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Human adenovirus infection
induces pulmonary
inflammatory damage by
triggering noncanonical
inflammasomes activation
and macrophage pyroptosis

Lexi Li1,2†, Huifeng Fan2†, Jinyu Zhou3, Xuehua Xu2,
Diyuan Yang2, Minhao Wu3*, Can Cao3* and Gen Lu1,2*

1School of Medicine, South China University of Technology, Guangzhou, China, 2Department of
Respiration, Guangzhou Women and Children’s Medical Centre, Guangzhou, China, 3Department of
Immunology, Zhongshan School of Medicine, Sun Yat-sen University, Guangzhou, China
Introduction: Human adenovirus (HAdV) is a common respiratory virus, which

can lead to severe pneumonia in children and immunocompromised persons,

and canonical inflammasomes are reported to be involved in anti-HAdV defense.

However, whether HAdV induced noncanonical inflammasome activation has

not been explored. This study aims to explore the broad roles of noncanonical

inflammasomes during HAdV infection to investigate the regulatory mechanism

of HAdV-induced pulmonary inflammatory damage.

Methods: We mined available data on GEO database and collected clinical

samples from adenovirus pneumonia pediatric patients to investigate the

expression of noncanonical inflammasome and its clinical relevance. An in

vitro cell model was employed to investigate the roles of noncanonical

inflammasomes in macrophages in response to HAdV infection.

Results: Bioinformatics analysis showed that inflammasome-related genes,

including caspase-4 and caspase-5, were enriched in adenovirus pneumonia.

Moreover, caspase-4 and caspase-5 expression levels were significantly increased

in the cells isolated from peripheral blood and broncho-alveolar lavage fluid (BALF)

of pediatric patients with adenovirus pneumonia, and positively correlated with

clinical parameters of inflammatory damage. In vitro experiments revealed that

HAdV infection promoted caspase-4/5 expression, activation and pyroptosis in

differentiated THP-1 (dTHP-1) human macrophages via NF-kB, rather than STING

signaling pathway. Interestingly, silencing of caspase-4 and caspase-5 in dTHP-1

cells suppressed HAdV-induced noncanonical inflammasome activation and

macrophage pyroptosis, and dramatically decreased the HAdV titer in cell

supernatants, by influencing virus release rather than other stages of virus life cycle.

Discussion: In conclusion, our study demonstrated that HAdV infection induced

macrophage pyroptosis by triggering noncanonical inflammasome activation via

a NF-kB-dependent manner, which may explore new perspectives on the
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pathogenesis of HAdV-induced inflammatory damage. And high expression

levels of caspase-4 and caspase-5 may be a biomarker for predicting the

severity of adenovirus pneumonia.
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Introduction

Human adenovirus (HAdV), a member of the family

Adenoviridae, is a common pathogen of respiratory tract infection

in childhood and immunocompromised persons with high morbidity

and mortality (1–3). There are seven different HAdV species (A-G),

and to date, over 110 genotypes have been identified (1). And HAdV

infection in children can cause numerous diseases such as pleural

effusions, acute respiratory distress syndrome (ARDS), respiratory

failure, myocarditis, and even death (3–6). Epidemiology suggests

that among these serotypes, HAdV-3 and -7 are the most common

types causing severe respiratory disease in children less than 5 years

old worldwide (1–3, 7).

Inflammasomes, a group of cytosolic protein complexes, are

formed to mediate host innate immune responses to microbial

infection and cellular damage. They recruit inflammatory caspases,

cysteine proteases that initiate or execute cellular programs, to

trigger inflammation or cell death. Inflammasomes include

canonical and noncanonical inflammasomes. Canonical

inflammasomes, such as NLRP3, NLRP1, IPAF, and AIM2

inflammasome, activate caspase-1 to cleave pro-interleukin-1 beta

(pro-IL-1b) and IL-18 into the secreted bioactive cytokines (8)..

However, noncanonical inflammasomes often respond to

intracellular lipopolysaccharide (LPS) and activate caspase-4 and

caspase-5 in humans and caspase-11 in mice (9). Activated caspase-

1/4/5/11 can induce cleavage of the pore-forming protein

gasdermin D (GSDMD), leading to an inflammatory lytic type of

cell death called pyroptosis.

It has been reported that HAdV DNA can activate

inflammasomes to trigger innate immune responses (10). And K+

efflux, reactive oxygen species (ROS) and lysosomal damages have

been brought forward as the exact cellular events involved in

HAdV-induced NLRP3 inflammasome activation (11–13).

Another study has shown that AIM2 inflammasome activated

during HAdV infection to trigger caspase-1-mediated IL-1b/18
processing and GSDMD cleavage (14).

It is commonly believed that noncanonical caspase-4/5/11

directly senses cytosolic LPS via their caspase-activating and

recruitment domains (CARD), pointing out the importance of

noncanonical inflammasomes in anti-bacterial defense (15–17).

Recently studies has verified that virus infection induces

noncanonical inflammasomes activation during inflammatory

responses, including severe acute respiratory syndrome coronavirus

2 (SARS–CoV-2), murine gammaherpesvirus 68 (MHV68) and
02
coxsackievirus B3 (CVB3) (18–20). However, whether HAdV

infection induced noncanonical inflammasomes activation in

adenovirus pneumonia has not been explored.

Several signaling pathways play an important role in regulating

inflammasome activation. For example, the nuclear factor-kB (NF-

kB) signaling pathway serves as a prototypical proinflammatory

pathway and provides the first signal for NLRP3 inflammasome

activation by inducing pro-IL-1b and NLRP3 expression (21). NF-

kB activation also promotes noncanonical caspase expression in

inflammatory diseases (22, 23). Moreover, cGAS/STING signaling

pathway functions as a cytoplasmic DNA sensor to initiate innate

immune response against pathogen infection. The second

messenger cGAMP catalyzed by cGAS could activate STING to

induce downstream activation of TBK1/IRF3 or NF-kB, which
respectively results in the production of type I interferons (IFNs)

or proinflammatory cytokines (24–26). STING signaling pathway

also contributes to both canonical and noncanonical inflammasome

activation in Chlamydia trachomatis mouse bone marrow derived

macrophages (BMDMs) (27). However, whether STING or NF-kB
signaling pathway influences noncanonical inflammasome

activation during HAdV infection remains unclear.

In the present study, we explored the role of noncanonical

inflammasome during HAdV infection. We found that caspase-4

and caspase-5 expression levels were significantly increased in

pediatric patients with adenovirus pneumonia and positively

correlated with inflammatory damage. And in vitro experiments

indicated that HAdV infection induced noncanonical

inflammasomes activation and macrophage pyroptosis via NF-kB
signaling pathway, while the STING signaling pathway was not

involved in. Interestingly, silencing of caspase-4 and caspase-5 in

dTHP-1 cells dramatically decreased the HAdV titer in cell

supernatant. Overall, our study explored the broad role of

noncanonical inflammasomes in HAdV-induced inflammatory

responses, which may provide a potential therapeutic target for

pediatric adenovirus pneumonia and a predictive biomarker for

the severity.
Material and methods

Materials and reagents

RPMI medium, fetal bone serum (FBS), penicillin-

streptomycin, L-glutamine, Opti-MEM and Lipofectamine™ 2000
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were products of Invitrogen (Carlsbad, CA, USA). LPS derived from

Pseudomonas aeruginosa, propidium iodide (PI), PMA and DMSO

were purchased from Sigma Aldrich (St. Louis, MO, USA). C-176

(STING inhibitor) was bought from Selleck (Houston, TX, USA)

and BAY11-7082 (NF-kB inhibitor) was bought from

MedChemExpress (New Jersey, USA). 2’, 3’-cGAMP (STING

agonist) and CpG ODN 2006 were bought from Invivogen (San

Diego, CA, USA). Primary antibodies: anti-caspase-1 (AG-20B-

0048) from Adipogen (San Diego, CA, USA); anti-caspase-4

(4450S), anti-GSDMD (97558S), anti-NF-kB p65 (8242S) and

anti-P-NF-kB p65 (3033S) from Cell Signaling Technology

(Beverly, MA, USA); another anti-caspase-4 (ab22687) from

Abcam (Cambridge, MA, USA); anti-caspase-5 (M060-3) from

Medical & Biological Laboratories(Nagoya, Japan); anti-b-actin
(A1978) and anti-GAPDH(G9295) from Sigma Aldrich (St Louis,

MO, USA).
Bioinformatics analysis

We downloaded the series GSE103119 on the Gene Expression

Omnibus (GEO) database, whose microarray platform is GPL10558

(Illumina HumanHT-12 V4.0 expression beadchip). And 20

healthy controls and 80 viral pneumonia samples, including 9

adenovirus pneumonia samples, were used in the present study.

Based on the annotation information in the platform, the probes

were transformed into the corresponding gene symbols. Then the

data were normalized using quantile normalization with the lumi

package in R software (Version 4.2.1). Differentially expressed genes

(DEGs) were estimated by using an online tool GEO2R (http://

www.ncbi.nlm.nih.gov/geo/geo2r ) with the following condition:

adjusted p-value < 0.05 and the absolute value of log2fold-change

(log2FC)> 2. We then performed Kyoto Encyclopedia of Genes and

Genomes (KEGG) pathway and Gene Ontology (GO) enrichment

analysis for genes with these DEGs using Metascape

(www.metascape.org ), which provides automated meta-analysis

tools to reveal common and unique pathways from 40 independent

knowledge bases. Gene Set Enrichment Analysis (GSEA) software

(Version 4.3.0) was also used to explore the potential biological

function difference between the two groups. GSEA was run for the

“REACTOME_PYROPTOSIS.v2022.1.Hs.gmt” gene sets. Besides

this, the correlations between variables were evaluated by a

Pearson rank correlation test. The heatmaps and the correlation

matrices were plotted by Chiplot (https://www.chiplot.online/ ), a

free online platform for data analysis and visualization.
Clinical specimens and data collection

A total of 28 adenovirus pneumonia pediatric patients were

enrolled in the present study. They were diagnosed according to the

evidence-based guidelines regarding the diagnosis of pneumonia in

children published by the World Health Organization (28). And the

evidence of HAdV was confirmed by positive multiplex polymerase

chain reaction (PCR) from lower respiratory tract samples. 15

pediatric patients were selected as control subjects, who were
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verified without recent respiratory infection by clinical

characteristics and image manifestations. Severe or non-severe

pneumonia was classified on the basis of clinical features detailed

as previously reported (29). Peripheral blood and/or broncho-

alveolar lavage fluid (BALF) samples, as well as clinical

examination data from all the participants, were collected. All the

pediatric participants were recruited from Guangzhou Women and

Children’s Medical Center (Guangzhou, China), and written

informed consents were obtained from all the participants’

guardians. This study was conducted in accordance with the

declaration of Helsinki and approved from the Ethics Committee

of the School of Medicine in the South China University of

Technology and the Ethics Committee of Guangzhou Women

and Children’s Medical Center. Detailed clinical characteristics

and laboratory information are shown in Table 1.
Cell culture and differentiation

Human THP-1 cells were cultured in RPMI medium

supplemented with 10% FBS, 1% penicillin-streptomycin and 1%

L-glutamine. And cells were incubated at 37°C in a humidified

incubator with 5% CO2. The THP-1 cells were seeded in 12-well

plates (8×105 cells/well) or 24-well plates (4×105 cells/well), and

differentiated with PMA (100 nM) overnight. For mock

differentiation, no PMA was used in the procedure.
Cell stimulation and transient transfection

In some cases, differentiated THP-1 (dTHP-1) cells were

pretreated with the specific inhibitors, such as C-176 (1mM) and

BAY11-7082 (10nM) for 1h before the infection and transfection.

According to the manual of Lipofectamine™ 2000, dTHP-1 cells

were transiently transfected with specific small interfering RNA

against caspase-4 and caspase-5 vs scrambled control siRNA (siNC)

or siGSDMD vs siNC. All siRNAs were designed and synthesized by

Ruibo Biotechnology (Guangzhou, Guangdong, China). Flagellin

transfection was performed according to the manual of DOTAP

Liposomal Transfect Reagent (Sigma Aldrich, St. Louis, MO, USA).

To stimulate TLR9, its respective ligands CpG DNA (10mg/mL) was

added directly into the culture media. To stimulate STING, cGAMP

(10mg/mL) was delivered into cytoplasm of dTHP-1 cells by using

Lipofectamine™ 2000.
Virus infection and titration

The virus used in this study was the HAdV-3 strain GZ1

(GenBank accession number, DQ099432), generously provided by

Dr. Qiwei Zhang at the Institute of Medical Microbiology, Jinan

University. HAdV was propagated in A549 cells, with which the

virus titers were determined using tissue culture infective dose

(TCID50) assay. The virus was inoculated into dTHP-1 cells at a

multiplicity of infection (MOI) of 100. The infection medium was

removed 2h post adsorption and then cultured in fresh RPMI
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medium supplied with 10% FBS. The culture supernatants were

sampled at indicated times to assess virus titer using TCID50.
Virus binding, entry and replication assay

In the virus binding assay, the dTHP-1 cells were incubated

with HAdV (MOI=100) in 4° for 1h as a previous study (30). In the

virus entry assay, the dTHP-1 cells were incubated with HAdV

(MOI=100) in 37° for 0.5h to allow for virus attachment and

internalization. In the virus replication assay, the dTHP-1 cells

were incubated with HAdV (MOI=100) in 37° for 2h. The infection

medium was removed 2h post adsorption and then cultured in fresh
Frontiers in Immunology 04
RPMI medium supplied with 10% FBS. The supernatants of cells

were discarded, followed by washing with PBS buffer for three

times. Total cellular DNA was extracted from the infected cells

using Hipure Tissue DNA Mini Kit (Magen, Guangzhou, China).

Relative HAdV-3 DNA expression fold was quantified by real-time

PCR as a previous study (31). HAdV primer sequence was provided

in Supplementary Table 1.
Western blot

Cells were lysed with cell lysis buffer containing 1mM

phenylmethylsulfonyl fluoride, 1% protease inhibitor cocktail, 1%
TABLE 1 Summary of clinical features and laboratory results of adenovirus pneumonia pediatric patients.

Control cases (n=15) Non-severe cases (n=12) severe cases (n=16) P value

Age (years) 4.01 ± 3.12 4.51 ± 2.27 2.81 ± 2.01

Gender (male/female) 8/7 6/6 6/10

White blood cell counts (× 10⁹/L) 6.83 ± 0.30 9.91 ± 1.14 16.07 ± 1.82 0.017

Neutrophil (%) 44.93 ± 2.70 43.25 ± 4.80 63.01 ± 3.00 0.002

Neutrophil (× 10⁹/L) 3.04 ± 0.22 5.14 ± 0.92 9.39 ± 1.44 0.032

Monocytes count (× 10⁹/L) 0.39 ± 0.02 0.87 ± 0.16 1.34 ± 0.22 0.122

Lymphocyte count (× 10⁹/L) 3.23 ± 0.25 3.16 ± 0.39 4.72 ± 0.65 0.075

Platelet count (× 10⁹/L) 304.27 ± 19.87 398.50 ± 28.34 400.07 ± 37.51 0.976

Hemoglobin (g/L) 114.36 ± 8.11 124.00 ± 2.74 115.20 ± 4.91 0.171

Hypersensitive-C-reactive protein (mg/L) 0.45 ± 0.47 17.70 ± 7.36 118.47 ± 22.50 0.007

Procalcitonin (ng/mL) 0.33 ± 0.11 2.45 ± 0.56 0.003

Erythrocyte sedimentation rate (mm/h) 16.80 ± 4.61 34.55 ± 9.24 0.257

PH 7.40 ± 0.02 7.38 ± 0.02 0.573

PaO2(kPa) 9.83 ± 2.40 8.58 ± 0.62 0.295

PaCO2(kPa) 4.94 ± 0.68 5.54 ± 0.49 0.451

Sodium (mmol/L) 136.23 ± 3.18 135.26 ± 0.79 0.524

Potassium (mmol/L) 3.59 ± 0.41 3.75 ± 0.15 0.550

Lactic acid (mmol/L) 1.51 ± 0.18 2.04 ± 0.23 0.156

Alanine aminotransferase (U/L) 16.00 ± 2.96 21.69 ± 8.78 0.670

Aspartate aminotransferase (U/L) 34.38 ± 3.37 35.88 ± 5.45 0.860

Creatine kinase-MB (U/L) 20.00 ± 2.45 17.38 ± 1.91 0.441

Lactate dehydrogenase (U/L) 231.50 ± 20.63 302.50 ± 20.08 0.033

Creatinine (µmol/L) 33.38 ± 5.78 34.13 ± 4.93 0.930

Total bilirubin (µmol/L) 3.71 ± 0.73 5.42 ± 0.62 0.123

Direct bilirubin (µmol/L) 1.38 ± 0.31 1.82 ± 0.23 0.285

Albumin (g/L) 0.006726994 34.61 ± 1.19 0.007

Prothrombin time (s) 0.025106203 14.39 ± 0.26 0.025

Activated partial thromboplastin time (s) 0.115970773 38.58 ± 1.34 0.116

Fibrinogen (g/L) 0.02422345 5.11 ± 0.45 0.024
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phosphorylase inhibitor cocktail, and 1 mM dithiothreitol (all from

Sigma Aldrich, St. Louis, MO, USA). Cell lysate samples were

boiled, separated on SDS-PAGE, and then transferred to PVDF

membranes. Membranes were blocked with 5% (w/v) nonfat milk

and incubated with a primary antibody overnight at 4°C, followed

by a second incubation at room temperature for 1-2 h with

appropriate HRP-conjugated secondary antibodies. After further

washing with PBST, blots on the membranes were visualized with

ECL reagent (KeyGEN, Nanjing, China) according to the

manufacturer’s protocol. Equal protein loading was confirmed in

all the experiments by using GAPDH or b-actin as loading control.
Real-time PCR

Total RNA was isolated from cell pellets using TRIzol

(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s

instruction, and quantitated using a NanoDrop 2000C

Spectrophotometers (Thermo Scientific, West Palm Beach, FL,

USA). One mg of total RNA was reverse-transcribed to produce

cDNA by using the Revert Aid First Strand cDNA synthesis kit

(Thermo Fisher Scientific, Waltham, MA, USA). Then the cDNA

was amplified using SYBR green master mix (TaKaRa, Mountain

View, CA, USA) following the manufacturer’s protocol.

Quantitative real-time PCR were performed using a Bio-Rad

CFX96 Real-Time PCR System. Real-time PCR primers sequences

are provided in Supplementary Table 1. Relative expression levels

were calculated with the 2−DCt method. Relative mRNA levels were

calculated after normalization to the level of b-actin.
Enzyme-linked immunosorbent assay

Secreted IL-1b level in culture supernatants was determined by

human IL-1b ELISA kits from Dakewe Biotechnology (Shenzhen,

Guangdong, China), according to the manufacturer’s instructions.
Propidium iodide staining

The dTHP-1 cells were inoculated on a 24-well plate. Following

the treatment, PI staining solution was added to each well (0.3mg/ml).

Cells were incubated at room temperature for 10-15min and then

observed under a fluorescence microscope. Three non-overlapping

fields were randomly taken and photographed with the inverted

fluorescent microscope Leica DMI4000B. The proportion of PI+ cells

was calculated as follows: proportion of PI+ cells (%) =

(number of red fluorescent cells/total cells) × 100%. Two wells were

set in each group, and the experiment was repeated three times. The

fluorescence images were analyzed and processed using ImageJ

software to calculate the relative fluorescence density.
Statistical analysis

Statistical analysis was performed using GraphPad Prism

(Version 8.0.2). Differences between the two groups were
Frontiers in Immunology 05
compared by using Student’s t-test. Differences with a p value less

than 0.05 were considered statistically significant.
Results

Inflammasome-related genes and signaling
pathways were enriched among children
hospitalized with viral pneumonia

To unravel the immune regulatory mechanisms of viral

pneumonia, we first analyzed changes in the gene transcriptome

of whole blood from viral pneumonia pediatric patients and healthy

controls by performing the enrichment analysis. The GO and

KEGG analysis elucidated numerous statistically enriched

biological terms and indicated that the most significantly changed

gene enrichment pathways in viral pneumonia pediatric patients

were the response to virus (GO:0009615) and the leukocyte

activation (GO:0045321). Meanwhile, the pyroptosis (GO:

0070269) and the inflammasome complex pathway (GO:

0061702) were implicated as factors likely to be important for

host responses to viral infection (p<0.001) (Figure 1A). The

correlation between viral pneumonia and the pyroptosis signaling

pathway was further confirmed by GSEA (Figure 1B). Furthermore,

heatmaps indicated that the levels of inflammasome-related genes,

such as NLRP3, AIM2, caspase-1/4/5, and inflammatory cytokines,

including IL-1b/18, IFN-b, and tumor necrosis factor (TNF), were

increased in adenovirus pneumonia pediatric patients (Figure 1C).

Besides this, volcano plot analysis of adenovirus pneumonia

pediatric patients also showed that caspase-4 and caspase-5 were

remarkably upregulated compared to healthy controls (|log2FC|>2)

(Figure 1D). As shown in the heatmap profile, IL-1b and GSDMD

indicated positive correlation with caspase-4 and caspase-5 in

adenovirus pneumonia pediatric patients, respectively (Figure 1E).

Above all, we speculated that noncanonical caspase-4/5

inflammasome may be involved in modulating inflammatory

responses during adenovirus pneumonia.
Caspase-4 and caspase-5 expression levels
were increased and positively correlated
with inflammatory damage

To further verify these findings from transcriptome analysis, we

collected clinical samples from adenovirus pneumonia pediatric

patients, whose detailed clinical characteristics and laboratory

information are shown in Table 1, to measure caspase-4 and

caspase-5 expression by real-time PCR. As shown, peripheral blood

mononuclear cells (PBMCs) from adenovirus pneumonia pediatric

patients and healthy volunteers were enrolled, as well as cells of BALF

samples from non-severe and severe pneumonia patients. We found

that caspase-4 and caspase-5 mRNA levels significantly upregulated

in the PBMCs of pneumonia patients with severe phenotype, while

they slightly increased in non-severe patients compared to healthy

controls, and increased in BALF of severe cases compared with the

non-severe group (Figures 2A, B). Next, Pearson correlation matrix
frontiersin.org
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showed that caspase-4 and caspase-5 levels were positively associated

with hypersensitive-C-reactive protein (hsCRP) and lactate

dehydrogenase (LDH) concentration in peripheral blood
Frontiers in Immunology 06
(Figure 2C). As expected, the expression levels of caspase-1/4/5 and

IL-1b in PBMCs of pediatric patients were founded to be positively

correlated with hsCRP and LDH, respectively (Figures 2D, E).
A

B

D E

C

FIGURE 1

Inflammasome-related genes and signaling pathways were enriched among children hospitalized with viral pneumonia. The data, downloaded within
the GSE103119 dataset on the GEO database, were normalized using quantile normalization with the lumi package in R. (A) Enrichment analysis
showing some of significantly enriched signaling pathways in viral pneumonia pediatric patients compared to healthy controls. (B) GSEA enrichment
plot of the pyroptosis pathway. (C) Heatmap depicting the expression profiling of inflammasome-related DEGs in adenovirus pneumonia pediatric
patients compare to healthy controls. (D) Volcano plot of DEGs in adenovirus pneumonia children and healthy control. (E) Heatmap of pairwise
correlation of inflammation-related genes expression with caspase-4 and caspase-5.
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A
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F G

C

FIGURE 2

Caspase-4 and caspase-5 expression levels were increased and positively correlated with inflammatory damage. (A) Expression levels of caspase-4
and caspase-5 in PBMCs isolated from adenovirus pneumonia pediatric patients (12 non-severe vs 12 severe) and healthy volunteers’ (n=15)
peripheral blood samples or (B) in cells isolated from severe (n=7) and non-severe patients (n=5) BALF samples. (C) Correlation matrix of caspase-4
and caspase-5 levels of pediatric patients (n=9) and their clinical parameters. (D, E) Correlations of indicated clinical inflammatory parameters of
pediatric patients (n=20) with inflammation-related genes, respectively. (F) The representative lung HRCT images of severe and non-severe
adenovirus pneumonia pediatric patients. (G) Expression levels of caspase-4/5 in adenovirus pneumonia pediatric patients (n=17) divided into two
groups according to the HRCT scores. Data are representative of at least three experiments. Error bars represent the mean ± SEM. *P value<0.05,
**P value <0.01, ***P value <0.001, ****P value <0.0001, ns, no significance.
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Moreover, we also classified according to the high-resolution

computed tomography (HRCT) scores ranging from 1 to 6 as a

previous study (32), and divided all patients into two groups to

evaluate whether caspase-4/5 expression was correlated with the

degree of lung inflammatory damage (Figure 2F). It turned out that

expression of caspase-4 and caspase-5 was higher in patients whose

HRCT scores were 4-6 than in the 1-3 group (Figure 2G). Taken

together, our results showed that caspase-4 and caspase-5

expression was increased in pediatric patients with adenovirus

pneumonia and positively correlated with inflammatory damage.

Thus, these data highlighted the potential role of noncanonical

inflammasome in HAdV-induced inflammatory responses.
HAdV infection induced activation of
caspase-4 and caspase-5

Furthermore, we investigated the effects of HAdV infection on

expression and activation of caspase-4 and caspase-5 in vitro. The

dTHP-1 cells were infected with HAdV or transfected with LPS, a

positive control inducing noncanonical inflammasome activation.

Firstly, increased IFN-b and IL-1b mRNA levels indicated that

HAdV successfully infected dTHP-1 cells (Figure 3A). The data also

indicated that caspase-4 and caspase-5 mRNA levels were greatly

elevated after 4h post-infection (Figure 3A). Western blot data

exhibited that HAdV infection induced activation of pro-caspase-1/

4/5, as reflected by the appearance of their p20 subunits in a time-

dependent manner (Figure 3B). Given caspase-4 and caspase-5

underwent processing, noncanonical inflammasomes seemed to be

activated in human macrophages infected with HAdV.

To ascertain the individual roles of noncanonical inflammasomes

in HAdV-induced macrophage pyroptosis, we transfected dTHP-1

cells with siRNAs targeting the expression of corresponding caspases

or scrambled control siRNA prior to HAdV infection. Compared to

the control, caspase-4 and caspase-5 siRNA duplexes effectively

suppressed caspase-4 and caspase-5 expression (Figure 3C). And

HAdV infection strongly induced the cleavage of GSDMD, which

could be attenuated by silencing of caspase-4 and caspase-5

(Figure 3C). We also observed the fraction of PI+ cells was

decreased by silencing of caspase-4 and caspase-5 (Figure 3D). And

ELISA data showed that silencing of caspase-4 and caspase-5

decreased secretion of IL-1b, implying that HAdV-induced

noncanonical inflammasome activated to promote IL-1b release

(Figure 3E). Collectively, caspase-4 and caspase-5 can induce

pyroptosis in dTHP-1 cells during HAdV infection.

To identify whether the noncanonical inflammation has any

effects on HAdV infection, the supernatants of dTHP-1 cells

infected at different timepoints were harvested. The TCID50 assay

data showed that silencing of caspase-4 and caspase-5 in dTHP-1

cells decreased the virus titer of HAdV when compared to the control

group (Figure 3F). As reported, the HAdV life cycle includes five

main phases, which are binding, entry, replication, assembly, and

release (33, 34). To explore which stage is affected by noncanonical

inflammasomes, we constructed HAdV binding and entry models.

Real-time PCR data showed that silencing of caspase-4 and caspase-5
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did not influence the amount of HAdV bound on the cell surface or

entered in the cell (Supplementary Figures 2A, B). Furthermore,

intracellular HAdV DNA level in siCASP4+5 vs siNC-transfected

and siGSDMD vs siNC-transfected dTHP-1 cells are comparable at

different timepoints post-infection (Supplementary Figures 2C, D),

indicating that silencing of caspase-4/5 and GSDMD did not affect

the HAdV replication. Meanwhile, silencing of GSDMD significantly

decreased the HAdV titer in cell culture supernatants compared with

the control group (Figure 3G). Based on these results, we speculated

that noncanonical caspase-4/5 inflammasome activation and

macrophage pyroptosis may promote HAdV release, rather than

other virus cycle stages.
NF-kB signal pathway was involved in
HAdV infection-induced noncanonical
inflammasome activation and
macrophage pyroptosis

We next explored the downstream molecules of HAdV infection

in modulating caspase-4/5 activation and subsequent macrophage

pyroptosis. Given that STING and NF-kB signaling pathway are

reported to be involved in inflammasome activation, we used the C-

176 (STING inhibitor) or BAY11-7082 (NF-kB inhibitor) to

investigate the effects of STING and NF-kB signaling pathways on

noncanonical inflammasome activation during HAdV infection.

Notably, pyroptosis usually occurred within 12-24h after injury (35,

36), so the duration of infection extended to 12-24h after being pre-

treated with indicated inhibitors. Pretreatment of STING inhibitor C-

176 dramatically decreased the IFN-b and IL-1b mRNA expression,

but slightly reduced NF-kB p65 phosphorylation (Figure 4A and

Supplementary Figure 1A). Western blot data showed that C-176

pretreatment also suppressed the cleavages of caspase-1 and GSDMD

at indicated times after HAdV infection or LPS transfection

(Figure 4B), indicating that inhibition of STING attenuated

canonical inflammasome activation and macrophage pyroptosis.

Notably, no significant differences in the mRNA and protein levels

of caspase-4/5 were observed in the dTHP-1 cells pre-treated with C-

176 inhibitor and DMSO, suggesting STING signaling pathway was

not involved in noncanonical inflammasome activation during

HAdV infection (Figures 4A, B). Real-time PCR data also indicated

that mRNA levels of caspase-4 and caspase-5, as well as IFN-b and

IL-1b, were downregulated in BAY pre-treated group (Figure 4C).

Additionally, western blot further confirmed that BAY pretreatment

significantly decreased the expression and cleavage of caspase-4/5, as

well as their downstream GSDMD (Figure 4D). To investigate

whether NF-kB-mediated caspase-4/5 upregulation via TLR9 or

STING, dTHP-1 cells were transfected with cGAMP (STING

agonist) or stimulated with CpG ODN 2006 (TLR9 agonist). Real-

time PCR data showed that CpG ODN 2006 increased the mRNA

levels of caspase-4 and caspase-5, while cGAMP had no significant

effect on their expression (Supplementary Figures 1B, C). In

conclusion, NF-kB, but not STING signaling pathway, may be

involved in HAdV-induced noncanonical inflammasome activation

and macrophage pyroptosis.
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FIGURE 3

HAdV infection induced activation of caspase-4/5. The dTHP-1 cells were infected by HAdV (MOI=100) for indicated times and/or transfected LPS
(2.5mg/ml) for 8h. (A)The mRNA levels of IFN-b, IL-1b, caspase-4/5 responses to HAdV infection at 0, 4, and 8h were measured by real-time PCR.
(B) Western blot data showing expression of indicated protein in in dTHP-1 cells infected with HAdV at indicated times. (C) Western blot data
showing expression of indicated protein in siCASP-4+5-treated dTHP-1 cells infected with HAdV at indicated times. (D) Representative images of
dead cells stained with PI were observed by fluorescent microscopy (magnification: 20×, scale bar: 100 mm) and quantification of PI+ cells. (E) IL-1b
secretion was tested by ELISA at 24h or 48h post-infection. The supernatants of (F) siCASP4+5 or (G) siGSDMD-treated vs siNC-treated dTHP-1 cells
were collected for HAdV titer measured by the TCID50. Data are representative of two or three experiments. Error bars represent the mean ± SEM.
*P value<0.05, **P value <0.01, ***P value <0.001, ****P value <0.0001.
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Discussion

Clinical observations have suggested that disease severity and

outcomes of HAdV infection are closely associated with release of

proinflammatory cytokines (37). Inflammasome-mediated

inflammatory responses have been implicated in various

microbial infections. However, only canonical inflammasomes,

such as NLRP3 and AIM2 inflammasome, have been reported to
Frontiers in Immunology 10
be activated during HAdV infection (11–14). Here, we utilized wild-

type HAdV-3 for the first time, which is one of the most common

types causing severe adenovirus pneumonia in children, to

investigate whether HAdV infection induces noncanonical

inflammasome activation.

We mined available data on GEO database and found that

expression of caspase-4 and caspase-5 was elevated in adenovirus

pneumonia pediatric patients. Similarly, caspase-4 and caspase-5
A B

DC

FIGURE 4

NF-kB was involved in noncanonical inflammasome activation and macrophage pyroptosis. The dTHP-1 cells pre-treated by either (A, B) C-176
(1mM) or (C, D) BAY11-7082 (10nM) vs vehicle control (DMSO) were infected with HAdV (MOI=100) for the indicated times or transfected with LPS
(2.5mg/ml) for 8h. (A, C) The mRNA levels of IFN-b, IL-1b, and caspase-4/5 were measured by real-time PCR. (B, D) Protein levels of indicated
molecular in cell lysates were tested by western blot. Data are representative of at least three experiments. Error bars represent the mean ± SEM. *P
value<0.05, **P value <0.01, ***P value <0.001, ****P value <0.0001, ns, no significance.
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expression levels were increased in the cells isolated from peripheral

blood plasma and BALF, which collected from adenovirus

pneumonia pediatric patients, and positively correlated with the

severity of adenovirus pneumonia. HAdV exhibits species-

restricted phenotypes, making studying disease progress in animal

models particularly problematic (38). Thus, the mechanism and

function of noncanonical inflammasomes during HAdV infection

were investigated by in vitro cell model. Since macrophage is the

major immune cell type for inflammasome activation, we

stimulated human monocyte cell line THP-1 with PMA, to

differentiate them into macrophages (dTHP-1) as previously

reported (10–12). In our study, cell experiments identified the

intracellular activation of caspase-4 and caspase-5 induced by

HAdV infection. Furthermore, treatment with the caspase-4 and

caspase-5 siRNAs attenuated HAdV-induced cleavage of GSDMD,

confirming that HAdV infection induced macrophage pyroptosis

by activating noncanonical inflammasomes.

Pyroptosis is a key function of canonical and noncanonical

inflammasomes and usually plays essential roles in eliminating

pathogenic infections (39). However, it is still unclear what

influences noncanonical inflammasomes have on virus infection.

It is reported that caspase-1 silencing enhances chikungunya virus

(CHIKV) replication but severely impairs epstein-barr virus (EBV)

replication (40, 41). Moreover, other studies find that the absence of

canonical and noncanonical inflammasomes has no effect on

replication of some viruses (18, 19, 40). The HAdV life cycle

includes binding, entry, replication, assembly, and release (33,

34). We found that silencing of caspase-4 and caspase-5 did not

affect the HAdV binding, entry, and replication. Meanwhile,

silencing of caspase-4/5 and GSDMD in dTHP-1 cells decreased

the virus titer of HAdV in cell culture supernatants, respectively.

When viral particles are produced and accumulated in the infected

cells, canonical and noncanonical inflammasome-induced

macrophage pyroptosis will facilitate the viral progeny release

(42). In this regard, we speculated that silencing of caspase-4 and

caspase-5 suppressed noncanonical inflammasome-induced

macrophage pyroptosis, and therefore impeded HAdV release.

The effects of noncanonical inflammasomes-mediated pyroptosis

have on virus load, inflammatory responses and lung injury would

be better to be further investigated in vivo once HAdV-infected

animal model has been validated.

We next explored the downstream molecules of HAdV

infection in modulating caspase-4/5-mediated macrophage

pyroptosis. In order to investigate if STING and NF-kB signaling

pathway regulate noncanonical inflammasomes activation during

HAdV infection, we pretreated dTHP-1 cells with NF-kB inhibitor

before infected or transfected. Our results showed that cleavages of

caspase-1 and GSDMD were suppressed in STING inhibitor group,

confirming that STING signaling pathway was involved in

canonical inflammasome activation. But STING inhibitor had no

effect on caspase-4 and caspase-5 expression and cleavages,

implying that STING signaling pathway was not involved in

noncanonical inflammasome activation. We also found that NF-

kB inhibitor suppressed HAdV-induced caspase-4 and caspase-5

expression, as well as decreased the cleavages of caspase-4/5 and

downstream GSDMD. It is reported that during HAdV infection,
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both TLR9 and STING can recognize viral DNA and induce NF-kB
activation (11, 12, 14). Whereas our in vitro data showed that

activation of TLR9, but not STING, by using their specific agonists

enhanced caspase-4 and caspase-5 expression. Therefore, we

speculated that HAdV infection induced caspase-4/5 expression

mainly via TLR9, rather than STING. Taken together, our current

findings indicated that NF-kB, but not STING signaling pathway,

may be involved in HAdV-induced noncanonical inflammasome

activation and thereafter macrophage pyroptosis.

Canonical and noncanonical inflammasome both can trigger

corresponding caspase activation to induce pyroptosis. In this

regard, they act independently and in parallel to each other.

Notably, they work in concert to protect the host against

intracellular pathogens, but the interaction remains unclear. It is

reported that activated noncanonical caspases, including caspase-4/

5/11, can induce K+ efflux and then activate canonical NLRP3

inflammasome in some cases (43). And canonical inflammasomes

can also act upstream of noncanonical inflammasomes in the host.

As another study has reported, caspase-1 induces production of IL-

18, which then triggers IFN-g to prime caspase-11-mediated

inflammatory responses during B. thailandensis infection (44). In

addition, Akhter et al. found that caspase-11 was dispensable for

caspase-1 activation in response to Legionella, Salmonella,

Francisella and Listeria (45). Given that more attention has

focused on individual impacts that noncanonical inflammasomes

have, their interactive and collaborative contributions between

canonical and noncanonical inflammasomes were less studied in

our present study. Further studies on whether and how they

cooperate to defend against HAdV are needed in the future.

In conclusion, our study provided evidence for the first time

that HAdV infection induced caspase-4 and caspase-5 activation

and thereafter macrophages pyroptosis. And silencing of caspase-4

and caspase-5 in dTHP-1 cells dramatically decreased the HAdV

titer in cell supernatants, by influencing virus release. These findings

explore new perspectives on the pathogenesis of HAdV-induced

inflammatory damage. Moreover, expression of caspase-4 and

caspase-5 were increased in pediatric patients with adenovirus

pneumonia and positively correlated with severity and other

clinical inflammatory parameters. Thus, high expression levels of

caspase-4 and caspase-5 may be a biomarker for predicting the

severity of adenovirus pneumonia.
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.
Ethics statement

The studies involving human participants were reviewed and

approved by the Ethics Committee of the School of Medicine in the

South China University of Technology the Ethics Committee of

Guangzhou Women and Children’s Medical Center. Written
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1169968
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Li et al. 10.3389/fimmu.2023.1169968
informed consent to participate in this study was provided by the

participants’ legal guardian/next of kin.
Author contributions

LL, CC and JZ performed the experiments and bioinformatics

analyses. HF and XX collected specimens and clinical data of

pediatric patients and classified them with HRCT score. GL and

DY performed bronchoscopy with BAL. CC, MW, and HF

conceived the study. LL and CC drafted the manuscript. GL and

MW performed critical revision. All authors contributed to the

article and approved the submitted version.
Funding

This study was supported by the Natural Science Foundation of

Guangdong Province, China (Grant No. 2021A151510116).
Acknowledgments

We acknowledge the GEO database for providing their

platforms and contributors for uploading meaningful datasets.

And we thank Dr. Qiwei Zhang at the Institute of Medical
Frontiers in Immunology 12
Microbiology in Jinan University for generously providing the

HAdV-3 strain GZ1.
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.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1169968/

full#supplementary-material
References
1. Chen Y, Lin T, Wang CB, Liang WL, Lian GW, Zanin M, et al. Human
adenovirus (HAdV) infection in children with acute respiratory tract infections in
guangzhou, China, 2010-2021: a molecular epidemiology study.World J Pediatr (2022)
18(8):545–52. doi: 10.1007/s12519-022-00590-w

2. Xu D, Chen L, Wu X, Ji L. Molecular typing and epidemiology profiles of human
adenovirus infection among hospitalized patients with severe acute respiratory
infection in huzhou, China. PloS One (2022) 17(4):e0265987. doi: 10.1371/
journal.pone.0265987

3. Lai CY, Lee CJ, Lu CY, Lee PI, Shao PL, Wu ET, et al. Adenovirus serotype 3 and 7
infection with acute respiratory failure in children in Taiwan, 2010-2011. PloS One
(2013) 8(1):e53614. doi: 10.1371/journal.pone.0053614

4. Cho CT, Hiatt WO, Behbehani AM. Pneumonia and massive pleural effusion
associated with adenovirus type 7. Am J Dis Child. (1973) 126(1):92–4. doi: 10.1001/
archpedi.1973.02110190080017

5. Hung KH, Lin LH. Adenovirus pneumonia complicated with acute respiratory
distress syndrome: a case report. Med (Baltimore). (2015) 94(20):e776. doi: 10.1097/
MD.0000000000000776

6. Treacy A, Carr MJ, Dunford L, Palacios G, Cannon GA, O'Grady A, et al. First
report of sudden death due to myocarditis caused by adenovirus serotype 3. J Clin
Microbiol (2010) 48(2):642–5. doi: 10.1128/JCM.00815-09

7. Lee J, Choi EH, Lee HJ. Comprehensive serotyping and epidemiology of human
adenovirus isolated from the respiratory tract of Korean children over 17 consecutive
years (1991-2007). J Med Virol (2010) 82(4):624–31. doi: 10.1002/jmv.21701

8. Schroder K, Tschopp J. The inflammasomes. Cell. (2010) 140(6):821–32. doi:
10.1016/j.cell.2010.01.040

9. Downs KP, Nguyen H, Dorfleutner A, Stehlik C. An overview of the non-
canonical inflammasome. Mol Aspects Med (2020) 76:100924. doi: 10.1016/
j.mam.2020.100924

10. Muruve DA, Petrilli V, Zaiss AK, White LR, Clark SA, Ross PJ, et al. The
inflammasome recognizes cytosolic microbial and host DNA and triggers an innate
immune response. Nature. (2008) 452(7183):103–7. doi: 10.1038/nature06664

11. Barlan AU, Griffin TM, McGuire KA, Wiethoff CM. Adenovirus membrane
penetration activates the NLRP3 inflammasome. J Virol (2011) 85(1):146–55. doi:
10.1128/JVI.01265-10
12. Labzin LI, Bottermann M, Rodriguez-Silvestre P, Foss S, Andersen JT, Vaysburd
M, et al. Antibody and DNA sensing pathways converge to activate the inflammasome
during primary human macrophage infection. EMBO J (2019) 38(21):e101365. doi:
10.15252/embj.2018101365

13. Lee BH, HwangDM, Palaniyar N, Grinstein S, Philpott DJ, Hu J. Activation of P2X
(7) receptor by ATP plays an important role in regulating inflammatory responses during
acute viral infection. PloS One (2012) 7(4):e35812. doi: 10.1371/journal.pone.0035812

14. Eichholz K, Bru T, Tran TT, Fernandes P, Welles H, Mennechet FJ, et al.
Immune-complexed adenovirus induce AIM2-mediated pyroptosis in human dendritic
cells. PloS Pathog (2016) 12(9):e1005871. doi: 10.1371/journal.ppat.1005871

15. Kayagaki N, Wong MT, Stowe IB, Ramani SR, Gonzalez LC, Akashi-Takamura
S, et al. Noncanonical inflammasome activation by intracellular LPS independent of
TLR4. Science. (2013) 341(6151):1246–9. doi: 10.1126/science.1240248

16. Hagar JA, Powell DA, Aachoui Y, Ernst RK, Miao EA. Cytoplasmic LPS
activates caspase-11: implications in TLR4-independent endotoxic shock. Science.
(2013) 341(6151):1250–3. doi: 10.1126/science.1240988

17. Shi J, Zhao Y, Wang Y, Gao W, Ding J, Li P, et al. Inflammatory caspases are
innate immune receptors for intracellular LPS. Nature. (2014) 514(7521):187–92. doi:
10.1038/nature13683

18. Eltobgy MM, Zani A, Kenney AD, Estfanous S, Kim E, Badr A, et al. Caspase-4/
11 exacerbates disease severity in SARS-CoV-2 infection by promoting inflammation
and immunothrombosis. Proc Natl Acad Sci U S A. (2022) 119(21):e2202012119. doi:
10.1073/pnas.2202012119

19. Cieniewicz B, Dong Q, Li G, Forrest JC, Mounce BC, Tarakanova VL, et al.
Murine gammaherpesvirus 68 pathogenesis is independent of caspase-1 and caspase-11
in mice and impairs interleukin-1beta production upon extrinsic stimulation in culture.
J Virol (2015) 89(13):6562–74. doi: 10.1128/JVI.00658-15

20. Yu Y, Shi H, Yu Y, Liu M, Li M, Liu X, et al. Inhibition of calpain alleviates
coxsackievirus B3-induced myocarditis through suppressing the canonical NLRP3
inflammasome/caspase-1-mediated and noncanonical caspase-11-mediated pyroptosis
pathways. Am J Transl Res (2020) 12(5):1954–64.

21. Segovia J, Sabbah A, Mgbemena V, Tsai SY, Chang TH, Berton MT, et al. TLR2/
MyD88/NF-kappaB pathway, reactive oxygen species, potassium efflux activates NLRP3/
ASC inflammasome during respiratory syncytial virus infection. PloS One (2012) 7(1):
e29695. doi: 10.1371/journal.pone.0029695
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1169968/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1169968/full#supplementary-material
https://doi.org/10.1007/s12519-022-00590-w
https://doi.org/10.1371/journal.pone.0265987
https://doi.org/10.1371/journal.pone.0265987
https://doi.org/10.1371/journal.pone.0053614
https://doi.org/10.1001/archpedi.1973.02110190080017
https://doi.org/10.1001/archpedi.1973.02110190080017
https://doi.org/10.1097/MD.0000000000000776
https://doi.org/10.1097/MD.0000000000000776
https://doi.org/10.1128/JCM.00815-09
https://doi.org/10.1002/jmv.21701
https://doi.org/10.1016/j.cell.2010.01.040
https://doi.org/10.1016/j.mam.2020.100924
https://doi.org/10.1016/j.mam.2020.100924
https://doi.org/10.1038/nature06664
https://doi.org/10.1128/JVI.01265-10
https://doi.org/10.15252/embj.2018101365
https://doi.org/10.1371/journal.pone.0035812
https://doi.org/10.1371/journal.ppat.1005871
https://doi.org/10.1126/science.1240248
https://doi.org/10.1126/science.1240988
https://doi.org/10.1038/nature13683
https://doi.org/10.1073/pnas.2202012119
https://doi.org/10.1128/JVI.00658-15
https://doi.org/10.1371/journal.pone.0029695
https://doi.org/10.3389/fimmu.2023.1169968
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Li et al. 10.3389/fimmu.2023.1169968
22. Du SH, Qiao DF, Chen CX, Chen S, Liu C, Lin Z, et al. Toll-like receptor 4
mediates methamphetamine-induced neuroinflammation through caspase-11
signaling pathway in astrocytes. Front Mol Neurosci (2017) 10(1662-5099(1662-5099
(Print):409. doi: 10.3389/fnmol.2017.00409

23. Tian J, An X, Niu L. Correlation between NF-kappaB signal pathway-mediated
caspase-4 activation and Kawasaki disease. Exp Ther Med (2017) 13(6):3333–6. doi:
10.3892/etm.2017.4409

24. Hopfner KP, Hornung V. Molecular mechanisms and cellular functions of
cGAS-STING signalling. Nat Rev Mol Cell Biol (2020) 21(9):501–21. doi: 10.1038/
s41580-020-0244-x

25. Wu J, Sun L, Chen X, Du F, Shi H, Chen C, et al. Cyclic GMP-AMP is an
endogenous second messenger in innate immune signaling by cytosolic DNA. Science.
(2013) 339(6121):826–30. doi: 10.1126/science.1229963

26. Sun L, Wu J, Du F, Chen X, Chen ZJ. Cyclic GMP-AMP synthase is a cytosolic
DNA sensor that activates the type I interferon pathway. Science. (2013) 339
(6121):786–91. doi: 10.1126/science.1232458

27. Webster SJ, Brode S, Ellis L, Fitzmaurice TJ, Elder MJ, Gekara NO, et al.
Detection of a microbial metabolite by STING regulates inflammasome activation in
response to chlamydia trachomatis infection. PloS Pathog (2017) 13(6):e1006383. doi:
10.1371/journal.ppat.1006383

28. Li MY, Kelly J, Subhi R, Were W, Duke T. Global use of the WHO pocket book
of hospital care for children. Paediatr Int Child Health (2013) 33(1):4–17. doi: 10.1179/
2046905512Y.0000000017

29. Bradley JS, Byington CL, Shah SS, Alverson B, Carter ER, Harrison C, et al. The
management of community-acquired pneumonia in infants and children older than 3
months of age: clinical practice guidelines by the pediatric infectious diseases society
and the infectious diseases society of America. Clin Infect Dis (2011) 53(7):e25–76. doi:
10.1093/cid/cir531

30. Ma X, Luo X, Zhou S, Huang Y, Chen C, Huang C, et al. Hydroxycarboxylic acid
receptor 2 is a zika virus restriction factor that can be induced by zika virus infection
through the IRE1-XBP1 pathway. Front Cell Infect Microbiol (2019) 9(2235-2988(2235-
2988 (Electronic):480. doi: 10.3389/fcimb.2019.00480

31. Fu Y, Tang Z, Ye Z, Mo S, Tian X, Ni K, et al. Human adenovirus type 7 infection
causes a more severe disease than type 3. BMC Infect Dis (2019) 19(1):36. doi: 10.1186/
s12879-018-3651-2

32. Lu B, Liu M, Wang J, Fan H, Yang D, Zhang L, et al. IL-17 production by tissue-
resident MAIT cells is locally induced in children with pneumonia. Mucosal Immunol
(2020) 13(5):824–35. doi: 10.1038/s41385-020-0273-y

33. Greber UF, Flatt JW. Adenovirus entry: From infection to immunity. Annu Rev
Virol (2019) 6(1):177–97. doi: 10.1146/annurev-virology-092818-015550
Frontiers in Immunology 13
34. Pied N, Wodrich H. Imaging the adenovirus infection cycle. FEBS Lett (2019)
593(24):3419–48. doi: 10.1002/1873-3468.13690

35. Fu L, Zhang DX, Zhang LM, Song YC, Liu FH, Li Y, et al. Exogenous carbon
monoxide protects against mitochondrial DNA−induced hippocampal pyroptosis in a
model of hemorrhagic shock and resuscitation. Int J Mol Med (2020) 45(4):1176–86.
doi: 10.3892/ijmm.2020.4493

36. Zhang LM, Zhang DX, Fu L, Li Y, Wang XP, Qi MM, et al. Carbon monoxide-
releasing molecule-3 protects against cortical pyroptosis induced by hemorrhagic shock
and resuscitation via mitochondrial regulation. Free Radic Biol Med (2019) 141(1873-
4596(1873-4596 (Electronic):299–309. doi: 10.1016/j.freeradbiomed.2019.06.031

37. Li J, Wei J, Xu Z, Jiang C, Li M, Chen J, et al. Cytokine/Chemokine expression is
closely associated disease severity of human adenovirus infections in
immunocompetent adults and predicts disease progression. Front Immunol (2021)
12(1664-3224(1664-3224 (Electronic):691879. doi: 10.3389/fimmu.2021.691879

38. Atasheva S, Yao J, Shayakhmetov DM. Innate immunity to adenovirus: lessons
from mice. FEBS Lett (2019) 593(24):3461–83. doi: 10.1002/1873-3468.13696

39. Man SM, Karki R, Kanneganti TD. Molecular mechanisms and functions of
pyroptosis, inflammatory caspases and inflammasomes in infectious diseases. Immunol
Rev (2017) 277(1):61–75. doi: 10.1111/imr.12534

40. Ekchariyawat P, Hamel R, Bernard E, Wichit S, Surasombatpattana P, Talignani
L, et al. Inflammasome signaling pathways exert antiviral effect against chikungunya
virus in human dermal fibroblasts. Infect Genet Evol (2015) 32(1567-7257(1567-7257
(Electronic):401–8. doi: 10.1016/j.meegid.2015.03.025

41. Gastaldello S, Chen X, Callegari S, Masucci MG. Caspase-1 promotes Epstein-
Barr virus replication by targeting the large tegument protein deneddylase to the
nucleus of productively infected cells. PloS Pathog (2013) 9(10):e1003664. doi: 10.1371/
journal.ppat.1003664

42. Verdonck S, Nemegeer J, Vandenabeele P, Maelfait J. Viral manipulation of host
cell necroptosis and pyroptosis. Trends Microbiol (2022) 30(6):593–605. doi: 10.1016/
j.tim.2021.11.011

43. Huang Y, Xu W, Zhou R. NLRP3 inflammasome activation and cell death. Cell
Mol Immunol (2021) 18(9):2114–27. doi: 10.1038/s41423-021-00740-6

44. Aachoui Y, Kajiwara Y, Leaf IA, Mao D, Ting JP, Coers J, et al. Canonical
inflammasomes drive IFN-gamma to prime caspase-11 in defense against a cytosol-
invasive bacterium. Cell Host Microbe (2015) 18(3):320–32. doi: 10.1016/
j.chom.2015.07.016

45. Akhter A, Caution K, Abu Khweek A, Tazi M, Abdulrahman BA, Abdelaziz DH,
et al. Caspase-11 promotes the fusion of phagosomes harboring pathogenic bacteria
with lysosomes by modulating actin polymerization. Immunity. (2012) 37(1):35–47.
doi: 10.1016/j.immuni.2012.05.001
frontiersin.org

https://doi.org/10.3389/fnmol.2017.00409
https://doi.org/10.3892/etm.2017.4409
https://doi.org/10.1038/s41580-020-0244-x
https://doi.org/10.1038/s41580-020-0244-x
https://doi.org/10.1126/science.1229963
https://doi.org/10.1126/science.1232458
https://doi.org/10.1371/journal.ppat.1006383
https://doi.org/10.1179/2046905512Y.0000000017
https://doi.org/10.1179/2046905512Y.0000000017
https://doi.org/10.1093/cid/cir531
https://doi.org/10.3389/fcimb.2019.00480
https://doi.org/10.1186/s12879-018-3651-2
https://doi.org/10.1186/s12879-018-3651-2
https://doi.org/10.1038/s41385-020-0273-y
https://doi.org/10.1146/annurev-virology-092818-015550
https://doi.org/10.1002/1873-3468.13690
https://doi.org/10.3892/ijmm.2020.4493
https://doi.org/10.1016/j.freeradbiomed.2019.06.031
https://doi.org/10.3389/fimmu.2021.691879
https://doi.org/10.1002/1873-3468.13696
https://doi.org/10.1111/imr.12534
https://doi.org/10.1016/j.meegid.2015.03.025
https://doi.org/10.1371/journal.ppat.1003664
https://doi.org/10.1371/journal.ppat.1003664
https://doi.org/10.1016/j.tim.2021.11.011
https://doi.org/10.1016/j.tim.2021.11.011
https://doi.org/10.1038/s41423-021-00740-6
https://doi.org/10.1016/j.chom.2015.07.016
https://doi.org/10.1016/j.chom.2015.07.016
https://doi.org/10.1016/j.immuni.2012.05.001
https://doi.org/10.3389/fimmu.2023.1169968
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Human adenovirus infection induces pulmonary inflammatory damage by triggering noncanonical inflammasomes activation and macrophage pyroptosis
	Introduction
	Material and methods
	Materials and reagents
	Bioinformatics analysis
	Clinical specimens and data collection
	Cell culture and differentiation
	Cell stimulation and transient transfection
	Virus infection and titration
	Virus binding, entry and replication assay
	Western blot
	Real-time PCR
	Enzyme-linked immunosorbent assay
	Propidium iodide staining
	Statistical analysis

	Results
	Inflammasome-related genes and signaling pathways were enriched among children hospitalized with viral pneumonia
	Caspase-4 and caspase-5 expression levels were increased and positively correlated with inflammatory damage
	HAdV infection induced activation of caspase-4 and caspase-5
	NF-κB signal pathway was involved in HAdV infection-induced noncanonical inflammasome activation and macrophage pyroptosis

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


