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Abstract

Pseudomonas aeruginosa is a frequent cause of hospital-acquired lung infections characterized 

by hyperinflammation, antibiotic resistance, and high morbidity/mortality. Here, we show that 

genetic ablation of one cAMP-phosphodiesterase 4 subtype, PDE4B, is sufficient to protect mice 

from acute lung injury induced by P. aeruginosa infection, as it reduces pulmonary and systemic 

levels of pro-inflammatory cytokines, as well as pulmonary vascular leakage and mortality. 

Surprisingly, despite dampening immune responses, bacterial clearance in lungs of PDE4B-KO 

mice is significantly improved compared to WT controls. In wildtypes, P. aeruginosa infection 

produces high systemic levels of several cytokines, including TNF-α, IL-1β, and IL-6, that act 

as cryogens and render the animals hypothermic. This, in turn, diminishes their ability to clear 

the bacteria. Ablation of PDE4B curbs both the initial production of acute-response cytokines, 

including TNF-α and IL-1β, as well as their downstream signaling, specifically the induction of 

the secondary-response cytokine IL-6. This synergistic action protects PDE4B-KO mice from the 

deleterious effects of the P. aeruginosa-induced cytostorm, while concurrently improving bacterial 

clearance, rather than being immunosuppressive. These effects of PDE4B ablation are contrary 

to those resulting from treatment with PAN-PDE4 inhibitors, which have been shown to increase 

bacterial burden and dissemination. Thus, PDE4B represents a promising therapeutic target in 

settings of P. aeruginosa lung infections.
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1. INTRODUCTION

Pseudomonas aeruginosa (PA) is a leading cause of hospital-acquired lung infections 

such as ventilator-associated pneumonia (VAP)1, 2. Particularly in critically ill or 

immunocompromised patients, pulmonary PA infections often progress to cause severe lung 

injury that is characterized by hyperinflammation and alveolar/vascular barrier dysfunction, 

leading to edema, alveolar flooding, and eventually respiratory distress. In addition, PA 
lung infections are associated with systemic inflammation and injury including sepsis and 

multi-organ dysfunction, such as acute kidney injury or neurologic dysfunctions. Further 

complicating treatment, PA exhibits high rates of antibiotic resistance, for which reason the 

World Health Organization ranked this bacterium 2nd on its list of “Priority Pathogens” in 

2017. Despite significant research efforts, there are few effective treatments and morbidity 

and mortality (~30%) in PA pneumonia patients remain high, underlining an urgent need for 

novel treatment strategies3.

It is well established that inhibitors of Type 4 cyclic nucleotide phosphodiesterases (PDE4s), 

a group of isoenzymes that hydrolyze and inactivate the second messenger cAMP, exert 

broad-spectrum anti-inflammatory properties in humans and animals alike. PDE4 inhibitors 

are currently being developed and/or clinically used as anti-inflammatory therapies for a 

variety of conditions ranging from psoriasis to arthritis, inflammatory bowel disease, or 

neuroinflammation4. PDE4 inhibitors have also shown efficacy in preclinical models of 

acute lung injury, such as after instillation of E.coli lipopolysaccharide (LPS) in mice, 

and are pursued as treatments for other inflammatory lung diseases, including asthma and 

COPD5, 6. However, the clinical success of PDE4 inhibitors has been somewhat muted 

due to a narrow therapeutic window, defined by nausea and emesis as the most common 

side effects, that is characteristic for this class of drugs5, 7. The PDE4 family comprises 

four genes, PDE4A to PDE4D, and each is expressed as multiple protein variants8. Genetic 

ablation of each of the four PDE4 subtypes in mice, or their siRNA-mediated knockdown 

in cells, produces distinct phenotypes, suggesting that individual PDE4s serve unique and 

non-overlapping molecular, cellular and physiological functions. Thus, targeting individual 

PDE4 subtypes is a promising approach to separate the therapeutically beneficial from 

the side effects of the non-selective PDE4 inhibitors available to date5, 7, 9. Ablation of 

PDE4B, specifically the PDE4B splicing variant PDE4B2, impairs production of several 

inflammatory cytokines including TNF-α (in LPS models) or TH2-cytokines (in asthma 

models) 10–13, and may thereby reduce pulmonary and/or systemic injury. Thus, PDE4B2 is 

thought to be a primary target by which PAN-PDE4 inhibitors reduce inflammation. Here, 

we tested whether the anti-inflammatory benefits reported in non-infectious and/or sterile 

models of lung inflammation are retained in a model of severe acute lung injury induced 

by infection with a live bacterial pathogen. Given the persistent antibiotic resistance of PA, 
we specifically aimed to determine whether dampening the body’s immune responses via 
PDE4B inactivation would affect bacterial load and/or survival in the absence of antibiotic 
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treatment. We find that in wildtype cells or animals, PDE4B expression is upregulated in 

response to the detection of the bacterial pathogen (e.g. LPS/TLR4) and, independently, in 

response to the presence of acute-response cytokines, such as TNF-α and IL-1β. PDE4B 

induction, in turn, removes the negative constraint of cellular cAMP signaling on the 

hyper-production of pro-inflammatory cytokines, thus facilitating a PA-induced cytostorm. 

Conversely, preventing PA- and/or cytokine-induced PDE4B expression by genetic ablation 

in mice, or siRNA-mediated PDE4B knockdown in cell culture, alleviates the synergistic 

production of primary and secondary response cytokines, and protects mice from acute 

lung injury. Despite dampening the host innate immune response, PDE4B deficiency 

improves bacterial clearance in mice for two reasons: (1) the hyper-elevated levels of 

proinflammatory cytokines induced by PA infection, classically defined as the cytostorm, 

are actually unnecessary to generate an effective immune response, such as the recruitment 

and activation of immune cells to/at the site of infection; and (2) the hyper-elevated levels 

of cytokines do, however, significantly impair bacterial clearance, because they moonlight 

as cryogens and induce substantial hypothermia in the animals. Taken together, this study 

identifies PDE4B as a suitable therapeutic target for PA-induced lung injury.

2. MATERIALS AND METHODS

2.1. Animals

PDE4B knockout mice10 were generated by Drs. S.-L. Catherine Jin and Marco Conti 

(Stanford University, CA) and kindly distributed via the Mutant Mouse Resource and 

Research Centers (MMRRC) of the University of California at Davis. The mice were 

maintained on a C57BL/6 background by Het/Het breeding and PDE4B knockout mice are 

compared to their wildtype littermates. The genotypes of the mice were assessed twice by 

PCR (the first time prior to weaning; the second time, using a new tissue sample for DNA 

isolation, after the animal was used in an experiment and euthanized) using the following 

three primers: 1. Wildtype forward primer: 5’-CAAGTCCTTGGAATTGTATCG-3’; 2. 

Knock-out forward primer: 5’-CTAAAGCGCATGCTCCAGACTG-3’; 3. Common reverse 

primer: 5’-GCCCATGAATTAAACAGCAG-3’ (see Supplementary Fig. S1A). In line 

with prior reports revealing a role of PDE4B that is restricted to specific subcellular 

compartments (or microdomains of cAMP signaling)14–16, ablation of PDE4B does not 

produce a significant increase in global, baseline cAMP levels (Supplementary Fig. S1C), 

nor trigger compensatory changes in the expression of other PDE4 subtypes (Supplementary 

Fig. S1B), in lung tissue. The animals were group-housed four mice per cage with ad 
libitum access to food and water and were maintained in a temperature-controlled (22–

23°C) vivarium with a 12-h light/dark cycle. Adult mice ≥10 weeks of age and of either 

sex were used for experimentation by dividing cage littermates into experimental groups. 

Experimenters were blinded to the genotype of the animals and the treatments they received 

until data acquisition and analyses were completed. All experiments and procedures were 

conducted in accordance with the guidelines described in the Guide for the Care and Use of 

Laboratory Animals (National Institutes of Health, Bethesda, MD, USA) and were approved 

by the University of South Alabama Institutional Animal Care and Use Committee.
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2.2. Infection of mice with Pseudomonas aeruginosa, bronchoalveolar lavage, blood and 
lung collection, and determination of bacterial load

Pseudomonas aeruginosa (PA) strain PA01 was a gift from Dr. Cindy Tran (University of 

California San Francisco, CA). The bacteria were grown on Luria Bertani agar overnight 

and subsequently suspended in PBS. An inoculum of 5×106 CFU in 50 μl of PBS was 

used for intranasal infection of mice under isoflurane anesthesia as described17. Mice were 

euthanized 16 hours post infection with an overdose of pentobarbital followed by cardiac 

puncture, broncho-alveolar lavage (BAL), extraction of the right lung, and formalin-fixation 

and extraction of the left lung. Blood from cardiac punctures was collected in serum 

separator tubes (Becton/Dickinson, Franklin Lakes, NJ), the serum was separated following 

the manufacturer’s instructions, and the resulting serum samples were frozen at −80°C until 

measurement of cytokine levels. Broncho-alveolar lavage fluid (BALF) was collected by 

flushing the lungs three times each with 0.8 ml of PBS containing 2% bovine serum albumin 

(BSA) and a protease inhibitor cocktail (Complete inhibitor cocktail, Roche, Mannheim, 

Germany). After removal of a 200 μl aliquot of the original BALF to determine bacterial 

titers, BALF samples were then centrifuged at 400 × g and the supernatants were stored 

at −80°C until measurement of cytokine levels. The BALF cell pellets were processed for 

cell count and flow cytometry as described below. The right lung lobes were extracted and 

homogenized in 1 ml of PBS containing protease inhibitors (Complete inhibitor cocktail, 

Roche, Mannheim, Germany) using a Dounce glass homogenizer. After removal of a 200 μl 

aliquot to determine bacterial titers, the remaining lung homogenates were frozen at −80°C 

until measurement of cytokine levels. The left lung lobes were inflation-fixed, extracted, and 

submerged in 10% neutral buffered formalin (ThermoFisher Scientific, Waltham, MA) until 

processing. Fixed lungs were embedded in paraffin, sectioned, and stained with hematoxylin 

and eosin (H&E). To determine bacterial titers in BALF or lung homogenate, serial dilutions 

of these samples were spread on Luria Bertani agar plates and the number of bacterial 

colonies was counted the next day following overnight incubation of the plates at 37°C.

2.3. Measurement of core body temperature

Body temperature was measured using a thermocouple thermometer (MicroTherma 2T) with 

mouse rectal probe (RET-3), both from Braintree Scientific (Braintree, MA).

2.4. Flow cytometry analysis of immune cell types in BAL fluid

BALF cells were collected via a 10-minute centrifugation at 400 × g. After removal of 

the BALF supernatant, cells were resuspended in 100 μl of ice-cold lysis buffer (150 mM 

NH4Cl, 10 mM KHCO3, 0.1 mM EDTA, pH 7.2) for 5 min on ice to lyse red blood 

cells, followed by addition of 2 ml of ice-cold PBS. After centrifugation (10 minutes at 

400 × g), supernatants were aspirated, and cells were suspended in 100 μl PBS and total 

BALF cell count was determined using a hemocytometer. BALF cells were washed once 

more with PBS and immune cell populations stained using an antibody cocktail comprised 

of a standard panel of immunophenotyping antibodies including Fc receptor Block and 

antibodies against CD45, CD11b, Gr1, CD11c, and SiglecF as described previously18, 19. 

Splenocytes were used for compensation controls. Please see Supplementary Figure S2 for 

a list of the clones, fluorochromes and manufacturers for antibodies used to stain BALF 
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cells or compensation controls. Population frequencies were obtained by flow cytometry 

using FACSCanto II and subsequent analysis with FlowJo (BD Biosciences, San Jose, 

CA), and immune cell populations were enumerated using total cell count in BALF. All 

immune cell populations were gated as CD45 positive. Neutrophils were identified as Gr1 

and CD11b double positive, alveolar macrophages were identified as CD11c and SiglecF 

double positive, and eosinophils were identified as SiglecF positive and CD11c negative (see 

Supplementary Fig. S3 for an illustration of the gating approach).

2.5. Lung histopathology

Lung histopathologic scoring was performed on coded lung sections by a pathologist 

blinded to sample identities by assessing luminal and peri-bronchial inflammation, the 

number of micro-abscesses (if present), as well as perivascular, interstitial, and alveolar 

inflammation, as well as pleural thickening. To obtain the luminal and peri-bronchial 

scores, the airways present in the section were counted and each given an injury score 

between 0 (least injury) and 3 (severe); the final score represents the average of all 

airways in the section. Perivascular, interstitial and alveolar inflammation, as well as pleural 

thickening, were scored similarly by counting and scoring inflamed vessels in the lung 

section (perivascular) or evaluating inflammation and injury in individual sections with a 

score between 0 (least) and 3 (worst). Micro-abscesses (clusters of neutrophils in the lung 

parenchyma) were counted in each lung section and were assigned a score between 0 and 3 

as follows: Score 0 = no micro-abscesses; Score 1 = 1–10 micro-abscesses; Score 2 = 11–20 

micro-abscesses; Score 3 = 21–30 micro-abscesses. Final scores were obtained by adding 

scores of individual categories.

2.6. Survival Study and Humane Endpoints

To determine the effect of PDE4B ablation on mortality after intranasal PA01 infection, 

the animals’ weight and general health were assessed by an experimenter blinded to the 

genotype of the mice three times a day (7 am, 1 pm and 7 pm) for the first four days post 

infection, and at least once a day (1 pm) on days five to seven after infection. Pre-defined 

humane endpoints warranting euthanasia were a >30% reduction in initial body weight, 

immobility, shaking, loss of equilibrium, or as determined by veterinary staff. We should 

note that this model produces a characteristic phenotype dubbed spinning20, or rolling, in 

which the animal initially presents with a sideways head tilt (see Supplementary Fig. S4), 

which routinely progresses within a few hours to an increasing and eventually complete loss 

of balance/equilibrium, and eventually death (likely accelerated by the animal’s inability 

to eat/drink due to its head tilt/imbalance) within a few hours. Hence, mice found with 

significant head tilt/imbalance were euthanized (humane endpoint = loss of equilibrium) and 

counted as non-survivors.

2.7. Assessment of lung vascular permeability using Evans Blue Dye extravasation

16 h after intranasal infection with PA01, a sterile-filtered Evans Blue Dye (EBD) solution 

comprising 0.4% EBD (Acros Organics #195550050) and 4% w/v BSA in PBS was 

administered via the lateral tail vein at a dose of 20 mg/kg. 1 h later, mice were sacrificed by 

EUTHASOL® Euthanasia Solution (Patterson Veterinary, Greeley, CO) injection and lungs 

were perfused free of blood via the right ventricle using 10 ml of sterile PBS. The left 
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lung was excised, weighed, and subsequently suspended in 1 ml formamide and incubated 

at 55°C for 18 h to extract the EBD. The EBD concentration in the tissue extract was then 

measured based on the optical density of the EBD/formamide solution at 620 nm against a 

standard curve and calculated as the ratio of total EBD over wet weight of the lung tissue.

2.8. Cytokines, ELISA and Western blotting

Cytokine levels in BAL fluid, lung homogenates, and serum were measured using 

ELISA kits for mouse TNF-α (#7324), IL-1β (#7013), and IL-6 (#7064) from 

ThermoFisher Scientific (Waltham, MA) or for KC (#DY453) from R&D Systems/

BioTechne (Minneapolis, MN). Myeloperoxidase (MPO) levels were measured using an 

ELISA (#DY3667) from R&D Systems/BioTechne (Minneapolis, MN). Recombinant mouse 

TNF-α (#Z02918) and IL-1β (#Z02988) were obtained from GenScript (Piscataway, NJ). 

Serum cytokines were measured using the LEGENDPlex bead array (Mouse inflammation 

panel, #740150; Biolegend, San Diego, CA) according to the manufacturer’s protocol. 

Antibodies against PDE4B (#SC25812) and β-actin (#SC477778) were from Santa Cruz 

Biotechnology (Santa Cruz, CA), the antibody against PDE4A from Pierce Biotechnology, 

Waltham, MA (#PA1–31131), and antibodies against PDE4D from Sigma-Aldrich, St. 

Louis, MO (#SAB1100525; immunoprecipitation) and Abcam, Waltham, MA (#ab171750; 

immunoblotting).

2.9. Mammalian cell culture, treatment, and siRNA-mediated knockdown

Immortalized mouse embryonic fibroblast (MEF) cells were a kind gift from Dr. Alan 

C. Sartorelli (Yale University School of Medicine, New Haven, CT) and the murine 

macrophage cell line (RAW 264.7) was obtained from ATCC (American Type Culture 

Collection, Manassas, VA). Cells were maintained in Dulbecco’s Modified Eagle Medium 

(DMEM) containing 10% fetal bovine serum, 30 μg/ml penicillin, and 100 μg/ml 

streptomycin at 37°C under 5% carbon dioxide. For experiments, cells were generally 

passaged into 12-well plates at 100,000 (MEFs) or 200,000 (RAW264.7) cells/well and the 

near-confluent cultures were used two days later for cell treatments and subsequent harvest.

To induce siRNA-mediated knockdown, MEFs and RAW 264.7 cells were reverse­

transfected using Lipofectamine RNAi-MAX (Thermo Fisher Scientific, Waltham, MA) 

following the manufacturer’s instructions. In short, first, the siRNA and transfection reagent 

complexes were prepared in Opti-MEM reduced-serum medium (Thermo Fisher Scientific, 

Waltham, MA) in 12-well plates and incubated for 20 min at room temperature, after 

which cells and complete media were added on top. The siRNA against PDE4B (5′- 

CAAUGUGGCUGGGUACUCAtt-3′; #PDSIRNA2D SASI_Mm01_00054410) as well as 

the control-siRNA (#SIC001, siRNA Universal Negative Control #1) were obtained from 

Sigma-Aldrich (St. Louis, MO). Two days after cell seeding/transfection, cells were washed 

once with phosphate-buffered saline (PBS) and then maintained in 500 μl of serum-free 

DMEM. Cells were then treated with P. aeruginosa lipopolysaccharide (PA-LPS), TNF-α, 

IL-1β, or a combination of TNF-α and IL-1β at the concentrations indicated, and media was 

collected 6 h later to measure levels of released cytokines, whereas the cells were harvested 

to measure protein content or perform Western blotting.
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2.10. Immunoprecipitation (IP) and PDE activity assay

Tissues were homogenized in buffer containing 20 mM HEPES (pH 7.4), 1 mM EDTA, 0.2 

mM EGTA, 150 mM NaCl, 20% sucrose, 1 μM microcystin-LR, complete protease inhibitor 

cocktail (Roche Diagnostics, Indianapolis, IN, USA), and 1% Triton X-100. After a 30-min 

rotation at 4°C, cell debris was pelleted with a 10-min centrifugation at 20,000 × g, and 

equal amounts of protein of the resulting extracts were subjected to IP using 30 μl Protein 

G Sepharose and 2 μg of PDE4B antibody (#SC25812, Santa Cruz Biotechnology, Santa 

Cruz, CA) or normal rabbit IgG as a control. After incubation for 3 h at 4°C, the resin 

was washed 3 times and proteins recovered in the IP pellets were detected by PDE activity 

assay as described previously21, with minor modifications. In short, samples were assayed 

in a reaction mixture of 200 μl containing 40 mM Tris/HCl (pH 7.4), 10 mM MgCl2, 1.34 

mM 2-mercaptoethanol, 1 μM cAMP, and 0.1 μCi [3H]cAMP (Perkin Elmer, Waltham, MA) 

for 20 min at 37°C followed by heat inactivation in a boiling water bath for 1 min. The 

PDE reaction product, 5’-AMP, was then hydrolyzed by incubation of the assay mixture 

with 50 μg of Crotalus atrox snake venom (Sigma-Aldrich, St. Louis, MO) for 20 min at 

37°C, and the resulting adenosine was separated by anion-exchange chromatography on 1 

ml of AG1-X8 resin (Bio-Rad Laboratories, Hercules, CA) and quantitated by scintillation 

counting.

2.11. Statistical analysis

Unless indicated otherwise, data are expressed as the mean ± SEM. The Mann-Whitney 

test was used to compare means of two groups in animal experimentation. One-way 

ANOVA was used for the analysis of cell culture experiments, and 2-way ANOVA with 

Tukey’s multiple comparison test was used for analyses of time-courses. Kaplan-Meier 

survival curves were compared using Mantel-Cox log-rank test. Differences were considered 

significant if p<0.05. Analyses were performed using Prism 8 software (GraphPad Software, 

San Diego, CA).

3. RESULTS

3.1. Ablation of PDE4B protects from Pseudomonas aeruginosa (PA)-induced 
inflammation and lung injury in mice.

To assess the role of PDE4B in PA-induced acute lung injury, PDE4B-knockout (4BKO) 

mice and wildtype (4BWT) littermate controls were infected intranasally with 5×106 CFU 

of the PA lab strain PA01, a dose that produces ~50% of 7-day mortality in this model17. 

Sixteen hours later, the animals were subjected to broncho alveolar lavage (BAL), the 

right lung was extracted and homogenized to determine cytokine levels, bacterial load 

and PDE4B activity, whereas the left lung was inflation-fixed and processed for tissue 

sectioning. As shown in Fig. 1A/B and Supplementary Fig. S6, infection with PA01 
induces inflammation throughout all segments of the lung including luminal, peri-bronchial, 

perivascular, parenchymal and alveolar spaces. Exposure of cells to pathogen-associated 

molecular patterns (PAMPs), such as E. coli-LPS, has been shown to induce PDE4B 

expression in response to TLR4 activation10. Similarly, infection with PA01 increases 

PDE4B activity in the lungs of WT mice (Supplementary Fig. S5). Genetic ablation 

of PDE4B exerted several protective effects in the animals, including reduced lung 
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inflammation, as determined by histopathologic scoring of lung sections (Fig. 1B), an effect 

that was mainly driven by a reduction in luminal, interstitial and alveolar inflammation, and 

a reduction in the number of abscesses representing neutrophil clusters observed throughout 

the lung parenchyma (please see Supplementary Fig. S6). Ablation of PDE4B in mice was 

associated with a significant reduction of several pro-inflammatory cytokines, including 

TNF-α, IL-1β, IL-6, and KC, in broncho-alveolar lavage fluid (BALF) (Fig. 1C–F) and/or 

right lung tissue homogenates (Supplementary Fig. S7) of PA01-infected animals. Lung 

infection with PA01 also associates with significant systemic inflammation, as indicated by 

increased levels of pro-inflammatory cytokines in the serum of infected animals. However, 

mice deficient in PDE4B exhibited reduced systemic inflammation as indicated by reduced 

levels of pro-inflammatory cytokines, including TNF-α and IL-6, in serum (Supplementary 

Fig. S8). Bacterial lung infection is well established to induce airway neutrophilia, and this 

is reflected by a substantial increase in the number of neutrophils in BALF of PA01-infected 

mice. Interestingly, despite the reduction in the levels of pro-inflammatory cytokines that 

mediate activation and chemotactic migration of circulating immune cells into the lung (Fig. 

1C–F), the total number of leukocytes, as well as the number or frequency of immune 

cells, including neutrophils, recruited into the airway of 4BKO mice, was similar to that 

of their WT littermates (Fig. 1G–J and Supplementary Fig. S9). In the same vein, the 

levels of myeloperoxidase (MPO), a measure of neutrophil recruitment and activation, were 

also unchanged in BALF of 4BKO and WT littermates (Fig. 1K). The observation that 

luminal inflammation is reduced in 4BKO mice (Supplementary Fig. S6), whereas the 

number of recovered BALF cells is not (Fig. 1G/H), may suggest that PDE4B ablation 

reduces the number of immune cells that are attached to the airway surface (and not 

recovered by BAL), whereas the number of immune cells moving freely within the airway is 

unaltered. Severe lung infection/inflammation can produce pulmonary vascular dysfunction 

and permeability, leading to edema. To explore the role of PDE4B in this paradigm, we 

assessed the extravasation of Evans Blue Dye (EBD), delivered via tail vein injection at 16 h 

post infection, into the lung parenchyma as a readout of vascular leakage. As shown in Fig. 

1L, PA01-infection induced a significant increase in EBD leakage in WT mice compared 

to uninfected controls, and this effect was alleviated in 4BKO mice. Finally, as shown 

in Fig. 1M, ablation of PDE4B improves the 7-day survival rate of mice upon intranasal 

PA01-infection. Taken together, these data suggest that genetic ablation of PDE4B in mice is 

effective in ameliorating hyperinflammatory responses, lung injury and mortality upon acute 

P. aeruginosa lung infection.

3.2. Mice deficient in PDE4B exhibit improved bacterial clearance.

For infectious diseases, it is critical that therapeutic approaches which dampen the body’s 

immune response, do not diminish the efficacy of clearance of the pathogen. This is a 

particularly pressing issue for P. aeruginosa lung infections, as this pathogen has evolved 

multiple effector mechanisms to evade immune detection and clearance22, 23, and exhibits 

high rates of multi-drug resistance24. We thus wished to confirm that the observed anti­

inflammatory effects of PDE4B ablation (Fig. 1), do not result in increased bacterial loads 

in the animals, particularly given that such an effect was recently reported in PA01-infected 

mice treated with high doses of the PAN-PDE4 inhibitor Roflumilast17. To this end, the 

number of live bacteria in BALF and lung tissue of 4BWT and 4BKO mice was determined 
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by plating serial dilutions of the samples. Unexpectedly, not only was the bacterial load 

in 4BKO mice not increased, but we observed a significant reduction in the bacterial load 

in lung tissue (Fig. 2A) and BALF (Fig. 2B) of 4BKO mice compared to WT littermate 

controls. This observation prompted a series of experiments to explore why and how PDE4B 

ablation may alleviate immune responses, while at the same time enhancing bacterial 

clearance.

In humans as well as mice, exposure to low levels of pathogens or pathogen-associated 

molecular patterns (PAMPs), such as LPS, induces fever. Conversely, upon exposure to 

high doses of pathogens or PAMPs (such as those that produce mortality), mice develop 

hypothermia, similar to critically ill patients that often cycle through periods of intermittent 

fever and hypothermia25–28. In this context, we noted that WT mice infected with PA01 
underwent substantial hypothermia, starting within 2 h after infection, which reached a 

maximal decrease in body temperature of up to −10°C within 6 h, followed by a slow 

return to baseline body temperature (Supplementary Fig. S10). Intriguingly, compared to 

their WT littermates, mice deficient in PDE4B were less hypothermic throughout the entire 

time course (Fig. 2C and Supplementary Fig. S10).

3.3. Ablation of PDE4B protects mice from PA-induced hypothermia, and thereby 
improves bacterial clearance.

To determine whether improved bacterial clearance in PDE4B-KO mice is causally 

connected to infection-driven hypothermia, and if so, whether improved clearance is a 

cause or a consequence of alleviated hypothermia, we tested whether easing hypothermia 

in mice via external heat would also improve bacterial clearance in mice. To this end, we 

compared immune responses and bacterial clearance in WT mice kept at room temperature 

(RT; ~22°C) to mice whose cages were placed on heating mats set to 33°C immediately 

after PA-infection. Notably, the animals’ behaviors during these experiments suggest that 

hypothermia is a significant stressor on the mice and that the animals attempt to alleviate 

this with heat-seeking behaviors. PA-infected mice kept at ambient temperature (RT) assume 

balled-up postures, thus reducing body surface and associated heat loss, and are consistently 

found in huddles (Fig. 3A, left picture), suggesting they attempt to mitigate hypothermia by 

sharing body heat. Conversely, mice placed on heating mats consistently spread out away 

from each other and appear to flatten out on the cage bottom, thus increasing their surface 

area that is in contact with the heat source - the heating mat underneath the cage bottom 

(Fig. 3A, right picture). Clearly, absorbing external heat through the cage bottom is a more 

effective approach for maintaining body temperature, compared to balling up and huddling, 

and thus predominates the behavioral response of mice on the heat mat. Indeed, the core 

body temperature of mice on heat mats is protected from the substantial hypothermia 

observed in mice kept at RT (Fig. 3B). By limiting hypothermia, external heat significantly 

improved bacterial clearance, as live bacteria in both BALF and lungs of mice placed on 

heat mats were significantly lower than those of mice kept at room temperature (Fig. 3C 

and Supplementary Fig. S11A). In a pattern comparable with the effect of PDE4B ablation, 

the levels of pro-inflammatory cytokines, including TNF-α, IL-1β, IL-6 and KC, were 

significantly reduced in BALF (Fig. 3D–G), lung (Supplementary Fig. S11B–E) and serum 

(Supplementary Fig. S12) of mice placed on heat mats compared to RT controls. Conversely, 
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the number of immune cells in BALF (Fig. 3H), including neutrophils (Supplementary Fig. 

S13), was not reduced by placing mice on 33°C heat mats (if anything, there is a subtle 

increase in the number of BALF cells in mice placed on 33°C heat mats, compared to RT 

controls; Fig. 3H and Supplementary Fig. S13). Finally, placing cages on a 33°C heat mat 

also improved 7-day survival compared to mice kept at RT (Fig. 3I), replicating a phenotype 

reminiscent of the effects of PDE4B ablation.

The experiments above demonstrate that minimizing hypothermia, such as via external 

heating, significantly improves bacterial clearance in PA01-infected mice. This begs the 

question of whether diminished hypothermia is indeed the cause of the improved bacterial 

clearance in PDE4B-KO mice compared to their WT littermates. To test this, both PDE4B­

KO and WT mice were placed on heating mats after PA01-infection. This ablated the 

difference in core body temperatures between the two groups (Fig. 3J). At the same time, we 

no longer observed a significant difference in the bacterial load in BALF (Fig. 3K) and lungs 

(Supplementary Fig. S14) between PDE4B-KO and WT mice, suggesting that the alleviated 

hypothermia in PDE4B-KO mice is the cause of their improved bacterial clearance. In 

line with this idea, under the controlled temperature conditions of in vitro experiments 

(e.g. 37°C), ablation of PDE4B does not affect the efficiency of phagocytosis as shown 

previously29, and does not affect the efficiency of bacterial killing (see Supplementary Fig. 

S15).

3.4. Critical role of pro-inflammatory cytokines acting as cryogens in PA-induced 
hypothermia.

Having established that alleviating hypothermia is responsible for the improved bacterial 

clearance in PDE4B-KO mice, we then wished to explore how ablation of PDE4B mediates 

its effects on hypothermia. A significant number of the cytokines produced during the innate 

immune response, including TNF-α, IL-1β and IL-6, serve not only to recruit immune cells 

to the site of infection and activate them, but also play critical roles in body temperature 

regulation after their release into the systemic circulation. At low levels, these cytokines 

produce fever, whereas at high levels, such as those produced by exposure to high doses 

of LPS and/or bacteria, they have been shown to drive hypothermia25, 27, 28, 30. Given that 

PA01-infection dramatically increases the levels of several of these acute-phase cytokines, 

in particular TNF-α and IL-1β (Fig. 1C and Supplementary Figs. S7 and S8), and that 

PDE4B ablation is well-established to alleviate TNF-α production in response to TLR4 

activation10 (also see reduction in TNF-α in PA01-infected PDE4BKO mice; Fig. 1C and 

Supplementary Figs. S7A and S8A), we thus explored the idea that the reduction in these 

acute-response cytokines represents the mechanism whereby PDE4B ablation alleviates PA­

induced hypothermia and improves bacterial clearance. To test the role of these cytokines 

in body temperature regulation directly, mice were injected with TNF-α or IL-1β and 

their body temperature was measured over the following 8 h (Fig. 4A). In line with prior 

studies31, injection of either of these cytokines produced a significant reduction in body 

temperature, with the effect of IL-1β being immediate (apparent at 1 h after injection), 

whereas the effect of TNF-α is slower in onset (~5 h after injection), likely reflecting 

a requirement for changes in gene expression. Still, the level of hypothermia induced by 

either TNF-α or IL-1β (−1 to −2°C) is minor compared to the substantial hypothermia 

Saleh et al. Page 10

FASEB J. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



associated with PA01 infection (Fig. 2C). However, as shown in Fig. 4A, we find that 

the simultaneous injection of both cytokines acts synergistically to induce substantial 

hypothermia in mice. The synergistic action of TNF-α and IL-1β on body temperature 

is paralleled by a synergistic induction of serum IL-6 levels, which has been shown to be a 

master regulator of cytokine-mediated fever and/or hypothermia in settings of infection25, 28.

Surprisingly, mice deficient in PDE4B are still partially protected from hypothermia induced 

by the injection of TNF-α and IL-1β (Fig. 4C), as well as the synergistic induction of IL-6 

by this cytomix (Fig. 4D). These data suggest that, in addition to the well-established role of 

PDE4B in gating the LPS/TLR4-induced production of TNF-α10, 11, PDE4B also regulates 

inflammatory signaling downstream of TNF-α and/or IL-1β, specifically the TNF-α/IL-1β­

dependent induction of IL-6 and its associated hypothermia.

3.5. Ablation of PDE4B alleviates the cytostorm acting both upstream and downstream of 
TNF-α and IL-1β.

We next aimed to confirm that PDE4B acts downstream of TNF-α and IL-1β in a 

simplified system, and particularly in the absence of the changes in body temperature 

that are necessarily associated with animal studies. To this end, we explored the role of 

PDE4B in cell culture systems. In line with prior reports showing that E. coli-LPS induces 

the expression of PDE4B in mouse peritoneal macrophages10, treatment of RAW264.7 

mouse macrophages, while expressing little to no PDE4B at baseline, substantially increased 

PDE4B expression in response to PA-LPS (Fig. 5A). Preventing PA-LPS-induced PDE4B 

expression via siRNA-mediated knockdown significantly reduced TNF-α production (Fig. 

5B). In addition, the siRNA-mediated knockdown of PDE4B also reduced PA-LPS-induced 

IL-6 production (Fig. 5C). IL-6 is considered a secondary-response gene that can be 

induced by signaling of acute-response cytokines such as TNF-α and IL-1β (see Fig. 4B). 

To exclude the possibility that the reduction in IL-6 levels is simply a reflection of the 

PDE4B-siRNA-mediated reduction of TNF-α in the cell culture media, we then exposed 

RAW264.7 macrophages to exogenous TNF-α and/or IL-1β. However, neither treatment 

by itself, nor their combination, produced a significant induction of PDE4B expression 

(Supplementary Fig. S16), nor did it induce IL-6 expression, suggesting that RAW264.7 

macrophages do not effectively respond to TNF-α/IL1β without PAMP-induced priming. 

We thus utilized mouse fibroblasts, a cell type that is now well-recognized as playing critical 

roles in the immune response and is also expected to respond to TNF-α/IL-1β32. As shown 

in Fig. 5D, mouse embryonic fibroblasts (MEFs) showed the sought-after properties and 

induced PDE4B expression after exposure to TNF-α alone, which was further increased 

in the presence of IL-1β (Fig. 5D). Treatment with TNF-α also triggered a significant 

production of IL-6, which was further enhanced by co-treatment with IL-1β (Supplementary 

Fig. S17). Transfection of MEFs with siRNA against PDE4B effectively prevented TNF-α/

IL-1β-induced PDE4B expression (Fig. 5E), and in addition, significantly alleviated IL-6 

production in response to TNF-α alone (Supplementary Fig. S17B) or the combination 

treatment with TNF-α and IL-1β (Fig. 5F). Taken together, these data confirm that in 

addition to being induced by PAMPs, such as LPS, expression of PDE4B is synergistically 

induced by signaling of acute-response cytokines, such as TNF-α and IL-1β, and enhances 

their downstream signaling by removing the negative restriction mediated by intracellular 
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cAMP on the production of pro-inflammatory cytokines (Fig. 5G). Thus, inactivation of 

PDE4B exerts independent constraints on the induction of acute-response cytokines, as well 

as their downstream signaling, for example the induction of secondary-response cytokines 

such as IL-6, and thereby impairs the perpetuation of the PA-induced cytostorm in cells and 

animals alike (Fig. 5H).

4. DISCUSSION

4.1. PDE4B as a potential therapeutic target to alleviate the P. aeruginosa-induced 
cytostorm and lung injury.

Targeting individual PDE4 subtypes is a promising approach to separate the therapeutic 

benefits of PAN-PDE4 inhibitors, such as their broad anti-inflammatory properties, from 

their class-defining, dose-limiting side effects, in particular nausea and emesis5, 7, 9. To 

this end, PDE4B has been proposed as a target for the development of subtype-selective 

PDE4 inhibitors, given that the genetic ablation of PDE4B in mice recapitulates some of 

the anti-inflammatory properties of PAN-PDE4 inhibitors, including a reduction of TNF-α 
production upon exposure of cultured peritoneal macrophages to E. coli-LPS, or a delay 

in the migration of leukocytes into the airway upon LPS inhalation in mice11, 29. Using 

the latter model, ablation of PDE4D also exerted a pattern of anti-inflammatory effects 

distinct from that of PDE4B, and may thus also represent a target for drug development29. 

Conversely, ablation of PDE4A in mice did not produce any benefits in this LPS-lung injury 

model29 and ablation of PDE4C has not been explored thus far. Our current study confirms 

and extends the evidence identifying PDE4B as a promising drug target for inflammatory 

diseases in several directions.

First, we extend prior findings in non-infectious/LPS models13, 29 to show that ablation 

of PDE4B protects mice from lung inflammation and injury caused by a live pathogen, P. 
aeruginosa, that is infamous for having evolved multiple virulence mechanisms to prevent 

detection and clearance by the host’s immune system (Fig. 1)22, 23. Moreover, P. aeruginosa 
exhibits high rates of multi-drug resistance, thus, effective clearance of the infection with 

antibiotics is not a given in the clinical setting24. In this context, it is important to note 

that PDE4B is not essential for any facet of the host immune response; instead, the 

amount of PDE4B in the host cell “only” gates the intensity of the immune response. 

For example, despite the complete and systemic ablation of PDE4B in the KO mice, all 

pro-inflammatory cytokines studied here (TNF-α, IL-1β, IL-6, KC) are still produced, 

though at lower levels, in response to PA-infection (Fig. 1C–F). As a result, inactivation 

of PDE4B can alleviate hyperinflammatory responses without being immunosuppressive, 

and thus without worsening the bacterial infection. Despite reducing the levels of lung- and 

systemic pro-inflammatory cytokines, ablation of PDE4B does not reduce the number of 

total leukocytes or neutrophils recruited into the airway at 16 hours post infection (Fig. 

1G–K), which may represent one safeguard against increased bacterial load (Fig. 2A/B). Or, 

put differently, our findings suggest that the high levels of cytokines classically described 

as the cytostorm, are not actually necessary to muster an effective immune response and 

may instead be counterproductive for bacterial clearance given their cryogenic effects (Fig. 

5G/H).

Saleh et al. Page 12

FASEB J. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Second, an attractive feature of targeting PDE4B therapeutically is that the specific 

protein variant involved in the regulation of innate immune responses, PDE4B2, is not 

constitutively expressed in the host’s cells, and is instead acutely induced upon detection of 

pathogen-associated molecular patterns (PAMPs), such as LPS, by the host’s immune and 

non-immune cells10 (Fig. 5A/D/E). Thus, a PDE4B-selective inhibitor would exert selective 

efficacy only in cells that are both presently and actively involved in the innate immune 

response, and thus express PDE4B, while the drug would not have a biologic effect in other 

cells, given the absence of its molecular target. Importantly, we show here that PDE4B/

PDE4B2 expression is not just induced by the LPS-dependent activation of TLR4 reported 

previously10 (Fig. 5A), but also downstream of signaling by the acute-response cytokines 

TNF-α and IL-1β (Fig. 5D/E, Supplementary Fig. S16). The efficacy of a PDE4B-selective 

inhibitor would thus extend to both cells exposed to PAMPs as well as cells that induce 

PDE4B2 expression in response to local or systemic exposure to acute-response cytokines. 

The unique efficacy of PDE4B inactivation in alleviating the cytostorm is thus rooted in 

two synergistic aspects: 1. its simultaneous “upstream” and “downstream” effect on both the 

production of TNF-α itself (Fig. 5B), as well as the TNF-α-mediated induction of secondary 

response cytokines, such as IL-6, which we demonstrate in both mice (Fig. 4D) and cell 

culture models (Fig. 5F and Supplementary Fig. S17B); and 2. the disruption of the interplay 

between TNF-α and IL-1β in synergistically inducing PDE4B to promote the induction 

of secondary response cytokines, which we demonstrate in both cells (Supplementary Fig. 

S16A) and mice (Fig. 4B).

While alleviating the acute inflammatory response to bacterial infection per se may 

explain the main therapeutic benefits resulting from PDE4B ablation, we cannot exclude 

the possibility that PDE4B ablation may exert benefits via additional avenues, such as 

improving survival by promoting repair and healing processes after the bacteria have 

been cleared. Indeed, elevated cAMP signaling in general, and treatment with PAN-PDE4 

inhibitors in particular, is well established to induce a number of pro-resolving molecules 

and pathways33–35, and the potential role of PDE4B in mediating some of these effects 

remains to be elucidated.

Third, our study sheds light on the fact that by modulating the systemic levels of several 

pro-inflammatory cytokines, which in addition to their classical role in the recruitment and 

activation of leukocytes, may also act as pyrogens or cryogens25, 27, 28, targeting PDE4/

PDE4B may also affect central body temperature regulation with potentially critical impact 

on health outcomes. Indeed, how a PDE4 inhibitor-induced suppression of pro-inflammatory 

cytokines exerts therapeutic benefits may potentially depend in part on whether the injury 

is due to microbial infection or due to sterile/non-infectious inflammation. For example, 

acute-response cytokines such as TNF-α may contribute to endothelial and epithelial 

barrier dysfunction, and hence vascular leakage and edema. For this facet of cytokine 

function, targeting PDE4/PDE4B may exert beneficial, barrier-protective effects (see Fig. 

1L) independent of whether the cause of injury is infectious in nature or not. However, 

acute-response cytokines also promote recruitment of leukocytes, and their production/

release of various agents to destroy invading pathogens (including proteases/elastase or 

reactive oxygen species), but that can also damage the host. While there is no apparent 

downside to alleviating this “clearance/killing” facet of cytokine action by targeting PDE4/

Saleh et al. Page 13

FASEB J. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PDE4B in settings of non-infectious injury (e.g. trauma), it is critical to maintain the 

effective clearance of the pathogen in settings of bacterial infections, in particular if the 

efficacy of antibiotic treatment is not guaranteed24. In this context, it is important to note 

that while prior studies have shown a delay in LPS-induced leukocyte infiltration into 

the airways of PDE4B-KO mice during the early hours of infection29, we find that at 16 

h after PA-infection, similar levels of leukocytes (Fig. 1G–I) and myeloperoxidase (Fig. 

1K) are found in BALF of PDE4B-KO mice and WT controls. Finally, the effects of acute­

response cytokines on body temperature may have opposite effects on outcomes, depending 

on whether inflammation is due to infection or not. In settings of sterile/non-infectious 

inflammation, alleviating a cytokine-driven fever may be beneficial, given that all the body’s 

systems are attuned to optimal function at a constant temperature of ~37°C. Conversely, in 

settings of infection, fever can be beneficial and is thought to improve microbial clearance, 

particularly if the increase in body temperature can be tolerated by the host, but exceeds 

the microbe’s optimal growth temperature36. Hypothermia on the other hand, can provide 

benefits in settings of sterile/non-infectious injury, such as by slowing down metabolism, 

reducing the production of reactive oxygen species and apoptosis, or a literal “cooling 

down” of inflammatory responses. Artificially-induced, often locally-applied hypothermia is 

thus pursued as a therapeutic approach, such as for brain or spinal cord injuries37. However, 

our study shows that hypothermia in settings of PA-lung infection in mice is detrimental, 

as it is associated with an increased bacterial burden (Fig. 2A/B), and that preventing 

hypothermia with external heating (Fig. 3) or by alleviating the PA-induced cytostorm by 

genetic ablation of PDE4B (Fig. 1C–F and Supplementary Fig. S8) improves bacterial 

clearance, and thereby overall outcomes. The idea that hypothermia would be maladaptive in 

settings of bacterial lung infection aligns well with the conclusions of a recent meta-analysis 

suggesting that therapeutic hypothermia in humans, while not increasing the overall risk of 

infection, selectively increased the risk of pneumonia and sepsis38.

Fourth, using a similar infection/injury model, a recent report showed that treatment with 

high doses of the PAN-PDE4 inhibitor Roflumilast resulted in increased bacterial growth 

and dissemination, as well as increased mortality, upon acute lung infection with PA0117, in 

contrast to the improved survival of mice deficient in PDE4B that we report here (Fig. 1M). 

This is not a Roflumilast-specific effect, but appears to be a class-effect of PAN-selective 

PDE4 inhibitors. Prior studies reported increased mortality and impaired bacterial clearance 

also upon prophylactic treatment with the PAN-PDE4 inhibitor Rolipram in a Klebsiella 
pneumoniae lung infection model39. In addition, in a Streptococcus pneumoniae lung 

infection model, Rolipram also did not improve bacterial clearance or mortality (though 

neither did Rolipram worsen bacterial load and/or mortality)40. Finally, in our own hands, 

treatment of wildtype mice with Rolipram also trends to increase (rather than decrease) 

mortality in PA01-infected mice (Supplementary Fig. S18B).

While infrequent, the observation that PAN-PDE4 inhibition does not phenocopy the effects 

of inactivating a single PDE4 subtype has been reported previously in a study exploring 

the roles of PDE4s via the siRNA-mediated knockdown of PDE4B and/or PDE4D in 

cell culture16. This proved to be because PDE4B and PDE4D controlled spatially distinct 

cAMP pools that had opposing effects upon the functional readout: the nuclear translocation 

of DNA-protein kinase (DNA-PK). This opens the possibility that, at the molecular or 
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cellular level, some of the effects of PDE4B ablation may be functionally counteracted by 

inactivation of one (or all) of the three other PDE4 subtypes, an option that remains to be 

explored in the future.

Although the exact cause(s) of their opposing outcomes remains to be determined, there 

are several noteworthy differences in the phenotypes generated by PAN-PDE4 inhibitor 

treatment compared to genetic PDE4B ablation. For example, pre-treatment of mice with 

PAN-PDE4 inhibitors per se induces significant hypothermia in mice (Supplementary Fig 

S18A; please also see41), whereas naïve PDE4B-KO mice are normothermic (see 0 h 

time point in Supplementary Fig. S10). Moreover, while selective ablation of PDE4B 

alleviates infection-induced hypothermia, treatment with PAN-PDE4 inhibitors does not 

(see Supplementary Fig. S18A). As another difference between the selective ablation of 

PDE4B and PAN-PDE4 inhibition, treatment with Roflumilast significantly reduced the 

number of leukocytes/neutrophils in the airways of mice at 16 h post infection as reported 

previously17, whereas ablation of PDE4B does not (Fig. 1G/H). This may suggest that 

PAN-selective inhibition of PDE4 exerts effects on neutrophil functions (e.g. on chemotaxis, 

vascular/endothelial attachment, transmigration or bacterial killing) that are not reproduced 

by selective ablation of PDE4B, but are detrimental to an effective bacterial clearance. 

In addition, although Roflumilast treatment reduced the levels of several cytokines, such 

as TNF-α, it actually increased the levels of IL-6. Conversely, ablation of PDE4B leads 

to a reduction of IL-6 levels in lung and serum (Supplementary Fig. S7/8). Given the 

critical role of IL-6 in mediating hypothermia (Fig. 4A/B) and the detrimental effect of 

hypothermia on bacterial clearance and survival in this PA-lung infection model (Fig. 

2/3), one may speculate that Roflumilast treatment may have perpetuated IL-6-dependent 

hypothermia and associated morbidity/mortality. Altogether, these differences suggest that 

while high doses of a PAN-PDE4 inhibitor may exert immunosuppressive effects, selective 

ablation of PDE4B does not, and is thus a preferential anti-inflammatory approach for the 

treatment of infectious diseases. Furthermore, treatment with high doses of PAN-PDE4 

inhibitors induces a number of acute physiologic effects in mice, including hypothermia, 

hypokinesia, or increased gastric retention41, 42, that may reflect an acute/temporary 

impairment of central autonomic nervous system regulations, and may have acted as an 

additional insult (2nd hit) during PA-infections, leading to worse outcomes, independent of 

the effects of PDE4 inhibition on the immune response. Importantly, none of the effects 

are replicated by selective ablation of PDE4B in mice. That PAN-PDE4 inhibitor treatment 

per se induces hypothermia in the absence of bacterial infection and independent of the 

production/signaling of cytokines (onset of PDE4 inhibitor-induced hypothermia occurs 

within minutes) is a curious coincidence, given the critical role of PDE4B ablation in 

alleviating hypothermia mediated by acute-response cytokines we report here, but may 

nevertheless serve to underscore the importance of body temperature regulation for health 

outcomes in this PA-lung infection model. Treatment with PAN-PDE4 inhibitors, but not 

ablation of PDE4B, has also been shown to potentiate the anesthetic effects of Isoflurane, 

and may thereby artefactually augment the delivery of bacteria into the lungs of mice upon 

intranasal infection under Isoflurane anesthesia43. Taken together, based on the opposing 

effects of high dose-PDE4 inhibitor treatment (17, 39, 40, and Supplementary Fig. S18) and 

PDE4B ablation (Fig. 1) in this acute lung injury model, it is tempting to speculate that 

Saleh et al. Page 15

FASEB J. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



selectively targeting PDE4B may not just be equally effective, but may in fact be the more 

effective therapeutic approach for treatment of acute P. aeruginosa lung infections, compared 

to non-selective PDE4 inhibition. As pointed out earlier, a caveat to this conclusion is 

that PAN-PDE4 inhibition may produce more effective anti-inflammatory benefits, such 

as the reported suppression of neutrophil infiltration17 or the induction of pro-resolving 

mediators33, 34, 40, compared to PDE4B ablation, in settings of lung injury in which any 

impact of a live pathogen can be excluded, such as in settings of sterile inflammation or if 

PDE4 inhibitors are administered in conjunction with effective antibiotic therapies40.

Finally, targeting PDE4 for any indication has long been hampered by the narrow therapeutic 

window of PAN-PDE4 inhibitors, which is defined by nausea and emesis. Given that 

individual PDE4 subtypes exert unique and non-overlapping physiologic roles, development 

of subtype-selective inhibitors has long been proposed as an approach to separate therapeutic 

and adverse effects7. While the potential adverse effects of PDE4B-selective inhibitors have 

not been explored in humans, it is important to note that genetic ablation of PDE4B or 

treatment with PDE4B-selective inhibitors does not induce some of the correlates used to 

assess the emetic potential of PDE4 inhibitors in animals, including the induction of gastric 

retention42, 44 or shortening the duration of Ketamine/Xylazine-induced anesthesia45. Thus, 

targeting PDE4B may represent a promising approach for development of subtype-selective 

PDE4 inhibitors with an improved safety profile.

4.2. P. aeruginosa-associated hypothermia – dysfunction or regulated response?

In mammals and other homeotherms, body temperature regulation is a complex and tightly 

regulated process involving integration of multiple behavioral and autonomic nervous 

system responses, and a large number of effector organs that serve to generate (shivering 

and non-shivering thermogenesis) or dissipate (cutaneous vasodilation, sweating) heat30, 46. 

Under most environmental conditions, these serve to maintain body temperature within a 

narrow range (generally around 37°C) to protect vital cellular and physiological functions. 

However, similar to humans, mice respond to low-level infection/inflammation, such as 

exposure to low doses of LPS/bacteria, with an increase in body temperature, the fever 

response. Principally, fever is thought to improve clearance of the causative pathogens by 

enhancing innate and acquired immune defense mechanisms, and because fever may reach 

temperatures above the optimal growth conditions for some microorganisms25. The latter 

does not apply to P. aeruginosa, however, which grows well at up to 42°C36.

However, small mammals with a high surface-to-volume ratio, such as mice, expend a 

substantial portion of their food calories on maintaining body temperature or, in case 

of infection, generate fever. In settings of severe infection/inflammation, such as upon 

administration of high doses of LPS or bacteria, or for instance the lethal doses of PA01 
used in the present study, mice instead undergo hypothermia. Rather than a sign of 

dysfunction, hypothermia may represent an active host response in scenarios where the 

energy cost to maintain or increase body temperature exceeds its disease-fighting benefits. 

In these scenarios, hypothermia is employed as a disease-tolerance strategy25. Although PA 
grows at temperatures ranging from 4°C to over 42°C, it grows optimally at 37°C36 and is 

thus routinely grown in the lab at 37°C. Moreover, prior studies suggest that PA has evolved 
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to respond to increases of temperature in its environment by reprogramming the expression 

of genes that support growth, colonization, and the expression of virulence factors, thereby 

gaining peak virulence at ~37°C 47, 48. Nevertheless, two observations suggest that the mice 

do not actively employ hypothermia to limit the viability/virulence of the pathogen. First, 

as shown in Fig. 3A, the animals clearly exhibit heat- rather than cold-seeking behaviors 

and attempt to gain/maintain body heat by huddling, if kept at RT, or from increasing 

surface exposure to the cage bottom, if cages are placed on heating mats. Thus, while 

undergoing hypothermia may be critical to conserve energy reserves, the animals do employ 

mechanisms of maintaining elevated body temperatures (such as heat-seeking behavior) 

that come at little energetic cost. Second, that alleviating hypothermia from its very onset 

(Supplementary Fig. S10) improves bacterial clearance and survival of PDE4B-KO mice 

compared to WT littermates (Fig. 1M), by itself, suggests that the benefits of elevated body 

temperature on the host immune response, by far outweigh any benefits the pathogen may 

derive from the higher temperatures.

4.3. P. aeruginosa-induced hypothermia in “mice and men”.

Similar to mice, critically ill patients also undergo hypothermia, or cycle through phases 

of hypo- and hyperthermia. Although hypothermia correlates with poor outcomes in septic 

patients, this may not reflect causality, but rather the fact that hypothermic patients are 

sicker than others25. We show here that alleviating the PA-induced and cytokine-mediated 

hypothermia is a critical mechanism whereby PDE4B ablation improves bacterial clearance 

and, thus, ameliorates injury and mortality in a model of acute PA-lung infection in mice 

(Figs. 1/2). This is further illustrated by the fact that external warming produces a pattern 

of effects reminiscent of those produced by PDE4B ablation (Fig. 3), and that bacterial 

clearance in PDE4B-KO mice is not different from that of WT controls (Fig. 3K and 

Supplementary Fig. S14), when body temperatures are equalized by placing both groups on 

heating mats (Fig. 3J). As the magnitude of temperature loss in humans (1–3°C) is generally 

smaller than that in mice, and because hypothermia in the clinical setting can be effectively 

alleviated by external interventions (e.g. active rewarming), preventing hypothermia may not 

represent a critical therapeutic benefit that would be derived from pharmacologic PDE4B 

inactivation in humans. Nevertheless, the observation that development of the PA-induced 

cytostorm is dependent upon the induction of PDE4B/PDE4B2 expression in response to 

signaling of PAMPs (e.g. LPS/TLR4) and the primary response cytokines TNF-α and IL-1β 
in both mice and in cell culture, and that genetic deletion and/or the siRNA-mediated 

knockdown of PDE4B can alleviate the cytostorm by reducing the production of critical 

primary- and secondary-response cytokines (e.g. IL-6) suggests that targeting of PDE4B 

may realize therapeutic benefits by alleviating a cytokine storm also in the clinical setting, 

and may do so without impairing the clearance of the pathogen. The relevance of this 

insight may extend to the current SARS-CoV-2 pandemic, given that a cytokine signature 

comprising TNF-α, IL-1β, and IL-6 has been causally linked to poor health outcomes49, and 

that IL-6 receptor blockers exert therapeutic benefits in critically ill COVID-19 patients50.
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cyclic nucleotide phosphodiesterase

RT
room temperature

TLR
Toll-like receptor

TNF
Tumor necrosis factor
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Fig. 1. PDE4B ablation protects from P. aeruginosa-induced lung injury.
(A-K) Lung injury in PDE4B-KO mice (4BKO) and wildtype (4BWT) littermate controls 

was assessed at 16 h after intranasal infection with strain PA01 (PA-infected) or sterile PBS 

(Uninfected). (A/B) Infection with PA01 causes lung tissue inflammation characterized by 

neutrophilia. 4BKO mice are protected from PA01-induced lung injury as determined by 

lung histopathologic scoring (the red squares in (B) indicate the lung sections shown in 

(A)), and reduced levels of pro-inflammatory cytokines in BALF (C-F). (G-K) At 16 h 

post infection, the number of total leukocytes (G), neutrophils (H), alveolar macrophages 
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(I), and eosinophils (J), as well as the levels of myeloperoxidase (MPO) in BALF (K) are 

not changed by PDE4B ablation. (L) Ablation of PDE4B protects from pulmonary vascular 

leakage as reflected by the level of extravasation of Evans Blue Dye measured at 16 h 

post infection. (M) Ablation of PDE4B improves the 7-day survival rate of mice. All data 

represent mean ± SEM. For 7-day survival, statistical significance was determined using the 

Mantel-Cox log-rank test; for all other graphs, statistical significance was determined using 

Mann-Whitney test and is indicated as ns (not significant), * (p<0.05), ** (p<0.01), or *** 

(p<0.001).
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Fig. 2. Improved bacterial clearance and allayed hypothermia in mice deficient in PDE4B.
16 h after intranasal infection with PA01 (PA-infected) or PBS (Uninfected), the body 

temperature of mice was measured, and animals were then subjected to broncho-alveolar 

lavage (BAL) followed by extraction of the lungs. (A/B) Bacterial load was determined 

by plating serial dilutions of (A) right lung tissue homogenates or (B) BALF on agar 

plates. Data represent the median with 95% CI. (C) Core body temperature at 16 h post 

infection measured using a rectal thermometer. Data represent the mean ± SEM. Statistical 

significance was determined using Mann-Whitney test and is indicated as *** (p<0.001)
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Fig. 3. Alleviating hypothermia with external heat protects from PA-induced lung injury and 
improves bacterial clearance.
(A) After intranasal infection with PA01, WT mice were either kept at room temperature 

(RT), left image, or cages were placed on an external heating mat set to 33°C, right image 

(the mat is visible in green beneath the cage), for 16 h post-infection. At this time point, the 

mice exhibit clear heat-seeking behaviors as indicated by the representative images. Mice 

kept at RT characteristically huddle-up to each other. Conversely, mice on the 33°C heat mat 

characteristically spread out flat to maximize heat absorbance through the cage bottom. (B­
H) Placing cages on a 33°C heating mat (striated lines and columns) alleviates PA-induced 

hypothermia compared to mice kept at RT (solid lines and columns) (B) and reduces the 

bacterial load in BALF (C) as well as the levels of pro-inflammatory cytokines (D-G) 

measured at 16 h post-infection. Conversely, the total number of leukocytes in BALF is 

unchanged (H). (I) Placing cages on a 33°C heat mat upon infection with PA01 improves the 
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survival of WT mice. (J/K) Placing PDE4B-knockout (4BKO) mice and wildtype (4BWT) 

littermate controls on a 33°C heat mat ablates differences in their body temperature upon 

PA01 infection (J), as well as differences in bacterial load in BALF (K) that were observed 

in mice kept at RT (see Fig. 1). Data represent the mean ± SEM (B, D-J), or the median with 

95% CI (C/K). Statistical significance was determined using two-way ANOVA with Tukey’s 

multiple comparisons test (B/J), Mann-Whitney test (C-H, K), or Mantel-Cox log-rank test 

(I), and is indicated as ns (not significant), * (p<0.05), ** (p<0.01), *** (p<0.001).
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Fig. 4. PDE4B ablation protects from hypothermia induced by injection of the acute-response 
cytokines TNF-α and IL-1β.
Mice were injected intraperitoneally with PBS (Solvent), TNF-α (2.5 μg/20 g mouse) and/or 

IL-1β (1 μg/20 g mouse) and core body temperature was subsequently measured once 

every hour. In some experiments, mice were euthanized eight hours after cytokine injection, 

subjected to cardiac blood draws, and IL-6 levels were measured in the resulting serum 

samples. (A) TNF-α and IL-1β act synergistically to induce substantial hypothermia in 

mice. (B) The levels of hypothermia induced by TNF-α and IL-1β are paralleled by the 

induction of systemic IL-6 levels. (C/D) Mice deficient in PDE4B are partially protected 

from TNF-α/IL-1β-induced hypothermia (C) and associated IL-6 production (D). Data 

shown represent the mean ± SEM. Statistical significance was determined using Mann­
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Whitney test (bar graphs) or two-way ANOVA with Tukey’s multiple comparisons test (time 

courses) and is indicated as * (p<0.05) or *** (p<0.001).
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Fig. 5. Inactivation of PDE4B acts downstream of PAMP- and cytokine-receptors to alleviate 
production of pro-inflammatory cytokines.
(A-F) RAW-264.7 mouse macrophages and mouse embryonic fibroblasts (MEFs) grown in 

cell culture were treated for 6 h with PA-LPS (10 μg/ml), TNF-α (0.01 μg/ml) and/or IL-1β 
(0.1 μg/ml) before cells and cell supernatants were harvested to probe PDE4B expression 

by Western blotting or cytokine production by ELISA, respectively. In some experiments, 

cells were transfected with siRNA targeting PDE4B (4B siRNA) or negative control siRNA 

(Ctr-siRNA) for 42 h prior to cell treatment. (A-C) Treatment of RAW-264.7 macrophages 
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with PA-LPS induces expression of PDE4B (A) and the production of TNF-α (B) and 

IL-6 (C), all of which are curbed by the siRNA-mediated knockdown of PDE4B. (D-F) 

MEFs respond to treatment with TNF-α and/or IL-1β with a substantial induction of PDE4B 

protein expression and production of IL-6, both of which are reversed by siRNA-mediated 

PDE4B knockdown. All graphs represent mean ± SEM. Statistical analysis was determined 

using one-way ANOVA with Tukey’s multiple comparison test and is indicated as ns (not 

significant; p>0.05), * (p<0.05), ** (p<0.01), or *** (p<0.001). (G/H) Schemes illustrating 
the effect of PDE4B ablation on P. aeruginosa-induced acute lung injury in mice. 
Elevated cAMP levels exert a negative constraint on the production of primary-response 

cytokines induced by activation of PAMP-receptors (e.g. Toll-like and NOD-like receptors) 

as well as on the induction of secondary-response cytokines that are induced by activation 

of cytokine-receptors (e.g. TNF-α and IL-1β). In WT cells and animals (G), PA-induced 

signaling of PAMP- and cytokine receptors also induced expression of PDE4B, which in 

turn lowers cellular cAMP levels, thus promoting a hyperinflammatory response dubbed 

“cytostorm”. Pro-inflammatory cytokines do not only promote recruitment and activation 

of immune cells, but also act as cryogens, leading to significant hypothermia, which in 

turn hampers clearance of the bacteria. Conversely, if induction of PDE4B expression is 

prevented via gene knockout or knockdown, the negative constraint of cAMP signaling is 

retained, resulting in the alleviated cytokine levels that are sufficient to muster an effective 

immune cell recruitment and bacterial clearance, in part because PA-induced hypothermia is 

alleviated (H).
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