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Cystic fibrosis (CF) is a rare autosomal recessive disease caused by mutations in

the cystic fibrosis transmembrane conductance regulator (CFTR) gene. Themost

common mutation is F508del-CFTR (DF) which leads the encoded ion channel

towards misfolding and premature degradation. The disease is characterized by

chronic bronchopulmonary obstruction, inflammation and airways colonization

by bacteria, which are the major cause of morbidity and mortality. The STING

pathway is the main signaling route activated in the presence of both self and

pathogen DNA, leading to Type I Interferon (IFN I) production and the innate

immune response. In this study, we show for the first time the relationship

existing in CF between resistant and recurrent opportunistic infections by

Pseudomonas aeruginosa and the innate immunity impairment. We

demonstrate through ex vivo and in vivo experiments that the pathway is

inadequately activated in DF condition and the use of direct STING agonists, as

2′,3′-cyclic GMP-AMP (2’, 3’ cGAMP), is able to restore the immune response

against bacterial colonization. Indeed, upon treatment with the STING pathway

agonists, we found a reduction of colony forming units (CFUs) consequent to

IFN-b enhanced production in Pseudomonas aeruginosa infected bone marrow

derived macrophages and lung tissues from mice affected by Cystic Fibrosis.

Importantly, we also verified that the impairment detected in the primary PBMCs

obtained from DF patients can be corrected by 2’, 3’ cGAMP. Our work indicates

that the cGAS/STING pathway integrity is crucial in the Cystic Fibrosis response

against pathogens and that the restoration of the pathway by 2’, 3’ cGAMP could

be exploited as a possible new target for the symptomatic treatment of

the disease.
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Introduction

Cystic Fibrosis (CF) is an autosomal recessive disease in which

more than 2000 relevant mutations involving the gene coding for

cystic fibrosis transmembrane conductance regulator (CFTR) were

identified on chromosome 7 q31.2, and they are categorized in 6

classes according to their impact on the synthesis (class 1),

processing (class Il), gating (class III), conductance (class IV),

quantity (class V), and recycling (class VI) (1). CFTR is a 1480

amino-acid protein and belongs to ABC or ATP-binding cassette

transporters and functions as chloride channel at apical membrane

of epithelial cells. The channel has an important role in maintaining

the epithelial surface hydrated and is found in liver, pancreas,

intestine and lungs (2, 3). The most common mutation is the

deletion of phenylalanine in position 508, F508del-CFTR (DF) (4,
5), which is a class II mutation and is responsible for 70% of CFTR

loss-of- function mutations and is present in 90% of patients

worldwide (1, 3, 6). The deletion causes protein misfolding that

leads to a premature degradation and inability to reach the plasma

membrane (7). Moreover, mutations of the CFTR lead to an altered

activity of the channel causing an imbalance in the trans-epithelial

fluid transport in various organs (8) and its most prevalent feature is

the decreased muco-ciliary clearance with overproduction of thick

and sticky mucus resulting in a chronic progressive lung disease.

The latter is characterized by chronic inflammation, progressive

obstructive pulmonary diseases, recurrent sinusitis and bronchitis,

resistant and recurrent bacterial infections, mainly caused by

Pseudomonas aeruginosa (PA) (1, 9, 10). The CF-associated

bronchopulmonary disease is in fact the principal cause of

morbidity and mortality. In the recent years the prognosis of CF

has improved, owing to modern therapeutics and prevention of

complications, in particular those regarding the respiratory system

(11, 12). Recently, it has been demonstrated that the FDA approved

drug Cysteamine, a known Tranglutaminase type 2 (TG2) inhibitor,

has beneficial effects on patient affected by CF (7, 13). TG2 is a

multifunctional protein involved in the pathogenesis of CF, in

which the persistent and uncontrolled activity of the enzyme

affects several processes as proteostasis, inflammation and

autophagy, worsening the disease (14–19). In addition, it has been

shown that TG2 knockout mice carrying the DF mutation were

more resistant to bacterial infections and colonization by PA (16).

Interestingly, a recent work showed that TG2 is involved in the

host’s inflammatory response during bacterial infections, being able

to modulate the type I Interferon (IFN I) production through the

cGAS/STING pathway (20). The STING pathway is triggered by the

recognition of exogenous nucleic acids by cGAS, a synthase that

catalyses the formation of the cyclic dinucleotide 2’,3’ cyclic GMP-

AMP (2’,3’cGAMP) from ATP and GTP (21–23). The newly

formed 2’, 3’ cGAMP acts as second messenger binding STING

and inducing TBK1/IRF3 signaling axis activation. TBK1

phosphorylates IRF3 at Serine 396 inducing its homodimerization

and translocation in the nucleus, where it acts as transcription

factor promoting the IFN-b expression (24). Following IFN-b
production, JAK proteins bound to intracellular chains of IFN
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receptors are activated, auto phosphorylating themselves and

STATs proteins. Phosphorylated STATs translocate in the nucleus

and regulate IFN-stimulated genes (ISGs) expression, boosting the

antimicrobial response (24–26). The lack of TG2 led to an

upregulation of the STING pathway in the bone marrow-derived

macrophages (BMDMs), explaining the increased antimicrobial

activity observed in TG2 knockout mice (20). Recent years have

seen a rapidly growing interest in the development of synthetic and

natural STING-nucleotidic agonists. These cyclic dinucleotides

(CDNs) act as immunomodulatory agent, capable of inducing an

“antimicrobial state” boosting the INF-b production. Therefore, the

CDNs may represent a novel drug against different pathogens

infection (27). In this study we investigated whether a defective

STING pathway could be responsible for the inadequate immune

response to bacterial infection observed in CF patients.
Material and methods

Mice and treatments

FVB\129 mice wild type (CFTRwt/wt), heterozygous (CFTRwt/

F508del) and homozygous (CFTRF508del/F508del) used for ex vivo

experiment were littermates and they were obtained from Bob

Scholte, Erasmus Medical Center Rotterdam, The Netherlands

(CF-coordinated action program EU FP6 LSHM-CT-2005-

018932). In order to prevent intestinal obstruction CF mice were

fed with a special diet with high protein content (V1124-703Maus-

Zucht, Charles River, Calco, Italy) and was replaced daily.

Demineralized and acidified water was supplied ad libitum. Non-

CF mice were fed with standard diet 4RF25, Mucedola, Milan, Italy)

ad libitum. All mice were specific pathogen-free, maintained under

a 12-h light/dark-cycle (7:00 to 19:00). Mice of all genotypes were

age-matched at 7–9 weeks old at the beginning of infections. To

perform in vivo experiment, CFTRF508del/F508del (DF) mice were

anesthetized with Ketamine 100 mg/Kg (Ketavet) plus

medetomidine hydrochloride 1 mg/Kg (Domitor), followed by 2

hours intratracheal administration with 2′3′-cGAMP (20 mg), in 80

mL PBS. Then, pre-treated and non-pre-treated mice were infected

with P. aeruginosa strain PAO-1. The infection was by intratracheal

injection of 5 × 106 cells/mice for 4 hours. At the end of the

treatment, mice were sacrificed, and lungs were collected for

analysis. All the procedures in mice were approved by the local

Ethics Committee for Animal Welfare and were carried out in strict

respect of European and National regulations (909/2017-PR).
Mouse lung tissues histology

Lung tissue samples were obtained from untreated and from

cGAMP-treated mice. Specimens from lungs tissues were fixed in

10% neutral-buffered formalin, and routinely processed to paraffin

blocks. Sections of tissues (4 mm) were stained with hematoxylin

and eosin (H&E).
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BMDMs and treatments

Bone marrow cells were isolated from FVB\129 mice wild type

(CFTRwt/wt), heterozygous (CFTRwt/F508del) and homozygous

(CFTRF508del/F508del) (7-9 weeks old), by collecting femur and

tibia. Bone marrow cells were collected using 22GA syringe:

Dulbecco’s modified Eagle’s medium (DMEM) was forced inside

the bones and the medium containing the extracted cells was

collected. Cells were cultured in DMEM supplemented with 10%

fetal bovine serum, 100 mg/ml streptomycin and 100 units/ml

penicillin, at 37°C and 5% CO2 in a humidified atmosphere,

conditioned with L929 medium to stimulate macrophages

differentiation. On day 7, differentiated BMDMs were stimulated

with 250 mM cysteamine (Sigma Aldrich, M9768) or 20 mg 2’,3’

cGAMP (1 mg/ml) (In vivogen) and then infected, in presence or

absence of drugs, with Pseudomonas aeruginosa PAO-1.

Cysteamine treatment was performed overnight; 2,3’ cGAMP

transfection was performed for 2 hours using Lipofectamine 2000

(Invitrogen) according to the manufacturer’s instructions. BMDMs

were infected with PAO-1 multiplicity of infection (MOI) 60

bacteria/macrophage to evaluate after 10 minutes and after 4h the

level of internalization and clearance respectively. At time points,

10 min or 4 hours, cells were washed twice with sterile phosphate-

buffered saline (PBS) and previously treated for 10 minutes with

gentamicin (100 mg/ml, Sigma Aldrich, G1397) to remove any

extracellular bacteria and lysed to evaluate the number of CFUs.

To analyse proteins and RNA BMDMs were similarly infected and

lysed after 4 hours. To selectively inhibit STING/IFN I axis, H-151

(In vivogen) was used 1mg/ml overnight.
PBMCs isolation and treatment

Peripheral blood mononuclear cells (PBMCs) were obtained

from four patients with a confirmed diagnosis of CF, including

sweat chloride over 60 mmol/liter, homozygous for F508del (mean

age 13,75yrs, range 13,2-17,6) in stable clinical conditions in regular

follow-up at Regional Cystic Fibrosis Center Pediatric Unit,

Department of Translational Medical Sciences, Federico II

University Naples, Italy. Healthy subjects were included as controls.

An informed consent was obtained from each donor and the study

was approved by the local The Ethics Committee. PBMCs were

isolated using lympholite (Cederlane, UK) density gradient overlaid

by heparin blood diluted 1:1 in PBS and centrifuged (20 min at

1000 g). After being washed three times, PBMCs were resuspended in

complete RPMI 1640 supplemented with 25 mM HEPES, 10% (v/v)

heat-inactivated FBS, 100 U/ml penicillin, 100 mg/ml streptomycin,

and 1% 2 mM l-glutamine. PBMCs were stimulated with 20 mg 2’,3’
cGAMP for 1 hours using Lipofectamine 2000 (Invitrogen) and

infected with PAO-1 (MOI 1:30) for 2 hours.
Bacteria

P. aeruginosa strain PAO-1 was used for these studies. Bacteria

were kept frozen at −80°C in 10% glycerol. Bacteria were thawed

and grown in broth LB (Sodium Chloride (Sigma Aldrich), bacto
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tryptone (BD), yeast extract (BD) overnight. The concentration of

bacteria was determined by spectrophotometric reading at 600 nm.
CFU evaluation

Bone marrow cells from WT or DF mice were isolated and

seeded in dish. After 7 days of differentiation, BMDMs obtained

were infected with PAO-1 (MOI 1:60) for 10 minutes or 4 hours, to

evaluate the level of internalization and clearance. Briefly, the cells-

PAO-1 infected, were washed twice with sterile phosphate-buffered

saline (PBS) and treated with gentamicin (100 mg/ml, Sigma

Aldrich, G1397) for 10 min to remove any extracellular bacteria

and extensively washed. The cells were then left for 10 min or 4h

and then lysed to evaluate the number of CFUs. The lysis was

performed with a solution 0.2% Triton x-100 (Biorad, Milan, Italy

1610407) and then, plated in agar petri dish and left overnight at 37°

C. The number of CFUs after 10 minutes indicated the

internalization of PAO-1 in BMDMs, while at 4 hours CFUs were

analyzed to evaluate the clearance percentage. The effective

intracellular PAO-1 clearance by BMDMs, was determined by

calculating the percentage of living bacteria after 4 h of culture

with respect to the total amount of internalized bacteria. DF mice

were infected with PAO-1 or vehicle for 4 hours and then sacrificed.

1ml PBS was used for homogenization of isolated lung. Dilutions

1:10 and 1:100 were performed and 100 ml of appropriately serial

diluted lung homogenates samples was plated in agar Petri dish for

overnight incubation at 37°C. Living PAO-1 bacteria were

enumerated after 4h of infection expressed as number of CFUs.
Protein extraction and dosage

Cell extracts were obtained by collecting the medium from the

flasks, washing the cells twice with PBS, detaching them with

trypsin, and then blocking with the previously collected medium.

The cells were subsequently centrifuged at 1400 rpm for 8 min and

28 the pellet was washed with PBS and centrifuged again, twice. The

pellet was subsequently resuspended in Lysis buffer (20 mM Tris-

HCl pH 7.4, 150 mM NaCl, 1% Triton X-100), containing the

protease inhibitors, to lysate the cells. The cell lysate was kept on ice

for 30 min and then sonicated for 6 seconds. The tumours explanted

from mice, were homogenized in a buffer containing: 50 mM Tris-

HCl pH 7.4, 50 mM NaCl, 1% Triton X-100, 10% glycerol, 320 mM

sucrose and protease inhibitors. The tissue lysate was centrifugated

at 13000 g and the supernatant recovered. Protein concentration

was measured by the Bradford method using BIO-RAD PROTEIN

ASSAY solution (Biorad); The required amount of protein was

prepared by adding NuPAGE LDS 35 Sample Buffer 4X (Thermo

Fisher Scientific) with b- Mercaptoethanol (2.86M); then the

sample was denatured at 95° C for 10 min.
Western blotting

The protein extracts were separated on SDS-polyacrylamide

gel.Electrophoretic running was performed at constant 120 V with a
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running buffer containing 25 mM Tris-base, 192 mM Glycine, 0.1%

SDS. Then, the proteins were transferred to a 0.2 mm thick

nitrocellulose membrane (Protran) by electrophoresis at 300 mA

for 1h 30 min in a buffer consisting of 25 mM Tris-Base, 192 mM

glycine and 20% methanol. The non-specific membrane binding

sites were blocked with lyophilized milk or bovine serum albumin

(BSA; Sigma), dissolved at 5% in T-PBS (PBS + 0.05% Tween20),

for 1 h at room temperature. The membranes were then incubated

with primary antibodies (diluted in a 1% milk or BSA solution in T-

PBS) overnight at 4°C or for 2 hours at room temperature. After

incubation, the nitrocellulose membrane was washed 3 times for

10 min with T-PBS. Subsequently, it was incubated for 1 h with the

secondary antibody, diluted 1: 5000 (Biorad) in the 1% milk or BSA

solution, and then washed again three times with T-PBS. Finally, the

proteins, bound by the antibody, were detected by incubating the

membrane with a chemiluminescent ECL solution (Millipore) and

using the Imager 600 machine (Amersham).
Antibodies

Primary antibodies used: Anti-IRF3 (D83B9) Cat# 4302 (Cell

Signaling); anti-phospho- IRF3 (Ser396) (D601M) Cat#29047 (Cell

Signaling); anti-STAT1 (D1K9Y) Cat# 14994 (Cell Signaling); anti-

phospho-STAT1 (Tyr701) (58D6) Cat#9167 (Cell Signaling): anti-

STING (D2P2F) Cat# 13647 (Cell Singaling); anti-TBK1/NAK

(D1B4) Cat#3504 (Cell Signaling); anti-phospho-TBK1/NAK

(Ser172) (D52C2) Cat#5483 (Cell Signaling); Anti-Actin (Sigma).
RNA extraction and dosage

To extract RNA from BMDMs, collected cells were lysed in

Trizol reagent (Invitrogen, Carlsbad, CA) and total RNA was

extracted using Direct-ZolTM RNA MiniPrep Plus according to

the manufacturer’s instructions. The same procedure was followed

for explanted lungs, 30 mg of tissue were used for RNA extraction.
RT- PCR

2 mg of RNA was reverse transcribed by using SensiFASTTM

cDNA Synthesis Kit (Bioline) following the manufactories

instructions and used in quantitative RT–PCR (q-RT PCR)

experiment. A no reverse transcriptase control (NRT) was used as

a negative control to assess eventual amount of DNA contamination

present in the RNA preparation.
Real time PCR

The cDNA obtained from the RT-PCR was amplified by Real

time PCR, using specific primers.

-Mo u s e A c t i n r e l a t e d p r im e r s : F o r w a r d ( 5 ’ -

GGCTGTATTCCCCTCCATCG - 3 ’ ) , R e v e r s e ( 3 ’ -

CCAGTTGGTAACAATGCCATGT-5’)
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-Mou s e I FN -b r e l a t e d p r ime r s : F o rwa r d : ( 5 ′ ‐
TCCGAGCAGAGATCTTCAGGAA ‐3 ′ ) , Reverse : (3 ′ ‐
TGCAACCACCACTCATTCTGAG-5’)

-Human Ac t i n r e l a t e d p r ime r s : F o rw a r d : ( 5 ’ -

A G C G G G A A A T C G T G C G T G - 3 ’ ) , R e v e r s e ( 5 ’ -

CAGGGTACATGGTGGTGCC-3’)

-Human I FN-b r e l a t e d p r im e r s : F o rwa r d ( 5 ’ -

TGGGAGGCTTGAATACTGCCTCAA-3 ’) , Reverse (5 ’-

TCTCATAGATGGTCAATGCGGCGT-3’)

SensiFASTTM SYBR Hi-ROX Kit (Bioline) was used following

manufacturer’s instructions. Thermocycling consisted of an initial

polymerase activation step at 98°C for 5 min, and amplification was

performed with 35 cycles of 95°C for 15 s, 68°C for 10 s and 72°C for

20 s with data acquisition at this stage and the reaction finished by

the built‐in melt curve. The relative amounts of mRNA were

calculated by using the comparative Ct method.
Cytokine detection

Supernatants from PAO-1-infected BMDM cultures and

homogenates lung tissue from mice were collected and the IFN-b
protein expression was evaluated by the mouse IFN-b ELISA kit

(Thermo Fisher 424001) according to the manufacturer’s protocol.
Statistical analysis

GraphPad was used for statistical analysis. ImageJ64 software

was used for densitometric analysis. Statistical significance was

determined using the Student’s t‐test or one‐way ANOVA test. P‐

value smaller than 0.05 (P < 0.05) was considered to be significant.
Results

The STING pathway is impaired in
DF BMDMs

Recently we demonstrated that macrophages isolated from TG2

knockout mice displayed an upregulation of the cGAS/STING/TBK1

pathway, the main innate immunity routes involved in the early

defence against bacterial infections (20). Considering that TG2

activity is upregulated in CF and that the enzyme negatively affects

the STING signaling, we questioned whether CF mice could display a

derangement in immune response contributing to bacteria

colonization. To this aim, we infected primary BMDMs from WT

and DF mice with Pseudomonas Aeruginosa PAO-1 strain, evaluating

the effect of the infection after 4 and 6 hours. Firstly, we evaluated

TBK1 and IRF3 in WT and DF BMDMs, and we did not find

alterations in the protein levels among these cells (Figure 1A).

Moreover, Figure 1A shows that 4 hours of infection is the optimal

time to induce massive IRF3 phosphorylation at Serine 396, which is

used as a marker of the STING pathway activation (28). Interestingly,

we found that DF BMDMs showed a significant decreased in the p-

IRF3 levels with respect to WT BMDMs, suggesting an impairment of
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the cGAS/STING axis in the CF condition (Figures 1A, B). In order to

confirm the deficient activation of the pathway in DF, we analyzed the

mRNA expression levels of the IFN-b produced by the BMDMs in

response to PAO-1 infection (Figure 1C). The Real time PCR indicated

that after 4 hours of infection the IFN-b expression was significantly

reduced in DF BMDMs compared to WT. Hence, these results suggest

that the DF mutation leads to an impairment in the cGAS/STING

pathway activation, possibly due to upregulation of the TG2 activity
Frontiers in Immunology 05
reported in CF disease (17, 29). Cysteamine is a known TG2 inhibitor

capable of restoring a functional CFTR in DF BMDMs and it is

endowed with bactericidal activity against PAO-1 (7). Thus, we

questioned if cysteamine could also engage the cGAS/STING

pathway stimulation. To this aim, WT, heterozygous (HE) and

homozygous DF BMDMs were treated with cysteamine followed by

4 hours of exposure to PAO-1 infection. Interestingly, our data show

that p-TBK1 and p-IRF3 levels were already decreased in heterozygous
A B

D

E F

G

C

FIGURE 1

cGAS/STING pathway is downregulated in DF BMDMs (A) Western blot analysis of TBK1, IRF3 and p-IRF3 expression levels in WT and DF BMDMs after
4h and 6h infection with Pseudomonas aeruginosa strain (PAO-1). Actin was used as loading control. (B) Densitometric analysis showing p-IRF3 and
actin expression levels in BMDMs following PAO-1 infection (n=3; means ± SEM; ***p<0.001). (C) IFN-b mRNA levels, quantified by qPCR, in BMDMs
obtained from WT and DF mice after 4h and 6h infection with PAO-1, normalized to the mRNA levels of actin. (n=3; means ± SEM; ***p<0.001). (D)
Western blot analysis of TBK1 and IRF3, and their phosphorylated forms, with their respective densitometric analysis (E, F), in PAO-1 infected WT, HE
and DF BMDMs following overnight cysteamine treatment. Actin was used to normalize protein loading levels. (n=3; means ± SEM; *p<0.05;
***p<0.001). (G) IFN-b mRNA expression levels, quantified by qPCR, in BMDMs treated with cysteamine, and infected with PAO-1 for 4h. Actin mRNA
levels were used to normalize IFN-b mRNA levels. (n=3; means ± SEM; **p<0.01; ***p<0.001).
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(HE) and more evidently in the DF genotypes, showing that the

mutation in only one allele leads to the STING pathway

downregulation (Figures 1D–F). Moreover, Figures 1D-F display that

cysteamine treatment did not promote changes in the protein

phosphorylation levels of TBK1 and IRF3, indicating that the drug is

not able to affect the STING pathway. However, being cysteamine able

to evoke protection against invading pathogens, we verified if the drug

could modulate the IFN-b expression. In Figure 1G we showed an

increase in INF-b production in WT compared to DF BMDMs,

confirming our previous results. In addition, we observed that HE

BMDMs displayed an intermediate IFN-b expression with the respect

toWT and DF cells indicating that the functional CFTR protein plays a

key unknown role in the IFN response. Interestingly, after cysteamine

administration DF BMDMs showed an increase of INF-b expression,

while the cytokine production was decreased in WT BMDMs. Taken

together, these results indicate that cysteamine is able to modulate the

IFN-b expression in a STING pathway independent way.
2’, 3’ cGAMP restores the STING pathway
ex vivo

Prompted by the above reported data showing the presence of a

defective cGAS/STING/TBK1/IFN-b pathway in DF BMDMs we

verified whether the direct stimulation of the cGAS/STING by the

2’,3’cGAMP agonist was able to rescue the IFN-b production. To

this aim, WT and DF cells were treated with 2’, 3’ cGAMP followed

by PAO-1 infection. As shown in Figures 2A-D 2’, 3’ cGAMP was

able to increase TBK1 and IRF3 phosphorylation in DF BMDMs,

thus restoring the STING pathway activation. Subsequently, we

analyzed the IFN-b mRNA expression in PAO-1 infected BMDMs,

upon the direct STING pathway stimulation. We compared IFN-b
expression induced by the STING agonists to the one evoked by

cysteamine treatment. Figure 2E shows that the treatment with 2’, 3’

cGAMP is able to markedly enhance the IFN-b levels compared to

those induced without STING agonists, both in WT and DF
BMDMs, indicating a functional re-establishment of the cGAS/

STING axis in CF cells. Interestingly, 2’, 3’ cGAMP boosted

significantly IFN-b expression in DF up to fifty folds more than

cysteamine treatment. It has been shown that CF mice display a

defective bacterial internalization and a consequent impairment in

the clearance process (30). Being cysteamine able to enhance

bacterial clearance (31), we analyzed whether the 2’,3’ cGAMP

could mediate the same effect. To this aim, we evaluated PAO-1

internalization at early time, followed by clearance analysis,

expressed as number of CFUs. The results in Figures 2F-H show

that 2’, 3’ cGAMP treatment is effective to improve internalization

and clearance of PAO-1 by BMDMs of CF mice, indicating that the

stimulation of STING pathway increases the ability of DF
macrophages to reduce bacterial proliferation. However, to assess

if the STING/IFN-b axis is crucial for bacterial clearance, we treated

WT and DF BMDM with the selective STING inhibitor H-151. As

shown in Supplementary Figures 1A-C, H-151 was able to shut

down both IRF3 phosphorylation and IFN-b levels upon 2’, 3’

cGAMP stimulation. Interestingly, the inhibition of the STING

pathway turned out in a marked reduction of PAO-1 internalization
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and clearance in DF BMDM, confirming that the stimulation of the

STING/IFN-b axis is necessary in CF condition to solve the

infection (Supplementary Figures 1D–F). Afterward, we verified

whether the defective STING axis could be a common feature of the

human peripheral blood mononuclear cells (PBMCs) obtained from

CF patients. In fact, they consist of lymphocytes and monocytes that

are highly responsive upon infection (32, 33). Thus, PBMCs were

isolated from CF patients carrying DF mutation, and healthy

volunteers, and then infected with PAO-1 for 2h. 2’,3’ cGAMP

treatment was performed for 1h in order to stimulates the STING

pathway. Figure 2I shows that DF PBMCs display a reduced IFN-b
response following PAO-1 infection, compared toWT. As expected,

the 2’,3’ cGAMP stimulation led to enhanced IFN-b expression in

DF cells. This result indicates that the alteration of the STING

pathway occurs not only in murine BMDMs, but also in human

PBMCs, and that the stimulation with 2’3’ cGAMP is able to

increase the IFN-b expression in CF patients derived cells.
The STING agonist stimulates autophagy in
DF BMDMs

It has been reported that the impaired bacterial handling by

macrophages is a key feature of CF airways, caused by defective

autophagy (30). Thus, we wanted to understand whether restoring

the cGAS/STING axis activity, due to the administration of 2’,3’

cGAMP, could also lead to a re-establishment of the autophagy in

DF BMDMs. To this aim, BMDMs from WT and DF mice were

infected with PAO-1 and treated with 2’,3’ cGAMP. Figure 3A

shows that the PAO-1 infection stimulates a robust p62 expression,

indicating the involvement of xenophagy during the infection.

Interestingly, the STING agonist was able to stimulate p62

phosphorylation at serine 403, which is a key marker of

autophagy induction, in both WT and DF BMDMs (Figure 3B).

In addition, we found that 2’,3’ cGAMP promoted LC3I/LC3II

conversion (Figure 3A), not only in WT, but also in CF cells that

displayed a defective autophagy process. In fact, WT cells showed

high LC3II protein levels in basal conditions, which undergo to a

reduction upon infection, indicating a degradation inside the

autophagolysosomes. Instead, the LC3II protein expression was

undetectable in CF BMDMs both in basal condition and upon

infection, confirming the defect in the process. Interestingly, 2,’3’

cGAMP was able to stimulate the LC3II formation, thus promoting

autophagy induction. These results suggest that the rescued

function of DF macrophages upon 2’,3’ cGAMP treatment, could

be mediate by xenophagy, stimulated by the STING pathway.
In vivo administration of 2’, 3’ cGAMP
restores the STING pathway in
infected DF mice

Following the ex vivo results obtained on BMDMs, we decided to

focus on the in vivo system. Hence, we verified whether the defective

STING pathway found in CFmice could be restored following the use

of agonists correlating this to a concomitant reduction in bacterial
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proliferation. WT and DF mice were exposed for 2 hours to 2’, 3’

cGAMP pre-treatment and then intratracheally infected with PAO-1

for 4 hours. Interestingly, histological sections of lungs, from

cGAMP-treated mice, showed normal respiratory epithelium,

comparable to the alveolar epithelia from control mice, indicating
Frontiers in Immunology 07
that the 2’,3’ cGAMP treatment did not result to be harmful for the

mice lung tissue (Supplementary Figure 2). As reported in Figure 4A

p-TBK1 and p-IRF3 proteins were highly expressed in the lungs of

infected mice subjected to 2’, 3’ cGAMP treatment compared to mice

that did not receive the STING agonists. We also analyzed the
A B

D
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C

FIGURE 2

2’,3’ cGAMP restores the STING axis in DF ex vivo models (A) Western blot analysis of TBK1 and IRF3, and their phosphorylated forms (B), with their
respective densitometric analysis (C, D), in PAO-1 infected WT and DF BMDMs, following overnight cysteamine treatment and 2h of 2’,3’ cGAMP
stimulation. Actin was used to normalize protein loading levels. (n=3; means ± SEM; *p<0.05; ***p<0.001). (E) IFN-b mRNA levels, quantified by
qPCR, in WT and DF BMDMs treated with cysteamine and 2’,3’cGAMP. Actin mRNA levels were used to normalize IFN-b mRNA levels (n=3; means ±
SEM; ***p<0.001). (F) PAO-1 internalization at T=10 expressed as number of CFUs. (G) Living PAO-1 after 4 hours expressed as number of CFUs. (H)
Percentage of PAO-1 clearance expressed as living bacteria after 4 hours of culture with respect to internalized bacteria. (n=3; means ± SEM;
***p<0.001). (I) IFN-b mRNA levels, quantified by qPCR, in Human PBMCs from DF (n=4) and healthy donors (HD) (n=4). Cells were stimulated with
2’,3’ cGAMP for 1h and then infected with PAO-1 for 2h. The mRNA levels of IFN-b were normalized to the mRNA levels of actin. (**p<0.01).
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downstream STAT1 phosphorylation which was enhanced in 2’, 3’

cGAMP treated DF mice as well as the IFN-b mRNA levels.

Figures 4B, C clearly shows that the STING axis stimulation with

2’, 3’ cGAMP led to a significant increase in INF-b levels in infected

DFmice. Furthermore, in order to verify whether the enhanced IFN-b
response was strictly correlated with an amelioration in terms of

defense against opportunistic infections, we evaluated the number of

living PAO-1 bacteria in lungs from DF mice subjected to 2’, 3’

cGAMP administration (Figure 4D). In accordance with the above

reported data obtained from ex vivo experiments, upon 2’, 3’ cGAMP

treatment, the number of CFUs were reduced suggesting that the

drug was effective to limit the PAO-1 infection in CF mice airways.

Therefore, these data indicate that the direct STING stimulation, in

vivo, effectively re-establish the activation of the STING axis, which is

compromised in CF, counteracting bacterial proliferation.
Discussion

Cystic fibrosis is a rare genetic disease caused by mutations on

CFTR gene which encodes for a protein that functions as chloride
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ion channel, necessary to maintain correct trans- epithelial fluid

transport. It is an autosomal recessive systemic disorder, having as

main feature chronic respiratory impairment (1, 2, 34). The most

common mutation is F508del-CFTR (DF) which causes misfolding

of the protein and its degradation, with consequent inability to

reach the plasma membrane (1, 3). According to literature, TG2 is

overactivated by the high levels of misfolded proteins, ROS,

increased Ca2+ flux and inflammation present in the epithelial

cells derived from CF patients (15, 16, 18). TG2 is a multifunctional

member of the transglutaminase family of proteins, implicated in

different processes including the We showed that the In fact, CFTR

stability is directly influenced by TG2, promoting the degradation of

the channel by HSF1/HSP70 axis activation (16). Moreover, the

persistent and uncontrolled activity of the enzyme is also related to

high ROS production favoring the proinflammatory and

prooxidative environment characterizing CF (15). CF airways are

characterized by chronic inflammation and recurrent bacterial

infections, mainly caused by Pseudomonas aeruginosa, the major

opportunistic pathogen in the lung. TG2 knockout mice carrying

the DF mutation were more resistant to bacterial infections and

colonization by Pseudomonas aeruginosa PAO-1 strain (16).
A

B

FIGURE 3

The re-establishment of the STING axis promotes autophagy in DF BMDMs (A) Western blot analysis of P62 and LC3I/II in PAO-1 infected WT and DF
BMDMs, following 2h of 2’,3’ cGAMP stimulation. (B) Western blot analysis of p-P62 in PAO-1 infected BMDMs.
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Considering that TG2 activity is upregulated in CF and that the

enzyme negatively affects the STING signaling (20), we questioned

whether CF mice could display a derangement in immune response

contributing to bacteria colonization. Ex vivo experiments carrying

out on BMDMs isolated from DF mice demonstrated, for the first

time, that the mutation is linked to a decreased IRF3
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phosphorylation at Ser 396 resulting in a defective IFN-b
production in response to PAO-1 infection, meaning an

inadequate activation of the pathway. The severity of this defect is

also evidenced by the fact that already the mutation in one allele

induces the STING pathway derangements. In fact, the

phosphorylation levels of TBK1 and IRF3 progressively decreased
A

B DC

FIGURE 4

2’,3’ cGAMP restores the STING axis increasing bacterial removal in DF mice (A) Western blot analysis of IRF3, TBK1, STAT1 and their phosphorylated
forms, with their respective densitometric analysis, in the lungs of WT and DF mice subjected to 2’,3’ cGAMP pre-treatment and to 4h PAO-1
infection. Actin was used as protein loading control. (n=4; means ± SEM; *p<0.05; **p<0.01). (B) IFN-b mRNA levels, quantified by qPCR, in lungs
from PAO-1 infected in WT and DF mice following 2’,3’ cGAMP pre-treatment for 2h and then PAO-1 infected for 4h. The mRNA levels of IFN- b
were normalized to the mRNA levels of actin. (n=4; means ± SEM; *p<0.05). (C) IFN-b protein expression quantified by ELISA, in lungs from PAO-1
infected in WT and DF mice following 2’,3’ cGAMP pre-treatment for 2h and then PAO-1 infected for 4h. (n=4; means ± SEM; *p<0.05; **p<0.01). (D)
Enumeration of living PAO-1 bacteria in lung after 4h of infection expressed as number of CFUs (n=4; means ± SEM; ***p<0.001).
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from WT to heterozygous up to homozygous DF BMDMs.

Moreover, upon stimulation, the heterozygous displayed an

intermediate IFN-b production with respect to WT and DF
BMDMs, suggesting that the fifty percent of the mutated CFTR is

inadequate to trigger a physiological response, but it is sufficient to

avoid the insurgence of the pathology and its related complications.

Future studies must investigate how mutation of the CFTR is

mechanistically linked to the STING pathway impairment. We

also investigated the effects of cysteamine, which acting as

proteostasis regulator, restores functional CFTR at plasma

membrane and induces a reduction of CFUs in PAO-1 infected

DF BMDMs (7). Interestingly, the cysteamine beneficial effects

showed to be independent from the STING pathway, since

treatment on BMDMs failed to induce changes in TBK1 and

IRF3 levels. However, the IFN-b levels were enhanced in the

cysteamine treated DF BMDMs suggesting that the reduction of

CFUs could be possibly linked to IFN-b and the downstream

effectors of the cytokine which are involved in antimicrobial

activity. On the contrary, IFN-b production in the cysteamine

treated WT BMDMs was interestingly reduced, indicating that

the drug acts differentially based on genotype. In fact, cysteamine

is a small molecule that influences cellular redox homeostasis and

oxidative state, which regulates pathways involved in survival and

gene expression (35, 36). Therefore, the opposite effect found could

be linked to the inflammatory state displayed by CF cells, which in

turn leads to a modification of redox state. In CF condition, the

extensive ROS production can affect proteostasis, modifying several

protein functions. In this scenario, cysteamine could interact with

an altered protein network, interfering with the IFN production.

Conversely, in normal condition, the inflammatory environment is

reduced as well as the ROS production, resulting in a different

protein homeostasis compared to CF. Cysteamine can affect in

different ways the transcription of the cytokine resulting in its

decreased expression. Interestingly, To this aim, we showed that the

2’,3’cGAMP was able to rescue the TBK1 as well as IRF3

phosphorylation in the defective DF BMDMs, and this was

correlated with a marked increase of IFN-b expression.

Furthermore, we defined that the DF BMDMs treated with 2’, 3’

cGAMP and infected with PAO-1 display both an enhanced

bacterial internalization and clearance which is paralleled by a It

is important to note that 2’, 3’ cGAMP was able to restore proper

autophagy in CF cells. It is important to note that these, ex vivo,

findings were confirmed in vivo in explanted lungs from PAO-1

infected DF mice. These evidence indicate that cGAMP displays

double beneficial effects on CF by inducing autophagy and

stimulating the innate immunity (37). Importantly, In fact, we

successfully validated the possibility of rescuing the defective

innate immunity STING pathway in PBMCs isolated from

patients carrying the DF mutation. In conclusion, our data

indicate for the first time the DF mutation is associated to a

defective/silent STING pathway, one of key innate immunity

routes against pathogens. However, Our study also demonstrates

that the cGAS/STING pathway in DF mice can be restored by

treatment with agonists and that its activation re-established the
Frontiers in Immunology 10
defences host response against opportunistic infections.

Interestingly, 2’, 3’ cGAMP “per se” is not suitable for prolonged

treatment in patients, due to its hydrolysis by the ENPP1 (38). In

fact, it has a half-life in the range of hours, making it more efficient

just during acute infection. Nevertheless, several analogs of 2’, 3’

cGAMP have been developed, displaying an increased biostability

and they are currently under evaluation for clinical trials (39).

Among these ADUS100 has reached the phase II without negative

indications about its toxicity in vivo. Therefore, the restoration of

the pathway in DF could be exploited as a possible target in the

palliative treatment of the disease, since its correct functioning is

fundamental in counteracting bacterial superinfections, especially

of Pseudomonas Aeruginosa, which compromise cystic fibrosis

patients’ condition and their life expectancy.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

The studies involving human participants were reviewed and

approved by Italian Ministry of Health. Written informed consent

to participate in this study was provided by the participants’ legal

guardian/next of kin. The animal study was reviewed and approved

by Italian Ministry of Health.
Author contributions

LO designed and performed most of the experiments. FR, MD

and MF helped with the experiments. VV and SE performed the

PAO1 infections on BMDMs and PBMCs. AT selected and enrolled

CF patients and Healthy controls. CA performed PAO1 infection

on mice. RN performed the analysis of lungs of histological sections.

MP and LO wrote the paper. VR, GF and MP conceived the project.

All authors contributed to the article and approved the

submitted version.
Funding

This work was supported in part by grants from the AIRC

(IG2018-21880 to MP), Fondazione Fibrosi Cistica (FFC#15/2020

to MP), the Italian Ministry of Health (Ricerca Corrente and

Ricerca Finalizzata), Airalzh-AGYR2020 to FR The authors

acknowledge 5 x mille IRPEF –2019 and RF-2021-12373231 from

the National Institute for Infectious Diseases IRCCS ‘L.

Spallanzani’, Rome, Italy, MUR-PNRR M4C2I1.3 PE6 project

PE00000019 Heal Italia (to MP).
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1093212
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Occhigrossi et al. 10.3389/fimmu.2023.1093212
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
Frontiers in Immunology 11
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.2023.1093212/

full#supplementary-material
References
1. Ratjen F, Döring G. Cystic fibrosis. Lancet (2003) 361(9358):681–9. doi: 10.1016/
S0140-6736(03)12567-6

2. Riordan JR, Rommens JM, Kerem B, Alon N, Rozmahel R, Grzelczak Z, et al.
Identification of the cystic fibrosis gene: cloning and characterization of
complementary DNA [published correction appears in science 1989 sep 29;245
(4925):1437]. Science (1989) 245(4922):1066–73. doi: 10.1126/science.2475911

3. Riordan JR. CFTR function and prospects for therapy. Annu Rev Biochem (2008)
77:701–26. doi: 10.1146/annurev.biochem.75.103004.142532

4. Amaral MD, Kunzelmann K. Molecular targeting of CFTR as a therapeutic
approach to cystic fibrosis [published correction appears in trends pharmacol sci. 2007
sEP;28(9):447. Trends Pharmacol Sci (2007) 28(7):334–41. doi: 10.1016/
j.tips.2007.05.004

5. Amaral MD, Farinha CM. Rescuing mutant CFTR: a multi-task approach to a
better outcomein treating cystic fibrosis. Curr Pharm Des (2013) 19(19):3497–508. doi:
10.2174/13816128113199990318

6. Shteinberg M, Haq IJ, Polineni D, Davies JC. Cystic fibrosis. Lancet (2021) 397
(10290):2195–211. doi: 10.1016/S0140-6736(20)32542-3

7. De Stefano D, Villella VR, Esposito S, Tosco A, Sepe A, De Gregorio F, et al.
Restoration of CFTR function in patients with cystic fibrosis carrying the F508del-CFTR
mutation. Autophagy (2014) 10(11):2053–74. doi: 10.4161/15548627.2014.973737

8. Gentzsch M, Mall MA. Ion channel modulators in cystic fibrosis. Chest (2018)
154(2):383–93. doi: 10.1016/j.chest.2018.04.036

9. O'Sullivan BP, Freedman SD. Cystic fibrosis. Lancet (2009) 373(9678):1891–904.
doi: 10.1016/S0140-6736(09)60327-5

10. Pittman JE, Ferkol TW. The evolution of cystic fibrosis care. Chest (2015) 148
(2):533–42. doi: 10.1378/chest.14-1997

11. Ong T, Marshall SG, Karczeski BA, Sternen DL, Cheng E, Cutting GR. Cystic
fibrosis and congenital absence of the vas deferens. In: MP A, P AM, et al, editors.
GeneReviews®. Seattle: University of Washington (2001).

12. Konstan MW, Pasta DJ, VanDevanter DR, Wagener JS, Morgan WJ. Scientific
advisory group and the investigators and coordinators of ESCF. epidemiologic study of
cystic fibrosis: 25 years of observational research. Pediatr Pulmonol (2021) 56(5):823–36.
doi: 10.1002/ppul.25248

13. Occhigrossi L, D'Eletto M, Barlev N, Rossin F. The multifaceted role of HSF1 in
pathophysiology: Focus on its interplay with TG2. Int J Mol Sci (2021) 22(12):6366. doi:
10.3390/ijms22126366

14. Iismaa SE, Mearns BM, Lorand L, Graham RM. Transglutaminases and disease:
lessons from genetically engineered mouse models and inherited disorders. Physiol Rev
(2009) 89(3):991–1023. doi: 10.1152/physrev.00044.2008

15. Maiuri L, Luciani A, Giardino I, Raia V, Villella VR, D'Apolito M, et al. Tissue
transglutaminase activation modulates inflammation in cystic fibrosis via PPARgamma
down-regulation. J Immunol (2008) 180(11):7697–705. doi: 10.4049/jimmunol.180.11.7697

16. Rossin F, Villella VR, D'Eletto M, Farrace MG, Esposito S, Ferrari E, et al. TG2
regulates the heat-shock response by the post-translational modification of HSF1.
EMBO Rep (2018) 19(7):e45067. doi: 10.15252/embr.201745067

17. Luciani A, Villella VR, Vasaturo A, Giardino I, Raia V, Pettoello-Mantovani M,
et al. SUMOylation of tissue transglutaminase as link between oxidative stress and
inflammation [published correction appears in J immunol. J Immunol (2009) 183
(4):2775–84. doi: 10.4049/jimmunol.0900993

18. Luciani A, Villella VR, Esposito S, Brunetti-Pierri N, Medina D, Settembre C,
et al. Defective CFTR induces aggresome formation and lung inflammation in cystic
fibrosis through ROS-mediated autophagy inhibition. Nat Cell Biol (2010) 12(9):863–
75. doi: 10.1038/ncb2090
19. Rossin F, Costa R, Bordi M, D'Eletto M, Occhigrossi L, Farrace MG, et al.
Transglutaminase type 2 regulates the wnt/b-catenin pathway in vertebrates. Cell Death
Dis (2021) 12(3):249. doi: 10.1038/s41419-021-03485-2

20. Occhigrossi L, Rossin F, D'Eletto M, Farrace MG, Ciccosanti F, Petrone L, et al.
Transglutaminase 2 regulates innate immunity by modulating the STING/TBK1/IRF3
axis. J Immunol (2021) 206(10):2420–9. doi: 10.4049/jimmunol.2001122

21. 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

22. Li X, Shu C, Yi G, Chaton CT, Shelton CL, Diao J, Zuo X, et al. Cyclic GMP-
AMP synthase is activated by double-stranded DNA-induced oligomerization.
Immunity (2013) 39(6):1019–31. doi: 10.1016/j.immuni.2013.10.019

23. 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

24. Ivashkiv LB, Donlin LT. Regulation of type I interferon responses. Nat Rev
Immunol (2014) 14(1):36–49. doi: 10.1038/nri3581

25. Mamane Y, Heylbroeck C, Génin P, Algarté M, Servant MJ, LePage C, et al.
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