural Science Fund of
China (Grant No. 81870071), National Natural Science Fund of
China (Grant No. 82170095), HunanNatural Science Fund of China
(Grant No. 2019JJ40393), and Changsha Municipal Natural Science
Foundation (Grant No. kq2014228).
REFERENCES
1. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer

M, et al. The Third International Consensus Definitions for Sepsis and Septic
Shock (Sepsis-3). JAMA (2016) 315(8):801–10. doi: 10.1001/jama.2016.0287

2. Weng L, Zeng XY, Yin P, Wang LJ, Wang CY, Jiang W, et al. Sepsis-Related
Mortality in China: A Descriptive Analysis. Intensive Care Med (2018) 44
(7):1071–80. doi: 10.1007/s00134-018-5203-z

3. Chousterman BG, Swirski FK, Weber GF. Cytokine Storm and Sepsis Disease
Pathogenesis. Semin Immunopathol (2017) 39(5):517–28. doi: 10.1007/
s00281-017-0639-8

4. Ding R, Meng Y, Ma X. The Central Role of the Inflammatory Response in
Understanding the Heterogeneity of Sepsis-3. BioMed Res Int (2018)
2018:5086516. doi: 10.1155/2018/5086516

5. Gotts JE, Matthay MA. Sepsis: Pathophysiology and Clinical Management.
BMJ (2016) 353:i1585. doi: 10.1136/bmj.i1585

6. Liu T, Zhou Y, Li P, Duan JX, Liu YP, Sun GY, et al. Blocking Triggering
Receptor Expressed on Myeloid Cells-1 Attenuates Lipopolysaccharide-
Induced Acute Lung Injury via Inhibiting NLRP3 Inflammasome
Activation. Sci Rep (2016) 6:39473. doi: 10.1038/srep39473

7. Karki R, Kanneganti TD. Diverging Inflammasome Signals in Tumorigenesis
and Potential Targeting. Nat Rev Cancer (2019) 19(4):197–214. doi: 10.1038/
s41568-019-0123-y

8. Swanson KV, Deng M, Ting JP. The NLRP3 Inflammasome: Molecular
Activation and Regulation to Therapeutics. Nat Rev Immunol (2019) 19
(8):477–89. doi: 10.1038/s41577-019-0165-0

9. Dong X, Zheng Z, Lin P, Fu X, Li F, Jiang J, et al. ACPAs Promote IL-1beta
Production in Rheumatoid Arthritis by Activating the NLRP3
Inflammasome. Cell Mol Immunol (2020) 17(3):261–71. doi: 10.1038/
s41423-019-0201-9
10. Stancu IC, Cremers N, Vanrusselt H, Couturier J, Vanoosthuyse A, Kessels S,
et al. Aggregated Tau Activates NLRP3-ASC Inflammasome Exacerbating
Exogenously Seeded and non-Exogenously Seeded Tau Pathology In Vivo.
Acta Neuropathol (2019) 137(4):599–617. doi: 10.1007/s00401-018-01957-y

11. Lopez-Castejon G. Control of the Inflammasome by the Ubiquitin System.
FEBS J (2020) 287(1):11–26. doi: 10.1111/febs.15118

12. Palazon-Riquelme P, Worboys JD, Green J, Valera A, Martin-Sanchez F,
Pellegrini C, et al. USP7 and USP47 Deubiquitinases Regulate NLRP3
Inflammasome Activation. EMBO Rep (2018) 19(10):3–10.. doi: 10.15252/
embr.201744766

13. Gomez-Pastor R, Burchfiel ET, Thiele DJ. Regulation of Heat Shock
Transcription Factors and Their Roles in Physiology and Disease. Nat Rev
Mol Cell Biol (2018) 19(1):4–19. doi: 10.1038/nrm.2017.73

14. Jin Y, Li C, Xu D, Zhu J, Wei S, Zhong A, et al. Jagged1-Mediated Myeloid
Notch1 Signaling Activates HSF1/Snail and Controls NLRP3 Inflammasome
Activation in Liver Inflammatory Injury. Cell Mol Immunol (2019). doi:
10.1038/s41423-019-0318-x

15. Choudhury A, Bullock D, Lim A, Argemi J, Orning P, Lien E, et al. Inhibition
of HSP90 and Activation of HSF1 Diminish Macrophage NLRP3
Inflammasome Activity in Alcohol-Associated Liver Injury. Alcohol Clin
Exp Res (2020) 44(6):1300–11. doi: 10.1111/acer.14338

16. Dang X, Du G, HuW, Ma L, Wang P, Li Y. Peroxisome Proliferator-Activated
Receptor Gamma Coactivator-1alpha/HSF1 Axis Effectively Alleviates
Lipopolysaccharide-Induced Acute Lung Injury via Suppressing Oxidative
Stress and Inflammatory Response. J Cell Biochem (2019) 120(1):544–51. doi:
10.1002/jcb.27409

17. Xian H, Liu Y, Rundberg Nilsson A, Gatchalian R, Crother TR, Tourtellotte
WG, et al. Metformin Inhibition of Mitochondrial ATP and DNA Synthesis
Abrogates NLRP3 Inflammasome Activation and Pulmonary Inflammation.
Immunity (2021) 54(7):1463-77.e11. doi: 10.1016/j.immuni.2021.05.004
June 2022 | Volume 13 | Article 781003

https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.1007/s00134-018-5203-z
https://doi.org/10.1007/s00281-017-0639-8
https://doi.org/10.1007/s00281-017-0639-8
https://doi.org/10.1155/2018/5086516
https://doi.org/10.1136/bmj.i1585
https://doi.org/10.1038/srep39473
https://doi.org/10.1038/s41568-019-0123-y
https://doi.org/10.1038/s41568-019-0123-y
https://doi.org/10.1038/s41577-019-0165-0
https://doi.org/10.1038/s41423-019-0201-9
https://doi.org/10.1038/s41423-019-0201-9
https://doi.org/10.1007/s00401-018-01957-y
https://doi.org/10.1111/febs.15118
https://doi.org/10.15252/embr.201744766
https://doi.org/10.15252/embr.201744766
https://doi.org/10.1038/nrm.2017.73
https://doi.org/10.1038/s41423-019-0318-x
https://doi.org/10.1111/acer.14338
https://doi.org/10.1002/jcb.27409
https://doi.org/10.1016/j.immuni.2021.05.004
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Shi et al. HSF1 Inhibits NLRP3 in Sepsis
18. Liu X, Lu B, Fu J, Zhu X, Song E, Song Y. Amorphous Silica Nanoparticles
Induce Inflammation via Activation of NLRP3 Inflammasome and HMGB1/
TLR4/MYD88/NF-Kb Signaling Pathway in HUVEC Cells. J Hazard Mater
(2021) 404(Pt B):124050. doi: 10.1016/j.jhazmat.2020.124050

19. Zou PF, Shen JJ, Li Y, Zhang ZP, Wang YL. TRAF3 Enhances TRIF-Mediated
Signaling via NF-kappaB and IRF3 Activation in Large Yellow Croaker
Larimichthys Crocea. Fish Shellfish Immunol (2020) 97:114–24. doi:
10.1016/j.fsi.2019.12.024

20. Rayego-Mateos S, Morgado-Pascual JL, Valdivielso JM, Sanz AB, Bosch-
Panadero E, Rodrigues-Diez RR, et al. TRAF3 Modulation: Novel Mechanism
for the Anti-Inflammatory Effects of the Vitamin D Receptor Agonist
Paricalcitol in Renal Disease. J Am Soc Nephrol (2020) 31(9):2026–42. doi:
10.1681/ASN.2019111206

21. Fornes O, Castro-Mondragon JA, Khan A, van derLee R, Zhang X, Richmond
PA, et al. JASPAR 2020: Update of the Open-Access Database of
Transcription Factor Binding Profiles. Nucleic Acids Res (2020) 48(D1):
D87–92. doi: 10.1093/nar/gkz1001

22. Han S, Lear TB, Jerome JA, Rajbhandari S, Snavely CA, Gulick DL, et al.
Lipopolysaccharide Primes the NALP3 Inflammasome by Inhibiting Its
Ubiquitination and Degradation Mediated by the SCFFBXL2 E3 Ligase. J
Biol Chem (2015) 290(29):18124–33. doi: 10.1074/jbc.M115.645549

23. Willhoft O, Kerr R, Patel D, Zhang W, Al-Jassar C, Daviter T, et al. The
Crystal Structure of the Sgt1-Skp1 Complex: The Link Between Hsp90 and
Both SCF E3 Ubiquitin Ligases and Kinetochores. Sci Rep (2017) 7:41626. doi:
10.1038/srep41626

24. Zhang X, Liu Y, Deng G, Huang B, Kai G, Chen K, et al. A Purified Biflavonoid
Extract From Selaginella Moellendorffii Alleviates Gout Arthritis via NLRP3/
ASC/Caspase-1 Axis Suppression. Front Pharmacol (2021) 12:676297. doi:
10.3389/fphar.2021.676297

25. Tumurkhuu G, Shimada K, Dagvadorj J, Crother TR, Zhang W, Luthringer D,
et al. Ogg1-Dependent DNA Repair Regulates NLRP3 Inflammasome and
Prevents Atherosclerosis. Circ Res (2016) 119(6):e76-90. doi: 10.1161/
CIRCRESAHA.116.308362

26. Kim SR, Lee SG, Kim SH, Kim JH, Choi E, Cho W, et al. SGLT2 Inhibition
Modulates NLRP3 Inflammasome Activity via Ketones and Insulin in
Diabetes With Cardiovascular Disease. Nat Commun (2020) 11(1):2127.
doi: 10.1038/s41467-020-15983-6

27. Renaudin F, Orliaguet L, Castelli F, Fenaille F, Prignon A, Alzaid F, et al. Gout
and Pseudo-Gout-Related Crystals Promote GLUT1-Mediated Glycolysis That
Governs NLRP3 and Interleukin-1beta Activation onMacrophages.Ann Rheum
Dis (2020) 79(11):1506–14. doi: 10.1136/annrheumdis-2020-217342

28. Khodir AE, Samra YA, Said E. A Novel Role of Nifuroxazide in Attenuation of
Sepsis-Associated Acute Lung and Myocardial Injuries; Role of TLR4/NLPR3/
IL-1beta Signaling Interruption. Life Sci (2020) 256:117907. doi: 10.1016/
j.lfs.2020.117907

29. Zhang H, Du Y, Guo Y, Wang Z, Li H, Lv Z, et al. TLR4-NLRP3-GSDMD-
Mediated Pyroptosis Plays an Important Role in Aggravated Liver Injury of
CD38(-/-) Sepsis Mice. J Immunol Res (2021) 2021:6687555. doi: 10.1155/
2021/6687555

30. Shi X, Deng Z, Wang S, Zhao S, Xiao L, Zou J, et al. Increased HSF1 Promotes
Infiltration and Metastasis in Cervical Cancer via Enhancing MTDH-VEGF-C
Expression. Onco Targets Ther (2021) 14:1305–15. doi: 10.2147/OTT.S291812

31. Wang Y, Chen Z, Li Y, Ma L, Zou Y, Wang X, et al. Low Density Lipoprotein
Receptor Related Protein 6 (LRP6) Protects Heart Against Oxidative Stress by
the Crosstalk of HSF1 and GSK3beta. Redox Biol (2020) 37:101699. doi:
10.1016/j.redox.2020.101699

32. Timmons A, Fray E, Kumar M, Wu F, Dai W, Bullen CK, et al. HSF1
Inhibition Attenuates HIV-1 Latency Reversal Mediated by Several Candidate
Frontiers in Immunology | www.frontiersin.org 15
LRAs In Vitro and Ex Vivo. Proc Natl Acad Sci U S A (2020) 117(27):15763–
71. doi: 10.1073/pnas.1916290117

33. Tong Z, Jiang B, Zhang L, Liu Y, Gao M, Jiang Y, et al. HSF-1 is Involved in
Attenuating the Release of Inflammatory Cytokines Induced by LPS Through
Regulating Autophagy. Shock (2014) 41(5):449–53. doi: 10.1097/
SHK.0000000000000118

34. Chen S, Zuo X, Yang M, Lu H, Wang N, Wang K, et al. Severe Multiple Organ
Injury in HSF1 Knockout Mice Induced by Lipopolysaccharide is Associated
With an Increase in Neutrophil Infiltration and Surface Expression of
Adhesion Molecules. J Leukoc Biol (2012) 92(4):851–7. doi: 10.1189/
jlb.0212060

35. Levi-Galibov O, Lavon H, Wassermann-Dozorets R, Pevsner-Fischer M,
Mayer S, Wershof E, et al. Heat Shock Factor 1-Dependent Extracellular
Matrix Remodeling Mediates the Transition From Chronic Intestinal
Inflammation to Colon Cancer. Nat Commun (2020) 11(1):6245. doi:
10.1038/s41467-020-20054-x

36. Yi Z, Lin WW, Stunz LL, Bishop GA. Roles for TNF-Receptor Associated
Factor 3 (TRAF3) in Lymphocyte Functions. Cytokine Growth Factor Rev
(2014) 25(2):147–56. doi: 10.1016/j.cytogfr.2013.12.002

37. Hacker H, Tseng PH, Karin M. Expanding TRAF Function: TRAF3 as a Tri-
Faced Immune Regulator. Nat Rev Immunol (2011) 11(7):457–68. doi:
10.1038/nri2998

38. Yang XD, Sun SC. Targeting Signaling Factors for Degradation, an Emerging
Mechanism for TRAF Functions. Immunol Rev (2015) 266(1):56–71. doi:
10.1111/imr.12311

39. Siu KL, Yuen KS, Castano-Rodriguez C, Ye ZW, Yeung ML, Fung SY, et al.
Severe Acute Respiratory Syndrome Coronavirus ORF3a Protein Activates the
NLRP3 Inflammasome by Promoting TRAF3-Dependent Ubiquitination of
ASC. FASEB J (2019) 33(8):8865–77. doi: 10.1096/fj.201802418R

40. Song H, Liu B, Huai W, Yu Z, Wang W, Zhao J, et al. The E3 Ubiquitin Ligase
TRIM31 Attenuates NLRP3 Inflammasome Activation by Promoting
Proteasomal Degradation of NLRP3. Nat Commun (2016) 7:13727. doi:
10.1038/ncomms13727

41. Niikura Y, Kitagawa R, Ogi H, Kitagawa K. SGT1-HSP90 Complex is
Required for CENP-A Deposition at Centromeres. Cell Cycle (2017) 16
(18):1683–94. doi: 10.1080/15384101.2017.1325039

42. Bhavsar AP, Brown NF, Stoepel J, Wiermer M, Martin DD, Hsu KJ, et al. The
Salmonella Type III Effector SspH2 Specifically Exploits the NLR Co-
Chaperone Activity of SGT1 to Subvert Immunity. PloS Pathog (2013) 9(7):
e1003518. doi: 10.1371/journal.ppat.1003518

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Shi, Li, Liu, Yin, Xiao, Fu, Zhu, Chen, Wang, Xiao, Zhang, Tan
and Tan. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s) are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.
June 2022 | Volume 13 | Article 781003

https://doi.org/10.1016/j.jhazmat.2020.124050
https://doi.org/10.1016/j.fsi.2019.12.024
https://doi.org/10.1681/ASN.2019111206
https://doi.org/10.1093/nar/gkz1001
https://doi.org/10.1074/jbc.M115.645549
https://doi.org/10.1038/srep41626
https://doi.org/10.3389/fphar.2021.676297
https://doi.org/10.1161/CIRCRESAHA.116.308362
https://doi.org/10.1161/CIRCRESAHA.116.308362
https://doi.org/10.1038/s41467-020-15983-6
https://doi.org/10.1136/annrheumdis-2020-217342
https://doi.org/10.1016/j.lfs.2020.117907
https://doi.org/10.1016/j.lfs.2020.117907
https://doi.org/10.1155/2021/6687555
https://doi.org/10.1155/2021/6687555
https://doi.org/10.2147/OTT.S291812
https://doi.org/10.1016/j.redox.2020.101699
https://doi.org/10.1073/pnas.1916290117
https://doi.org/10.1097/SHK.0000000000000118
https://doi.org/10.1097/SHK.0000000000000118
https://doi.org/10.1189/jlb.0212060
https://doi.org/10.1189/jlb.0212060
https://doi.org/10.1038/s41467-020-20054-x
https://doi.org/10.1016/j.cytogfr.2013.12.002
https://doi.org/10.1038/nri2998
https://doi.org/10.1111/imr.12311
https://doi.org/10.1096/fj.201802418R
https://doi.org/10.1038/ncomms13727
https://doi.org/10.1080/15384101.2017.1325039
https://doi.org/10.1371/journal.ppat.1003518
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	HSF1 Protects Sepsis-Induced Acute Lung Injury by Inhibiting NLRP3 Inflammasome Activation
	Introduction
	Materials and Methods
	Animal
	Clinical Sepsis Patient Specimens
	Antibodies
	Cecal Ligation and Puncture Model
	Real-Time Quantitative PCR
	Western Blotting
	Enzyme-Linked Immunosorbent Assay
	Isolation of Primary Mouse Peritoneal Macrophages
	Electrophoretic Mobility Shift Assay
	Dual-Luciferase Reporter Assay
	Co-Immunoprecipitation
	Ubiquitination Assay
	Statistical Analysis

	Results
	HSF1 Alleviated Sepsis-Induced Acute Lung Injury in Mice
	HSF1 Inhibited NLRP3 Inflammasome Activation
	HSF1 Inhibited Lipopolysaccharide-Induced NLRP3 Activation via Suppressing NF-κB Signaling Pathway
	HSF1 Inhibited the NLRP3 Inflammasome Activation by Increasing NLRP3 Ubiquitination
	Increased IL-1β and IL-18 and Decreased TRAF3 and SGT1 Are Detected in Septic Patients

	Discussion
	Clinical Perspectives

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


