1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

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

-, HHS Public Access
«

Published in final edited form as:
FASEB J. 2021 October ; 35(10): €21946. doi:10.1096/fj.202002712RR.

Phosphodiesterase 4 Mediates Interleukin-8-Induced
Heterologous Desensitization of the B,-Adrenergic Receptor

Thomas C. Rich12# Silas J. Leavesleyl:2:3* Angela P. Brandon4, Cilina A. Evans?, S.
Vamsee Raju®%7 Brant M. Wagener4:8.9."
1Department of Pharmacology, University of South Alabama, Mobile, AL, USA

2Center for Lung Biology, University of South Alabama, Mobile, AL, USA

3Department of Chemical and Biomolecular Engineering, University of South Alabama, Mobile,
AL, USA

“Division of Molecular and Translational Biomedicine, Department of Anesthesiology and
Perioperative Medicine, University of Alabama at Birmingham, Birmingham, AL, USA

SDivision of Pulmonary, Allergy and Critical Care Medicine, Department of Medicine, University of
Alabama at Birmingham, Birmingham, AL, USA

SUAB Lung Health Center, University of Alabama at Birmingham, Birmingham, AL, USA

’Gregory Fleming James Cystic Fibrosis Research Center, University of Alabama at Birmingham,
Birmingham, AL, USA

8Division of Critical Care Medicine, Department of Anesthesiology and Perioperative Medicine,
University of Alabama at Birmingham, Birmingham, AL, USA

9Center for Free Radical Biology, University of Alabama at Birmingham, Birmingham, AL, USA

Abstract

Acute respiratory distress syndrome (ARDS) is a life-threatening illness characterized by
decreased alveolar-capillary barrier function, pulmonary edema consisting of proteinaceous fluid,
and inhibition of net alveolar fluid transport responsible for resolution of pulmonary edema. There
is currently no pharmacotherapy that has proven useful to prevent or treat ARDS, and two trials
using beta-agonist therapy to treat ARDS demonstrated no effect. Prior studies indicated that IL-8-
induced heterologous desensitization of the beta2-adrenergic receptor (B,-AR) led to decreased
beta-agonist-induced mobilization of cyclic adenosine monophosphate (CAMP). Interestingly,
phosphodiesterase (PDE) 4 inhibitors have been used in human airway diseases characterized by
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low intracellular cAMP levels and increases in specific CAMP hydrolyzing activity. Therefore,
we hypothesized that PDE4 would mediate IL-8-induced heterologous internalization of the
B2-AR and that PDE4 inhibition would restore beta-agonist-induced functions. We determined
that CINC-1 (a functional IL-8 analog in rats) induces internalization of $,-AR from the cell
surface, and arrestin-2, PDE4, and B,-AR form a complex during this process. Furthermore,

we determined that cCAMP associated with the plasma membrane was adversely affected by
B2-AR heterologous desensitization. Additionally, we determined that rolipram, a PDE4 inhibitor,
reversed CINC-1-induced derangements of CAMP and also caused B,-AR to successfully recycle
back to the cell surface. Finally, we demonstrated that rolipram could reverse CINC-1-mediated
inhibition of beta-agonist-induced alveolar fluid clearance in a murine model of trauma-shock.
These results indicate that PDE4 plays a role in CINC-1-induced heterologous internalization of
the Bo-AR; PDE4 inhibition reverses these effects and may be a useful adjunct in particular ARDS
patients.
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INTRODUCTION

Acute respiratory distress syndrome (ARDS) is a life-threatening illness that is
characterized by decreased alveolar-capillary barrier function, pulmonary edema consisting
of proteinaceous fluid and inhibition of net alveolar fluid transport that is responsible

for resolution of pulmonary edema (1-3). Furthermore, the medical costs relating to

this specific diagnosis are staggering (4). While advances in bundled care and improved
ventilator strategies have improved mortality rates in recent years, there is currently no
pharmacotherapy proven useful to prevent or treat ARDS (5). Specifically, at least two
human trials have attempted to use beta-agonist therapy to treat ARDS and failed (6, 7)
despite pre-clinical evidence supporting the use in ARDS patients (8-11). Importantly, one
of the trials was stopped for futility (7) and the other did demonstrate effects on ARDS, but
also increased mortality in the group treated with intravenous p,-agonists (6). Furthermore,
a meta-analysis evaluating multiple trials using po-agonists to treat ARDS has revealed no
utility to this therapy in isolation (12). Part of the reason that sole use of B,-agonsits have
failed as an ARDS therapy may lie within the fact that there are multiple possible inciting
events, or endotypes, leading to ARDS including, but not limited to, bronchopneumonia and
trauma-hemorrhage (13).

Interestingly, recent publications indicate that pro-inflammatory cytokines and chemokines
thought to be responsible for dysfunctional mechanisms found during the early phase of
ARDS are differentially released by various inciting events (14-16); interleukin-8 (I1L-8) and
angiopoietin-2 are among the pro-inflammatory cytokines released after trauma-hemorrhage.
Previous studies have demonstrated that increased levels of IL-8 inhibit net ion and fluid
transport in alveolar epithelial cells (17) and that transforming growth factor-beta-1 (TGF-
B1) may act synergistically to further inhibit vectorial transport (18). These studies indicated
that IL-8 induced heterologous desensitization of the beta2-adrenergic receptor (Bo-AR)
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leading to decreased beta-agonist-induced mobilization of cyclic adenosine monophosphate
(cAMP) and subsequent inactivation of Na* and CI~ ion transport.

Phosphodiesterases (PDE) are enzymes that degrade cyclic nucleotides that are important to
signal transduction and are emerging as integral contributors to signal specificity, including
the control of local, subcellular concentrations of CAMP (19). PDE families show distinct
kinetic and regulatory properties with some specifically hydrolyzing cAMP (PDE4, 7, 8),
cAMP or cGMP (PDE2, 3, 10, 11) or only cGMP (PDES, 6, 9) (20). PDE3 and PDE4
account for 60% of PDE activity in the lung epithelium (21), while PDE4 was found to be
the major contributor for cAMP-PDE activity in alveolar epithelial cells (22). Additionally,
PDEA4 plays a critical role in the regulation of cCAMP mobilization by the B2-AR signaling
pathway (21, 23-27). Thus, PDE4 inhibitors have been used to treat human airway diseases,
such as chronic obstructive pulmonary disease (COPD) that are characterized by low
intracellular cAMP levels and increased cAMP hydrolyzing activity, in order to increase
B2-AR agonist-mediated bronchodilatation (28-31). Furthermore, while roflumilast has been
effective in improving lung function and decreasing morbidity in COPD (32), therapies
using B2-AR agonists and PDE4 inhibitors have been shown to act synergistically to
improve overall function (33). Finally, PDE4 inhibitors have been shown to attenuate the
severity of acute lung injury caused by Escherichia coli endotoxin or cardiopulmonary
bypass in rats (34, 35).

In this study, we hypothesized that PDE4 would mediate IL-8-induced heterologous
internalization of the Bo-AR in alveolar epithelial cells that leads to decreased net alveolar
fluid transport and that PDE4 inhibition would restore beta-agonist-mediated functions. We
exposed alveolar epithelial cells to cytokine-induced neutrophil chemoattractant-1 (CINC-1)
—a functional IL-8 analog that models IL-8-mediated acute lung injury in the rodent (36—
38). First, we examined the more specific mechanisms by which CINC-1 desensitizes the
B2-AR at the cell membrane. Next, we demonstrated that CINC-1-induced internalization
of the B,-AR involves direct binding of both arrestin-2 and PDE4. Furthermore, we
examined which specific pools of intracellular CAMP were adversely affected by p,-AR
heterologous desensitization. Additionally, we determined that rolipram (a PDE4 inhibitor)
reverses CINC-1-induced derangements in temporal and spatial CAMP mobilization. Next,
we revealed that not only does CINC-1 induce internalization of the p,-AR from the cell
surface, but the Bo-AR cannot successfully recycle back to the cell surface in the process

of receptor resensitization; however, treatment of cells with rolipram both prevents CINC-1-
induced internalization of the B,-AR and promotes its recycling after the receptor has

been internalized. Finally, we demonstrated that rolipram could reverse CINC-1-mediated
inhibition of beta-agonist-induced alveolar fluid clearance (AFC) in a murine model of
trauma-shock.

MATERIALS AND METHODS

Reagents.

CINC-1, terbutaline and mouse monoclonal ANTI-FLAG BioM2 antibody (Ab) were
purchased from Sigma (St. Louis, MO, USA); ADRB2 polyclonal Ab, FITC conjugated
(H-20) was purchased from Bioss (Woburn, MA, USA); GAPDH monoclonal Ab (14C10)
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was purchased from Cell Signaling; PIK-90 was purchased from Cayman Chemical (Ann
Arbor, MI, USA); protein A-Sepharose beads were purchased from Pierce (Rockford, IL,
USA); PDE 4D polyclonal Ab (14613) was purchased from Abcam (Cambridge, MA,
USA); rolipram was purchased from MP Biomedicals (Waltham, MA, USA); Odyssey
Blocking Buffer, IRDye® 680RD and 800CW Donkey anti-Rabbit 1gG Abs and IRDye®
680 RD and 800CW Donkey anti-Mouse IgG Abs were purchased from LI-COR (Lincoln,
NE, USA); Primocin was purchased from InvivoGen (San Diego, CA, USA); Precision Red
Advanced Protein Assay was purchased from Cytoskeleton (Denver, CO, USA); all other
reagents were purchased from Fisher Scientific (Waltham, MA, USA).

Rat Type Il Alveolar Cell Isolation.

Cell Culture.

All animal interventions were approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of Alabama at Birmingham. Rat type Il alveolar
(AT) cells were isolated as previously described (39) with modifications. Rats were
anesthetized with ketamine/xylazine and lungs were subjected to elastase digestion, mincing
and further incubation with DNase. Fetal bovine serum (FBS) was added, and cells were
separated via sequential filtration through a 100pm and 40pm mesh. Cells were gently
centrifuged, resuspended in SFM in Petri dishes, and incubated at 37°C with 5% CO,

for 1 hour. Cells in suspension were collected, centrifuged, and plated in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% FBS, 100 units/ml penicillin/
streptomycin and 100pug/ml Primocin (InvivoGen, San Diego, CA, USA). Cells were ready
for experimentation 72-96 hours later, and purity is >95% by Trypan Blue staining.

ATII cells were maintained in DMEM supplemented with 10% FBS, 100 units/ml penicillin/
streptomycin and 100ug/ml Primocin. L2 rat lung alveolar epithelial cells were obtained
from American Type Culture Collection (ATCC) (Manassas, VA, USA) and were propagated
and maintained in F-12K medium supplemented with 10% FBS and 100 units/ml penicillin/
streptomycin at 37°C with 5% CO, per ATCC instructions.

Western Blotting.

Western blotting of lysates and immunoprecipitations (IP) were performed as previously
described (40). Lysates or IPs were resolved with 10% SDS-PAGE (Bio-Rad Laboratories,
Hercules, CA, USA). Proteins were transferred to polyvinylidene difluoride membranes
(Millipore, Burlington, MA, USA) and blocked for 1 hour with Odyssey Blocking Buffer.
Blotting was carried out using 1:1000 dilution of M2 mouse anti-FLAG Ab, 1:500 dilution
of Bo-AR Ab, 1:500 dilution of PDE4D Ab or 1:1000 dilution of GAPDH Ab, accordingly,
in Odyssey Blocking Buffer overnight at 4°C. Blots were washed three times with Tris-
buffered saline with 0.1% v/v Tween 20 (TBS-T) and incubated with appropriate secondary
Abs in Odyssey Blocking Buffer for 45 minutes at room temperature. Blots were again
washed three times with TBS-T. Bands were visualized and densitometry was performed
using the Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA) and
ratios expressed as mean ratio = SEM B,-AR or PDE4D/arrestin-2 immunoprecipitated,
respectively, and normalized to zero time-points.
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B2-AR Internalization.

B2-AR internalization was measured as previously described (40, 41). L2 cells were grown
to confluence, harvested by trypsinization and resuspended in serum-free medium (SFM).
Cells were incubated with 10 ng/ml CINC-1 at 37°C, and aliquots were removed and
placed in cold SFM at 0, 30, 60, 120, 240 and 360 minutes. In some experiments,

cells were pre-treated with desired inhibitor (or appropriate vehicle) before the addition

of CINC-1. Cells were washed extensively with cold SFM to remove excess CINC-1.
Cells were then resuspended in cold SFM containing 1:200 FITC-conjugated ABRB2
polyclonal antibody and analyzed using a Beckman-Coulter Cytomics FC500 (Beckman
Coulter, Brea, CA, USA) at appropriate wavelengths. Live cells were gated using forward-
and side-scatter parameters. Live cells were gated, and mean channel fluorescence (MCF)
was measured in FL-1 to determine the amount of cell surface receptor. Non-specific
background was determined by measuring MCF of L2 cells without antibody and assaying
as described. Non-specific binding was subtracted before further analysis. MCF from
unstimulated cells represents 100% B,-AR cell surface expression. Cell surface expression
from stimulated cells was calculated by dividing the MCF following treatment by the MCF
from unstimulated cells.

Transfection and Plasmids.

Transient transfection of L2 cells was performed with Lipofectamine 2000 (Thermo Fisher
Scientific, Waltham, MA, USA) according to manufacturer instructions. Arrestin-2-FLAG
plasmid (40) and pmEpac? and cytEpac3 plasmids (42—-44) were previously described.

Co-Immunoprecipitation.

Co-IP was performed as previously described (40). L2 cells transiently transfected with
FLAG-tagged arrestin-2 were grown to confluence. Cells were serum starved for 30 minutes
and stimulated for the designated times with 10 ng/ml CINC-1 in SFM at 37°C. Medium
was removed and cold co-IP lysis buffer [1ml of 1% v/v Triton-X-100, 150mm NaCl, 10mm
Tris—HCI pH 7.4 supplemented with protease inhibitor cocktail (Calbiochem, San Diego,
CA, USA)] was added immediately. Lysates were collected, incubated on ice for 30 minutes
and centrifuged at maximum speed for 30 minutes at 4°C. An aliquot from each tube was
set aside for determining pre-1P levels of proteins by Western blot. For IPs, 25pl of protein
A-Sepharose was washed 3x with co-1P lysis buffer. Beads were rotated for at least 1 hour
at 4°C in 250ul of co-IP lysis buffer with 1:1000 biotinylated M2 anti-FLAG antibody.
Beads were washed with co-IP lysis buffer, and lysates were added and rotated overnight at
4°C. The following day, beads were washed again with co-1P lysis buffer, 40ul of 2x sample
buffer was added, and immunoprecipitated proteins were released by boiling for 5 minutes.

cAMP Measurement.

L2 cells were grown to confluence and serum-starved for 30 minutes. Cells were then
exposed to terbutaline (20uM) for 5 minutes to activate CAMP. For some experiments,
cells were pre-treated with CINC-1 (10ng/ml) or CINC-1 and rolipram (10uM) for 30
minutes before the addition of terbutaline. After treatment with terbutaline, cells were lysed
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and assayed with a cAMP ELISA (R&D Systems, Minneapolis, MN, USA) according to
manufacturer instructions.

FRET Measurement of cAMP.

FRET for measurement of localized cAMP was performed as previously described (26).
Briefly, coverslips with confluent L2 cells transiently transfected with pmEpac2 or cytEpac2
were placed in 300ul of oxygenated Locke’s medium (154mM NacCl, 5.6mM KClI, 2.2mM
CaCl2, 1mM MgCI2, 6mM NaHCO3, 10mM glucose, 2mM HEPES) containing 0.05%
BSA in a temperature-controlled (37 °C), modified Sykes-Moore Chamber mounted on

a Nikon TE2000 inverted fluorescence microscope (Nikon Instruments, Inc., Melville,

NY, USA). Cells were imaged under a 100x epifluorescence objective using a Xenon

light source. Images were captured using NIS Elements 5.0 Imaging Software (Nikon
Instruments, Inc., Melville, NY, USA). Cyan fluorescent protein (donor) fluorescence was
measured using an excitation filter with 430-455 nm bandpass and an emission filter with of
470-490 bandpass. Yellow fluorescent protein (acceptor) fluorescence was measured using
an excitation filter with 500-520 nm bandpass and an emission filter with of 535-565 nm
bandpass. FRET was measured using an excitation filter with 430-455 nm bandpass (donor
excitation) and an emission filter with 535-565 nm bandpass (acceptor emission). Average
FRET intensity was estimated from corrected images. Changes in FRET are calculated as a
percentage of basal FRET (%AF).

B2-AR Recycling.
B2-AR recycling was measured as previously described (40). L2 cells were grown to
confluence, harvested by trypsinization and resuspended in SFM. An aliquot was removed
to measure total cell surface receptor. The remaining cells were stimulated with 10 ng/ml
CINC-1 in SFM at 37°C for 4 hours and were then washed extensively to remove excess
unlabelled ligand. Half of the remaining cells were resuspended in pre-warmed SFM at
37°C to allow the FPR to recycle and were then moved to pre-chilled SFM at 1 or 2 hours.
The other half was kept on ice to measure post-internalization cell surface receptor levels.
All aliquots were then resuspended in SFM containing 1:200 FITC-conjugated ABRB2
polyclonal antibody and assayed by flow cytometry. For analysis, assayed cells were gated
for live cells using forward and side scatter parameters. Live cells were gated, and MCF
was measured in FL-1 to monitor cell surface expression of the p,-AR. Non-specific
background was determined by measuring MCF of L2 cells without antibody and assaying
as described. Non-specific binding was subtracted before further analysis. MCF from
unstimulated cells represents 100% B,-AR cell surface expression. Cell surface expression
from stimulated cells was calculated by dividing the MCF following treatment by the MCF
from unstimulated cells.

Trauma-Hemorrhage Model.

The TH-resuscitation mouse model was performed as previously described (45). C57BL/6
male mice were anaesthetized by inhalation of 5% isoflurane in air and isoflurane was

then reduced to the minimal concentration for maintenance. The abdomen and groins

were shaved and washed with 10% povidone-iodine, and a 2 cm midline laparotomy was
performed to induce soft tissue trauma. Both femoral arteries were cannulated with catheters
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(Braintree Scientific, Braintree, MA, USA). Systemic arterial pressure was continuously
monitored through one arterial line while hemorrhage and resuscitation were performed via
the other. Mice were bled over 30 minutes to a mean arterial pressure of 30 £ 5 mmHg. This
blood pressure was maintained for another 30 minutes. All incision sites are bathed with 2%
lidocaine for analgesia and re-bathed as needed. At the end of the 60 minutes hemorrhagic
shock period, animals were resuscitated over 30 minutes with fresh packed red blood cells
(pRBC) in a 1:1 ration with plasma. After resuscitation, mice were placed into cages with a
heating pad for 1 hour and then moved to standard housing.

Alveolar Fluid Clearance.

Alveolar fluid clearance was measured as previously described (17, 46). The mice were
anesthetized by an intramuscular injection of ketamine/xylazine. The mice were quickly
tracheotomized and bled before fluid instillation. Each mouse was instilled with 0.4ml of 5%
BSA/physiological saline solution containing 5uCi 121, After instillation into the airways, a
first aliquot was taken as the reference sample. The tracheotomy cannula was immediately
connected to a continuous positive-pressure circuit delivering air with a positive pressure

of 8 cm H,0. The mice were subjected to continuous positive pressure for 30 minutes,

after which duplicate aliquots were sampled from the distal airspace. All the samples

were weighed, and radioactivity was measured using a yy-counter. The distal airways fluid
clearance is expressed as the percentage of alveolar fluid volume cleared during 30 minutes
by the following equation: distal airways fluid clearance = 1 — (Pnstilled/Prinal) * 100,
where Pjnstilled s the initial 1251-albumin concentration, and Pgjn is the final 1251-albumin
concentration.

Statistical Analysis.

RESULTS

All data are summarized as mean + SEM. Statistical analysis was performed using GraphPad
Prism, Version 8.3.0 for Windows, GraphPad Software, (La Jolla, CA, USA). The normal
distribution was verified using the Kolmogorov-Smirnov test. For normally distributed data,
a Student t-test was used to compare two experimental groups. Bonferroni correction,
controlling for false positive error rate, was used to adjust for multiple comparisons. A
p-value of <0.05 was considered statistically significant. All statistical comparison of means
was bilateral (two-tailed tests).

CINC-1induces B2-AR heterologous desensitization via receptor internalization from the
cell surface in a phosphoinositide 3-kinase-dependent manner.

Previous publications have demonstrated heterologous desensitization of B,-AR-induced
cAMP mobilization in both a respiratory syncytial virus (47) and trauma-hemorrhage
(17) models. In each study, their respective pulmonary insults 1) increase CINC-1
(rodent IL-8 functional analog) in the lung; 2) demonstrate that CINC-1 inhibition
prevents heterologous desensitization; and 3) demonstrate that desensitization occurs in a
protein kinase C-zeta-dependent manner. To further elucidate the mechanisms of p,-AR
heterologous desensitization by CINC-1, we examined whole cell B»-AR expression after
CINC-1 exposure (Figure 1). First, we isolated rat primary type Il alveolar cells, cultured
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them to confluence and exposed them to CINC-1 for 6 hours. Western blotting (Figure

1A) and quantification of densitometry (Figure 1B) demonstrate that whole cell B,-AR
expression does not change after extended exposure to CINC-1. Furthermore, we examined
this response in an immortalized type 11 alveolar cell line that can create a physiologic
barrier when cultured at an air-liquid interface and faithfully represents an alveolar
epithelial cell phenotype (L2, ATCC; hereafter known as L2 cells) (48, 49). Again, Western
blotting (Figure 1C) and densitometry (Figure 1D) indicate no CINC-1-mediated effects
on total B,-AR expression. These data indicate that CINC-1 does not induce heterologous
desensitization of the B2-AR via degradation of the receptor itself.

While our results indicate that p,-AR degradation is not the mechanism of heterologous
desensitization, GPCR signaling can be desensitized by multiple methods including, but not
limited to, receptor trafficking and protein binding (50, 51). In a previous report, it was
revealed that po-AR remained on cell membranes at 30 minutes, but not at 6 hours (17). This
report did not answer specific questions about the kinetics and timing of internalization in
relation to other receptor events. Therefore, we measured pB,-AR internalization in response
to CINC-1 exposure (Figure 2) using flow cytometry (40, 41). We measured this response

in both primary and immortalized alveolar epithelial cells. p,-AR on both primary (Figure
2A) and L2 (Figure 2B) alveolar cells internalizes from the cell surface in response to
CINC-1. Internalization of the receptor can be seen in both cell types after 30 minutes and
appears maximal after a few hours. About 25% of total cell surface receptor is internalized;
this receptor internalization maximum is similar to that seen in cells exposed to B,-AR
agonists (52). Previous studies have indicated that heterologous desensitization of the p,-AR
is phosphoinositol-3-kinase (PI3K)-dependent (17). Thus, we determined whether CINC-1-
mediated B,-AR internalization is PI3K-dependent. L2 cells pre-treated with PIK90 (a PI3K
family inhibitor) did not internalize B,-AR in response to CINC-1 (Figure 2C). Together,
these data indicate that one method of B,-AR heterologous desensitization via CINC-1 is
mediated by PI3K.

Heterologous internalization of the p,-AR by CINC-1 involves B,-AR binding of arrestin-2

and PDE4.

Archetypal GPCR activation, internalization and desensitization each involve a variety of
proteins that bind the GPCR tail to interrupt G protein signaling and initiate trafficking

(51, 53). Interestingly, two proteins that are involved with B,-AR internalization and
desensitization of CAMP signaling are arrestins and PDESs. One of the interactions that
takes place during homologous desensitization is arrestin-2 binding to the C-terminus of the
B2-AR coupled with PDE4D binding to arrestin-2. This may be one of the mechanisms by
which CINC-1 causes heterologous internalization of the B,-AR (54). To determine whether
arrestin-2 and/or PDE4D bind the B,-AR after exposure to CINC-1, we over-expressed
FLAG-tagged arrestin-2 in L2 cells and performed co-IP (40) over a time course of CINC-1
stimulation (Figure 3). First, our data indicate that there is a minimal amount of f,-AR,
arrestin-2 and PDE4D binding at baseline (time zero). This has been described previously
for B2-AR and arrestin-2 (55). Second our data indicate that shortly after exposure to
CINC-1, the Bo-AR, arrestin-2 and PDE4D bind together at rates significantly above
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baseline interaction. These data indicate a potential role for both arrestin-2 and PDE4D
in the heterologous internalization and desensitization of the B,-AR induced by CINC-1.

CINC-1 desensitizes pB,-AR-mediated cAMP signaling at the plasma membrane that is
resensitized by PDE4 inhibition.

Previous studies have indicated that heterologous desensitization of the B,-AR by

CINC-1 leads to decreased mobilization of cAMP. PDEs break down cAMP to provide
spatiotemporal control of secondary messenger signaling and delicately regulate the
integration of multiple cellular signals that may occur in parallel (19, 56, 57). Furthermore,
we have described that PDE4D binds to arrestin-2 shortly after cell exposure to CINC-1
(Figure 3). Inhibition of PDEs is known to prolong cCAMP activation and is a well-
described therapy in chronic obstructive pulmonary disease (COPD) and asthma (28-31).
Therefore, we determined whether rolipram (a PDE4 inhibitor) would inhibit CINC-1-
mediated desensitization of cAMP mobilization. L2 cells were pre-treated with CINC-1
and/or rolipram, and terbutaline-induced cCAMP mobilization was measured (Figure 4A).
Our results confirm that pre-treatment of L2 cells with CINC-1 inhibits B,-AR-mediated
cAMP mobilization similar to prior reports (17, 18). Interestingly, pre-treatment of L2 cells
with CINC-1 and rolipram reverses the effects of CINC-1 on terbutaline-induced cAMP
mobilization.

While inhibition of CINC-1-induced effects on global cAMP mobilization is essential, PDEs
regulate temporospatial cCAMP signaling with more precision. Therefore, we hypothesized
that CINC-1 would inhibit unique, subcellular pools of cAMP and that PDE4 inhibition
would be able to reverse these effects specifically. To better determine the subcellular
localization of cAMP desensitization, we used FRET-based exchange protein activated by
cAMP (Epac) probes that have been previously described (42-44). These probes induce
FRET when cAMP is absent, and when bound to cAMP, the FRET efficiency decreases.
Furthermore, one of the probes is palmitoylated to keep it at the cell membrane where

it measures FRET while the other probe measures FRET within the cytosol. L2 cells

were transiently transfected with the aforementioned probes, and cells were pre-treated

with CINC-1 (or vehicle) for 30 minutes before cCAMP was activated with terbutaline
(Figures 4B and 4C). When cells containing the plasma membrane-bound or cytosolic Epac
FRET tracer are activated with terbutaline, cCAMP mobilization in both areas is quick and
maximizes after a few minutes. Pre-treatment with CINC-1 in L2 cells transfected with the
cytosolic Epac FRET tracer shows no effect on cAMP mobilization (Figure 4B). However,
in L2 cells transfected with the plasma membrane-bound Epac FRET tracer, pre-treatment
with CINC-1 effectively ceases activation of cAMP in those regions (Figure 4C). We
hypothesized that PDE4 inhibition could restore CINC-1-mediated inhibition of plasma
membrane-localized cAMP mobilization. Therefore, we pre-treated L2 cells transfected
with the plasma membrane-bound Epac FRET tracer with CINC-1 and/or rolipram and
measured plasma membrane-localized cAMP activation (Figure 4D). Interestingly, rolipram
did indeed reverse CINC-1-mediated inhibition of terbutaline-induced cAMP mobilization at
the plasma membrane. Taken together, these results indicate that CINC-1 inhibits specific,
subcellular pools of Bo-AR-induced cAMP and that these effects can be reversed with PDE4
inhibition.
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PDE4 inhibition restores B,-AR receptor expression at the cell surface after heterologous
desensitization by CINC-1 and inhibits CINC-1-induced B,-AR receptor internalization.

Receptor desensitization and resensitization involves internalization from and recycling

to the cell surface to control temporospatial signaling via binding of various trafficking
proteins (58-60). We have shown that CINC-1 induces heterologous desensitization of

the B2-AR, in part, by receptor internalization and inhibition of plasma membrane-located
cAMP mobilization. Next, we questioned whether CINC-1 could inhibit B,-AR recycling as
a mechanism of heterologous desensitization. L2 cells were exposed to CINC-1 for 4 hours
to maximize internalization of the B,-AR. Cells were washed thoroughly to remove excess
CINC-1 and returned to 37°C. In cells exposed to vehicle alone, f2-AR did not return to
the cell surface and may have continued to internalize B,-AR to a small degree (Figure 5A).
Because rolipram can reverse alterations in plasma membrane-located cAMP mobilization,
we tested whether it would restore o-AR recycling. Interestingly, in cells returned to 37°C
and exposed to rolipram, B,-AR did indeed return to the cell surface (Figure 5A).

Because PDE4 inhibition can restore B,-AR recycling and reverse alterations in CINC-1-
induced heterologous desensitization of the B,-AR, we theorized that PDE4 inhibition
would be able to inhibit CINC-1-induced B,-AR internalization. To this end, L2 cells were
pre-treated with rolipram (or vehicle) before inducing p,-AR internalization with CINC-1
(Figure 5B). L2 cells pre-treated with rolipram had significantly less p,-AR internalization
in response to CINC-1 compared to cells pre-treated with vehicle alone.

PDE4 inhibition restores trauma-mediated inhibition of B,-AR-induced alveolar fluid

clearance.

To this point, we have described some of the trafficking and signaling mechanisms

of CINC-1-induced B»-AR heterologous internalization. Clinical significance of these
mechanisms within the lung is based on its ability to increase AFC and resolve pulmonary
edema. Trauma releases IL-8 into patient lungs and may be one of reason why patients

are more susceptible to ARDS thereafter. Similarly, it has been described in animal models
that trauma-shock increases CINC-1 in rodent lungs and that CINC-1 inhibition restores
AFC (17, 47). To better understand whether PDE4 inhibition could restore CINC-1-induced
B2-AR heterologous desensitization and improve pulmonary edema, we employed our
murine trauma-hemorrhage model (Figure 6). First, we measured AFC in mice that were
not exposed to trauma and shock but were exposed to the individual drugs to test their
effects on baseline AFC (Figure 6A). Baseline AFC in control mice was ~7-8%. Treatment
of mice with terbutaline doubled the AFC rate in control mice. Pre-treatment of mice with
rolipram for 30 minutes had no effect on baseline AFC. Our next groups of mice were
exposed to trauma and hemorrhagic shock (hereafter referred to as “trauma-shock), and
AFC was measured after pre-treatment with the aforementioned therapies (Figure 6B). Mice
that underwent trauma-shock again had baseline AFC of ~7-8% that was comparable to
controls. When trauma-shock mice were treated with terbutaline 30 minutes before AFC
measurement, there was no increase above baseline, in contrast to observations in control
mice. However, in trauma-shock mice pre-treated with rolipram, terbutaline was able to
significantly increase AFC. These data indicate that PDE4 inhibition can reverse trauma-
shock-mediated inhibition of terbutaline-induced AFC.
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DISCUSSION

ARDS is a life-threatening illness that is characterized by decreased alveolar-capillary
barrier function, pulmonary edema consisting of proteinaceous fluid, and inhibition of net
alveolar fluid transport that is responsible for resolution of pulmonary edema (3). While
advances in bundled care and improved ventilator strategies have improved mortality rates in
recent years, there is currently no pharmacotherapy that has proven useful to prevent or treat
ARDS (5). Studies indicate that IL-8 induced heterologous desensitization of the p,-AR
leads to decreased beta-agonist-induced mobilization of cAMP and subsequent inactivation
of Na* and CI~ ion transport (17, 47). In our study, we demonstrate that CINC-1-induced
heterologous desensitization of the B,-AR is due to receptor internalization from the cell
surface rather than receptor degradation. Our data also indicate that exposure of L2 cells to
CINC-1 leads to binding of the B,-AR by arrestin-2 and PDE4, important components of
the Bo-AR’s internalization and signaling machinery. Interestingly, we found that CINC-1
inhibited B,-AR-mediated cAMP mobilization at the plasma membrane but not in the
cytosol, and that once the B,-AR was internalized, it had impaired recycling back to the cell
surface. Finally, we demonstrated that PDE4 inhibition could alleviate defects in CINC-1-
induced defects in CAMP mobilization, B,-AR trafficking, and alveolar fluid clearance after
trauma/hemorrhage. It is important to note that we also used both primary ATII and L2
alveolar cells to replicate key flow cytometry experiments. This study joins a litany of recent
studies that use L2 cells to investigate the physiologic roles of alveolar cells (61-63). This

is important because L2 cells are more easily transfected and genetically modified making
mechanistic studies on the cellular level more amenable. Taken together, these data reveal a
deeper mechanism underlying a key pathophysiologic element of an ARDS endotype caused
by release of IL-8 and provides a potential therapy to reverse the dysfunction within this
endotype.

Our first goal of this study was to examine the mechanisms of IL-8-induced heterologous
desensitization of the fo-AR. Two prior studies have demonstrated that respiratory syncytial
virus (47) or trauma-hemorrhage (17) lead to CINC-1 release that inhibits B,-AR-mediated
mobilization of cCAMP. Both of these studies indicated that there was less B»-AR on isolated
plasma membranes after exposure to CINC-1. However, neither study revealed deeper
mechanisms of B,-AR heterologous desensitization. We revealed in both primary ATII
alveolar and L2 cells that exposure to CINC-1 had no effect on total B»-AR cellular levels
via Western blot. Interestingly, exposure of both primary alveolar and L2 cells to CINC-1,
but not vehicle led to internalization of 20-25% of B,-AR on the cell surface. Additionally,
heterologous internalization began shortly after 30 minutes and was maximal after a few
hours. Importantly, this amount of B,-AR internalization is similar to that seen when cells
are exposed to a natural ligand, such as epinephrine (52) suggesting shared mechanisms. In
support of such overlap, we found that CINC-1-induced heterologous internalization of the
B2-AR is PI3K-dependent. This is important as the aforementioned previous studies indicate
that B»-AR desensitization of cAMP mobilization is PI3K-dependent.

Next, based on the central role played by cAMP signaling, we demonstrated that when
L2 cells are exposed to CINC-1 and B»-AR internalizes, receptors also form complexes
with arrestin-2 and PDE4. It is well known that arrestin-2 binds B,-AR upon activation
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with a cognate ligand (64-66). Furthermore, studies have indicated that PDE4 binds to
arrestin-2 as it binds po-AR and internalizes to early endosomes leading to phosphorylation
and activation of extracellular signal-regulated kinase (ERK) 1/2 (67-69). It is interesting to
see that heterologous internalization of the f,-AR uses similar machinery as the archetypal
internalization system. This may indicate a situation in which a ligand that binds one
receptor (CINC-1 and IL8R) can hijack and force the internalization and desensitization

of another GPCR (in this case, B2-AR). Furthermore, we show that f,-AR, arrestin-2, and
PDE4 form a complex before exposure to CINC-1. This has been demonstrated in binding
studies with B2-AR and arrestin-2 (55), but not with PDE4 to our knowledge.

Once we detected CINC-1-induced heterologous internalization and binding of B»-AR by
arrestin-2 and PDE4, we hypothesized that this would have specific effects on individual
pools of intracellular cAMP. PDE4 is well-known as a regulator of localized cAMP
mobilization to control spatiotemporal signaling (19, 56, 57). Furthermore, previous studies
indicate that CINC-1 inhibits p,-agonist-mediated mobilization of global CAMP levels.

Our data indicate that plasma membrane-associated cAMP maobilization is inhibited by
exposure of L2 cells to CINC-1, but cytosol-associated cCAMP appears unaffected, indicating
finely regulated and sequestered signaling events. This early inhibition of plasma membrane-
associated CAMP is consistent with our other data as: 1) there is very early Bp-AR/arrestin-2/
PDE4 complex formation after CINC-1 exposure, and 2) heterologous internalization of

the B,-AR is significantly increased at 30 minutes. Therefore, it is possible that CINC-1
initiates formation of the p,-AR/arrestin-2/PDE4 complex at the cell surface and degrades
these pools of CAMP early. Long-term heterologous desensitization of the p,-AR may be
due to a lack of receptors at the cell surface. Our flow cytometry data indicate that after
internalization, the B,-AR does not recycle back to the cell surface in significant amounts
which may make it unavailable to B,-AR ligands.

To this point, we have delineated cellular mechanisms of heterologous internalization and
desensitization. Next, we demonstrated that these processes have significance in /n vivo

by using our trauma-shock model to measure AFC. Without shock, Bp-agonists can recruit
movement of ions leading to net fluid movement out of the lungs. Physiologic AFC is not
increased by PDE4 inhibition alone implying limited role for cCAMP-dependent pathways

in healthy conditions. However, after trauma-shock, terbutaline, a p,-AR agonist, is not
able to recruit ion transport and remove fluid out of the lungs in mice. Furthermore, a
previous study revealed that patients with acute lung injury have increased IL-8 within

their lungs (17). These findings are consistent with CINC-1’s ability to trigger heterologous
desensitization and internalization—if B,-AR is not present on the surface of cells, or if its
activation is otherwise inhibited, alveolar cells cannot mobilize cCAMP and activate ion and
fluid movement that stimulates net fluid transport out of the lungs. Again, when this process
was reversed by PI3K inhibition with PIK-90, terbutaline was able to increase fluid transport
in edematous lungs of mice after trauma-shock.

Most interestingly, PDE4 inhibition alleviated or prevented many of the problems that were
caused by CINC-1. For example, heterologous internalization of the B,-AR, decreased ;-
agonist-induced mobilization of plasma membrane-associated cCAMP, inhibition of B,-AR
recycling, and inhibition of alveolar fluid transport were all reversed by treatment with
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rolipram. Restoration of cCAMP signaling and fluid transport is more easily understood

as cCAMP mediates both of these processes. How rolipram pre-treatment reverses CINC-1-
induced inhibition of heterologous B2-AR internalization is not entirely clear, but PDE4 has
been demonstrated to be integral to epinephrine-induced p,-AR internalization (67, 70, 71).
Furthermore, the mechanism(s) by which restoration of cAMP and/or PDE4 inhibition may
improve recycling of the B,-AR back to the cell surface is poorly understood. However,
defective B,-AR resensitization is critical to asthma pathophysiology (58), and other studies
have indicated that impaired GPCR recycling is related to arrestin-2 binding to other
trafficking proteins (40, 41). Finally, roflumilast, a clinically-used cousin of rolipram, is
used in patients with COPD along with B-agonists (32, 33). When used in conjunction,
there is improved clinical efficacy and outcomes for patients. Given that B,-agonist therapy
in ARDS patients has not been clinically effective (6, 7), it would be interesting to determine
whether co-therapy with roflumilast would improve alveolar fluid transport and provide
relief from pulmonary edema.

There are five primary limitations in this study. First, during our internalization studies, we
did not use any beta-blocking drugs in conjunction with CINC-1. This could have delineated
whether CINC-1 actually binds the B,-AR to initiate internalization and desensitization.
However, previous studies have demonstrated that CINC-1 does induce heterologous
desensitization of the f,-AR via PI3K-, Protein kinase C-, and G protein receptor kinase
2-dependent mechanisms which are downstream of IL-8/CINC-1 (17, 47). Additionally,
B2-AR antagonists, such as carvedilol, can induce internalization of the B,-AR (72, 73).
Second, to determine whether B,-AR, arrestin-2, and PDE4 would form a complex after
exposure to CINC-1, we over-expressed arrestin-2-FLAG in L2 cells. This is not an
uncommon procedure, and it is one of the benefits of using immortalized L2 alveolar cells
for such studies. While it does enrich the amount of arrestin-2 that is immunoprecipitated, it
could change the stoichiometry of the reaction making complex formation more favorable.
We feel that the benefits of this study outweigh the drawbacks of such a procedure as
complex formation was significantly increased after exposure of these cells to CINC-1.
Third, while previous publications have clearly indicated that CINC-1 decreases AFC and
we show that PDE4 inhibition is important to reversing the effects of CINC-1 /n vitroand in
vivo, neither study clearly indicates that B,-AR expression is decreased on /7 vivo epithelial
cells. Future studies will investigate this important link in the mechanisms of IL-8/CINC-1/
trauma-shock-mediated lung injury. Fourth, we used CINC-1 as a model of IL-8-induced
ARDS in rat cells. IL-8 is known to be important in ARDS pathophysiology in humans and
there is no direct analog of IL-8 in rodents. However, CINC-1 is a commonly used model for
IL-8-induced ARDS in rodents as it carries out many of the same functions, including use
of similar signaling pathways and neutrophil recruitment (74). Finally, we used rolipram to
inhibit PDE4 in all of our /n vitroand in vivo studies instead of clinically-used roflumilast
or apremilast. However, rolipram does inhibit many PDE4 family members rendering the
findings of our study are clinically applicable.

In summary, we provide new evidence on the mechanism(s) of heterologous internalization
and desensitization of a GPCR. Our evidence demonstrates that IL-8 can cause heterologous
internalization and desensitization of specific CAMP intracellular pools mediated by B,-AR
activation. Furthermore, our data indicate that PDE4 inhibition via rolipram can inhibit
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IL-8-induced heterologous internalization of the B,-AR and can resensitize the B»-AR as
well. PDE4 inhibition is a cornerstone of treatment of human airway diseases such as
COPD and asthma (28-32); additionally, they are often used in concert with B,-agonists
(33) and prior clinical studies using po-agonists to treat ARDS have shown no effect (6,

7) and a Phase 2 clinical trial is studying the effects of PDE4 inhibition in ARDS patients
(clinicaltrials.gov NCT04429555). One mechanism by which this therapy may be effective
is if PDE4 inhibitors can resensitize the f,-AR and improve its activation of fluid resorption
systems within the lung. There may be specific ARDS endotypes that have IL-8 release

as a component of its pathophysiology that make PDE4 inhibition a suitable therapy and
implements precision medicine. Future studies will continue to explore these avenues and
the potential for PDE4 inhibition in other lung diseases such as bacterial pneumonia that can
lead to ARDS.
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Abbreviations Used

AFC alveolar fluid clearance

ALl acute lung injury

ARDS acute respiratory distress syndrome

B2-AR beta2-adrenergic receptor

cAMP cyclic adenosine monophosphate

CINC-1 cytokine-induced neutrophil chemoattractant-1
DMEM Dulbecco’s modified Eagle’s medium

ERK extracellular signal-regulated kinase

FBS fetal bovine serum

FRET Forster resonance energy transfer

GAPDH glyceraldehyde 3-phosphate dehydrogenase
IL-8 interleukin-8

IP immunoprecipitation

PAGE polyacrylamide gel electrophoresis

PDE phosphodiesterase

PI13K phosphoinositide 3-kinase
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SDS sodium dodecyl sulfate
SFM serum-free medium
TGF-1 transforming growth factor beta-1
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Figure 1. Heterologous desensitization of the o-AR by CINC-1isnot dependent upon receptor
degradation.

For all experiments, alveolar epithelial cells were exposed to vehicle or CINC-1 (10ng/ml)
for 6 hours. Cells were then lysed, resolved via SDS-PAGE and blotted with anti-p,-AR
or anti-GAPDH antibodies. Blots and quantification are shown for primary ATII (A and B,
respectively) and L2 (C and D, respectively) cells. Experiments for each cell type were run
in three independent experiments (n=3), and lysates were combined to make one series of
blots.
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Figure 2. Heterologous desensitization of the fo-AR by CINC-1 is dependent upon receptor

internalization.

For all experiments, alveolar epithelial cells were exposed to vehicle or CINC-1 (10ng/ml)
for the times indicated, and B2-AR internalization was assayed as described in the Methods.
B2-AR internalization was assayed in primary ATII cells (A) and L2 cells (B), respectively.
(C) L2 cells were pre-treated with PIK-90 (100nM) or vehicle before exposure to CINC-1.
Data are expressed as mean cell surface receptor + SEM. n=3-4 for all time points assayed,;
* indicates p < 0.05 compared to vehicle at the indicated time point.
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Figure 3. Internalization of the B>-AR by CINC-1 involves binding of arrestin-2 and PDE4.
For all experiments, L2 cells were transiently transfected with arrestin-2-FLAG. Transfected

L2 cells were exposed to CINC-1 (10ng/ml) for the times indicated and lysed in pre-
chilled lysate buffer. An aliquot of lysate was preserved, and the remainder of the
lysate was immunoprecipitated with anti-FLAG antibody as described in the Methods.
Immunoprecipitated and aliquoted lysates were then resolved with SDS-PAGE and
immunoprecipitated lysate was blotted with anti-p,-AR, anti-PDE4D and anti-FLAG
antibodies while aliquoted lysate was blotted with anti-FLAG antibodies. (A) A
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representative blot and (B) quantification of densitometry are shown. The arrow designates
the bands representing PDE4D. Data are expressed as mean arrestin-2 binding £ SEM, n=3;
* indicates p < 0.05 compared to zero time point for both B,-AR and PDE4D binding to
arrestin-2.
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Figure 4. CINC-1 desensitizes fo-AR-mediated CAM P signaling at the plasma membranethat is
resensitized by PDE4 inhibition.

(A) Confluent L2 cells were exposed to terbutaline (20uM) for 5 minutes, lysed with
pre-chilled lysate buffer, and cAMP was measured. For some experiments, cells were pre-
treated with CINC-1 (10ng/ml) and/or rolipram (10uM) for 30 minutes before addition of
terbutaline. Data are expressed as a mean percentage of terbutaline-induced cAMP levels

+ SEM, n=3; * indicates p < 0.05 compared to terbutaline only and ** indicates p <

0.05 compared to CINC-1 and terbutaline. For (A-C), L2 cells were transiently transfected
with Epac-FRET plasmids that detect cytosolic (B) or plasma membrane (C, D) located
cAMP and FRET efficiency was measured as described in the Methods. After baseline
FRET efficiency was measured, cells were exposed to terbutaline to determine the CAMP
response. For some experiments, cells were pre-treated with CINC-1 (10ng/ml) and/or
rolipram (10uM) for 30 minutes before addition of terbutaline. In (B, C), FRET efficiency is
measured every 10 minutes and plotted as mean FRET response + SEM, n=5-7; * indicates
p < 0.05 compared to baseline. In (D), data is plotted as mean terbutaline-induced FRET
response + SEM, n=5-7; * indicates p < 0.05 compared to terbutaline alone and ** indicates
p < 0.05 compared to CINC-1 and terbutaline.
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Figure 5. PDE4 inhibition restores >-AR receptor expression at the cell surface after
heterologous desensitization by CINC-1 and inhibits CINC-1-induced B2-AR receptor

internalization.

(A) L2 cells were exposed to CINC-1 (10ng/ml) for four hours and extensively washed

in pre-chilled serum-free media. Then, cells were treated with vehicle or rolipram (10uM)
and returned to 37°C. Cells were assayed at the times indicated for B,-AR recycling as
described in the Methods. (B) L2 cells were pre-treated with rolipram (10uM) or vehicle for
30 minutes. Then, all cells were exposed to CINC-1 (10ng/ml) for the times indicated and
B2-AR internalization was assayed as described in the Methods. Data are expressed as mean

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



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Richetal.

Page 27

cell surface receptor = SEM. n=3 for all time points assayed; * indicates p < 0.05 compared
to vehicle at the indicated time point.
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Figure 6. PDE4 inhibition restores trauma-mediated inhibition of Bo-AR-induced alveolar fluid

clearance.

For all experiments, AFC was measured as described in the Methods. (A) Baseline AFC
measurements in mice without exposure to trauma shock. Mice were exposed to no
treatment, terbutaline (10~°M), or rolipram (3mg/kg) alone 30 minutes before AFC was
measured. Data are expressed as mean AFC + SEM. n=3 for all conditions assayed; *
indicates p < 0.05 compared to no treatment and rolipram. (B) Mice were exposed to
trauma-shock as described in the Methods. Six hours later, AFC was measured. Mice were
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exposed to no treatment, terbutaline (107>M), and/or rolipram (3mg/kg) 30 minutes before
AFC was measured. Data are expressed as mean AFC + SEM. n=3-7 for all conditions
assayed; * indicates p < 0.05 compared to no treatment and terbutaline alone.
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