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Abstract

Asthma and other airway obstructive disorders are characterized by heightened inflammation

and excessive airway epithelial cell reactive oxygen species (ROS), which give rise to a highly
oxidative environment. After decades of use, B2-adrenergic receptor (32AR) agonists remain

at the forefront of treatment options for asthma, however, chronic use of B2-agonists leads

to tachyphylaxis to the bronchorelaxant effects, a phenomenon that remains mechanistically
unexplained. We have previously demonstrated that B2AR agonism increases ROS generation

in airway epithelial cells, which upholds proper receptor function via feedback oxidation of
B2AR cysteine thiolates to Cys-S-sulfenic acids (Cys-SOH). Our previous results also demonstrate
that prevention of normal redox cycling of this post-translational oxi-modification back to the
thiol prevents proper receptor function. Given that Cys-S-sulfenic acids can be irreversibly
overoxidized to Cys-S-sulfinic (Cys-SO,H) or S-sulfonic (Cys-SO3H) acids, which are incapable
of further participation in redox reactions, we hypothesized that B2-agonist tachyphylaxis may
be explained by hyperoxidation of f2AR to S-sulfinic acids. Here, using airway epithelial cell
lines and primary small airway epithelial cells from healthy and asthma-diseased donors, we
show that B2AR agonism generates H,O5 in a receptor and NAPDH oxidase-dependent manner.
We also demonstrate that acute and chronic receptor agonism can facilitate B2AR S-sulfination,
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and that millimolar H,O, concentrations are deleterious to p2AR-mediated cAMP formation,

an effect that can be rescued to a degree in the presence of the cysteine-donating antioxidant
N-acetyl-,-cysteine. Our results reveal that the oxidative state of B2AR may contribute to receptor
functionality and may, at least in part, explain p2-agonist tachyphylaxis.
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1. Introduction

Inhaled B2-adrenergic receptor (B2AR) agonists remain the gold-standard for treatment of
bronchoconstrictive pulmonary disorders such as asthma or chronic obstructive pulmonary
disease (COPD), which are characterized by hypercontractility of smooth muscles that
constrict airways leading to dyspnea, chest tightening, coughing and wheezing. Agonism

of B2AR facilitates relaxation of the airways and a variety of 2AR agonists including
salbutamol (albuterol), formoterol, and salmeterol are used clinically for the treatment

of these disorders. However, an abundance of literature demonstrates that chronic use of
[B2-agonists leads to tachyphylaxis (i.e., tolerance) to the bronchorelaxant response, an effect
that has been proposed to contribute to morbidity and mortality [1-3]. Although a variety of
hypotheses have been proposed to explain the phenomenon of p2-agonist tachyphylaxis,
including B2AR polymorphisms, or desensitization and internalization downstream of
chronic agonism, none have been shown to fully account for this effect and the exact
mechanisms remain elusive [1-3].

While smooth muscle contraction causes increased airway resistance and subsequent
symptomology of obstructive airway disorders, it is now well-accepted that the etiology of
asthma is driven at least in part due to airway epithelial cell dysfunction that facilitates
heightened inflammation and oxidative stress, which greatly influences the underlying
smooth muscle [4-9]. While both airway epithelial and smooth muscle cells express

B2AR, historically, the smooth muscle, rather than epithelial cells, have been the subject

of extensive study as far as the receptor is concerned. However, recent evidence suggests that
oxidative stress, particularly elevated levels of superoxide and hydrogen peroxide (H,05)
specifically derived from the airway epithelium, play a significant role towards airway
inflammation and smooth muscle contraction that yields the asthmatic phenotype [5,10,11].
Since the airway epithelium is in direct contact with, and responds swiftly to inhaled
substances, inhaled environmental sources and triggers of reactive oxygen species (ROS)
production, such as pollution and allergens, can contribute to epithelial ROS generation. In
addition, infiltration of immune cells, chiefly neutrophils and eosinophils, which localize to
the airway, also contribute to significant ROS burdens [5,10,11]. Importantly, the membrane
bound NADPH oxidase (NOX) family of enzymes are a significant source of ROS
generation in the airway epithelium, and upregulation of the NOX4 isoform in particular

is thought to play a major role in over-production of ROS in obstructive airway disorders
[12,13]. NOX4 is also unique in that it is constitutively active in the absence of upstream
activators and can also directly produce H,O5, whereas the other NOX isoforms only
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generate superoxide, which must then be enzymatically converted to H,O, by superoxide
dismutase (SOD) [14-16].

We have previously shown that agonism of B2AR generates intracellular ROS in a NOX-
dependent manner in clonal cell lines as well as in human lung epithelial cells [17-20],
and these results have been verified by others in a variety of cell types and tissues [21-27].
Our previous work also demonstrates that some level of ROS are required for proper 2AR
function, as ROS sequestration or NOX inhibition decreases both G-protein and B-arrestin-
dependent B2AR signaling [19,20]. Recently, we have also shown that 2AR-mediated
ROS generation, as well as exposure to exogenous H,O5 can oxidize B2AR cysteine
residues forming transient cysteine-S-sulfenic acids (-Cys-SOH), a first-order oxidative
post-translational modification [18,28]. Importantly, in the presence of high concentrations
or prolonged exposure to ROS, S-sulfenic acids can be further oxidized to form higher-
order cysteine S-sulfiic (Cys-SO,H) or S-sulfiic (Cys-SO3H) acids, which are stable

and generally irreversible, and can lead to protein dysfunction as seen in oxidative stress
[29-32]. Consistent with this, our previous work revealed that while cysteine-S-sulfenic
acid oxidized p2AR exhibits enhanced ligand binding and improved downstream function,
irreversible “trapping” of the p2AR-cysteine-S-sulfenic acid with the selective Cys-SOH
alkylator dimedone, which mimics S-sulfination/S-sulfonation and prevents normal redox
recycling back to the native thiol state, inhibits ligand binding and decreases downstream
B2AR signaling [18]. These results demonstrated that the ROS-sensitive cysteine residue(s)
in B2AR regulate its function, and suggest that overoxidation of these residues from Cys-S-
sulfenic to Cys-S-sulfinic acids may lead to receptor dysfunction. Given this effect along
with the known ability of B2AR to generate ROS upon its agonism, and the well-described
elevation in ROS in asthma, we hypothesize that ROS can post-translationally oxidize
B2AR to Cys-S-sulfinic acids. Furthermore, we hypothesize that chronic agonism and
heightened ROS in asthma could potentially contribute to p2-agonist tachyphylaxis via
this irreversible oxomodification of B2AR, which inhibits its function. In this study, we
have assessed p2AR-induced H,O, generation in human airway epithelial cell lines as well
as in primary healthy and asthma-diseased human small airway epithelial cells (SAEC)
and for the first time, we reveal p2AR agonist and H,O,-induced S-sulfination of B2AR,
suggesting that this over-oxidation of B2AR may contribute to lack of B2AR function seen
in p2-agonist tachyphylaxis. Our results also denote interesting differences in healthy versus
asthma-diseased SAEC, most notably, significant upregulation of the cAMP-metabolizing
enzyme PDE4.

Materials and methods

2.1. Chemicals and reagents

Amplex Red and AbGreen-indicator HoO, detection reagents were purchased from Thermo
Fisher Scientific (A12222) (Waltham, MA) and Abcam (ab138874) (Waltham, MA),
respectively. DiaAlk (PubChem CID: 134688955) (1-(tert-Butyl) 2-(2-methyl-4-(prop-2-
yn-1-yloxy) butan-2-yl) (£)-diazene-1,2-dicarboxylate, 8 mM in DMSQO) was acquired from
Aaobious Inc (Gloucester, MA), biotin-azide (3aS,4 S,6aR)-N-(3-azidopropyl) hexahydro-2-
0x0-1 H-thieno[3,4-4d] imidazole-4-pentanamide, 5 mM in DMSQO) and VAS2870 (PubChem
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CID: 4058452) were purchased from Cayman Chemicals (Ann Arbor, Ml), (-)-isoproterenol
bitartrate (1SO, PubChem CID:160420) (12760), salbutamol (SAL, PubChem CID: 2083)
(S8260), and A-Acetyl-;-cysteine (NAC, PubChem CID:12035) (A7250) were purchased
from Millipore Sigma (St. Louis, MO); 3-isobutyl-1-methylxanthanine (IBMX, PubChem
CID:3758) (PHZ1124), forskolin (FSK, PubChem CID:47936) (BP252010), dithiothreitol
(DTT, PubChem CID:446094), and 4,4’ -dithiodipyridine (4,4-DPS, PubChem CID:

75846) (162240050) were purchased from Thermo Fisher (Carlsbad, CA). ICI-118,551
hydrochloride (PubChem CID: 11957590) (0821) was from Tocris Bioscience (Bristol, UK).
All other reagents were purchased at their highest available purity from Millipore Sigma or
Fisher Scientific.

2.2. Cell culture and patient characteristics

Primary human small airway epithelial cells from asthma-diseased (A-SAEC) and healthy
(SAEC) patient donors were obtained from Lonza (CC-2547/2932, Basel, Switzerland)

and cultured in small airway cell basal medium (SABM) (CC-3119) supplemented with
bovine pituitary extract 2.0 ml, insulin 0.5 ml, hydrocortisone 0.5 ml, gentamicin sulfate
0.5 ml, retinoic acid 0.5 ml, fatty acid-free bovine serum albumin (BSA) 5 ml, transferrin
0.5 ml, triiodothyronine 0.5 ml, epinephrine 0.5 ml, and human epidermal growth factor

0.5 ml, as supplied by the manufacturer, and grown in a humidified atmosphere at 37

°C in 5% CO». To minimize variability between patients and contamination of other cell
types, we utilized commercially available primary epithelial cells from donors, which are
commercially validated to contain greater than 90% small airway epithelial cells as assessed
by cytokeratin-19 expression. The same patient-derived reserved lots were used throughout
the experiments to ensure consistency. The healthy SAEC were obtained from a 25-year-old
Caucasian female (100.7 kg, 63" height) while the asthma-diseased SAEC were obtained
from a 15-year-old Caucasian female (66 kg, 68" height), both of whom were non-diabetic,
with no history of cardiovascular disease, hypertension, or smoking or alcohol use. The
asthmatic patient was diagnosed at age two, was on albuterol twice per month, and deceased
at age 15 due to a respiratory issue that was unspecified due to confidentiality. Cells

were passaged a maximum of 6-7 times, following which, another commercially-acquired
cryopreserved parenteral aliquot of the same lot reserve was used. Human lung airway
epithelial cells (CALU3 and A549) were obtained from ATCC (Manassas, VA), cultured in
Dulbecco’s modified Eagles medium (DMEM) supplemented with 109% fetal bovine serum
and 1% penicillin-streptomycin (Life Technologies, Grand Island, NY) and F-12 K media
supplemented with 10% fetal bovine serum, respectively.

2.3. Real-time cyclic AMP formation

Cells were transiently transfected with 8 pg of GloSensor-22 F cAMP plasmid (Promega,
Madison, WI) using TurboFectin 8.0 (Origene, Rockville, MD) for 24 h, following

the manufacturer’s instructions. Twenty-four hours following transfection, cells were
trypsinized, resuspended in DMEM with 25 mM HEPES and 10% FBS and centrifuged

at 250 x g, for 5 min at 4 °C. The cell pellet was resuspended in media above supplemented
with 2% GloSensor reagent at 3 x 10° cells/ml, and incubated for 2 h at room temperature
in dark with gentle agitation every 15 min to avoid settling. Cells were loaded at 3 x 10*
cells/well in white 96-well plates and pretreated with 100 uM IBMX for 5 min prior to
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agonism with 1SO, or other agents, as noted in the figure legends. Where 1CI-118,551 was
assessed, cells were treated for 5 min prior or 10 min following ISO addition, as indicated

in the figure legends. Of note, since this is a real-time measurement, higher concentrations
of agents were used than what is required in endpoint measurements, given the continuous
presence of 1SO throughout the course of study. Where the role of oxidants was assessed,
cells were treated with indicated concentrations of H,O, for 1 min prior or 10 min after

ISO stimulation, as described in the figure legends. Luminescence was measured using
MicroBeta2 2450 Microplate counter (Perkin Elmer, Waltham, MA) and cell viability was
determined using automated cell counting in the presence of 0.4% trypan blue, 4 h following
agonism with isoproterenol. In initial studies, treatment with 0.1-1 mM concentrations of
H,0, for 30-180 min had no deleterious effects on cell viability as detected by cell viability
assays (supplementary figure 1). In some experiments, to ensure functional viability, cells
were restimulated with IBMX (100 uM) and FSK (10 uM) 4 h following agonism with 1SO.

2.4. Real-time H,O, generation

Confluent SAEC, CALU3 and A549 cells were trypsinized, resuspended in serum-
containing media and centrifuged at 250 x gat 4 °C for 5 min. Cells were resuspended

in assay buffer (140 mM NaCl, 2.7 mM KCI, 1 mM MgCl,, 1 mM CaCl,, 0.37 mM
NaH,PO,4, 24 mM NaHCO3, 25 mM HEPES, 0.1% Glucose, pH 7.4) at 3.5 x 10% cells in
100 pl in a black 96-well plate prior to the addition of the cell-impermeable, extracellular
H»0,-probe Amplex Red and stimulation with 1SO or H,0O, as indicated in figure legends.
Of note, since this is a real-time measurement, higher concentrations of agents were used
than what is required in endpoint measurements, given the continuous presence of 1ISO
throughout the course of study. Where VAS2870 was used, a final concentration of 5 uM
was added prior to Amplex Red. Exogenously applied H,0, (0.1 uM) was utilized as an
internal positive control in all the experiments and detection of fluorescence, a marker of
H»0, generation was measured at excitation/emission wavelength of 545 nm/590 nm using
Tecan M200 Infinite Pro plate reader (Tecan, Baldwin Park, CA) for 60 min. The generation
of intracellular H,O, was also assessed using the cell-permeable, H,O,-specific fluorescent
AbGreen indicator (Abcam). Here, 3 x 10% cells were seeded in 96-well black clear bottom
plates in 100 ul media, and 24 h later, cells were washed three times with PBS and incubated
with the probe for 60 min, following the manufacturer’s instructions. Cells were treated with
ISO as indicated and images were acquired and quantification and statistical analysis was
performed on the representative 4X images using the respective monochrome fluorescent
images to determine the average fluorescence intensity of the selected area (2.0-2.1 mm?)
using an ECHO Revolve fluorescent microscope (Discover Echo, San Diego, CA). Where
inhibitors were used, they were preincubated for 30 min prior to I1SO addition, and 0.1 uM
H,0, and water were used as positive and negative controls, respectively.

2.5. Detection B,AR cysteine-S-sulfinic acids

To examine the agonist and H,0, mediated formation of cysteine-S-sulfinic acids, SAEC
were assessed in both acute (single treatment up to 60 min) or chronic (twice daily
treatment for seven days) treatment paradigms, as indicated in the figure legends. Following
treatments, cells were washed with iced PBS, lysed in modified RIPA buffer (50 mM
Triethanolamine, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.5% SDS, 200
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U/ml catalase, pH 7.4) and 1X EDTA-free HALT protease inhibitor for 20 min with gentle
agitation. After clearing by centrifugation, the lysate was incubated with 40 pl neutravidin
beads for one hour at room temperature with constant tumbling to preclear endogenously
biotinylated proteins in the sample. After standardization of the protein concentrations to

5 mg/ml, 20 ul was removed for detection of B,AR and B-actin in the reaction input, and

50 pl was tumbled with 200 mM 4,4-DPS for 1 h at room temperature to block free-thiols.
Samples were cleared using Bio-Spin P-30 gel columns (BioRad Laboratories, Hercules,
CA), pre-equilibrated with 100 mM HEPES and 100 mM NacCl, pH 8.5. Lysates were
tumbled with the clickable selective cysteine-S-sulfinic acid probe DiaAlk (1 mM) with
0.5% SDS for 2 h at room temperature in dark, and subsequently incubated with 1 mM DTT
for 30 min to quench the reaction, then passed through detergent-removal column (Pierce)
pre-equilibrated with 100 mM PBS, pH 7.4. Buffer exchanged samples were subjected to
click chemistry as we have described previously [17], and below. After biotinylating DiaAlk
labeled residues using click chemistry, lysates were then subjected to chloroform-methanol
precipitation, air dried, and redissolved in 1 ml dilution RIPA buffer (25 mM Tris-HCI, 150
mM NaCl and 0.5% NP40, pH 7.6) for immuno-precipitation, as we have described below
and previously [17].

2.6. Click chemistry

2.7.

2.8.

Click chemistry was performed as we have previously described [17]. Briefly, DiaAlk-
labeled proteins were incubated with 100 uM Biotin-azide, 1 mM tris(2-carboxyethyl)
phosphine hydrochloride (TCEP-HCL), 100 uM tris[(1-benzyl-1 H-1,2,3-triazol-4-yl)
methyl] amine ligand (TBTA) and 1 mM CuSQy, for 1 h at room temperature with constant
agitation. Reactions were quenched with 40 mM EDTA, proteins were precipitated by
methanol-chloroform as described above, and lysates were probed using streptavidin-HRP
antibody via immunoblotting, as we have described below and previously [17,19,28,33,34].

Immunoprecipitation of AR

Prepared lysates were tumbled with 10 ul (0.2 pg/ul) anti-human p,AR mouse monoclonal
antibody (E3, Santa Cruz Biotechnology) for 2 h at 4 °C and 20 ul of resuspended protein
AJG -agarose beads (Thermo Fischer Scientific) were added and tumbled overnight at 4 °C.
Beads were washed by centrifugation three times with iced PBS, eluted with 1X Laemmli
sample buffer with 2.5% B-mercaptoethanol for 20 min at room temperature and resolved by
SDS-PAGE.

Immunoblotting

Immunoblotting was performed as we have described previously [17,19,28,33,34]. Briefly,
after lysis in RIPA, protein concentrations were standardized using DC Protein Assay (Bio-
Rad, Hercules, CA) and denatured in Laemmli sample buffer with 2.5% B-mercaptoethanol
prior to resolution with SDS-PAGE. For analysis of ACV/VI and PDE4A expression,
samples were boiled for 2 min, whereas for SOD, catalase, Gas and Ga.i-1/2, samples
were boiled for 5 min, and B,AR samples were denatured at room temperature for 20

min. Equivalent concentrations of protein were resolved by SDS-PAGE and transferred to
PVDF membrane. Blots were blocked in either 5% BSA or 3% non-fat milk solution (1X
TBST) based on the appropriate primary antibody. Membranes were washed five-times
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and incubated with primary antibody for 1 h at room temperature or overnight at 4 °C.

Blots were visualized using HRP-conjugated secondary antibody by ECL. Where blots were
reprobed with another antibody, blots were stripped in 25 mM glycine for 45 min at 50

°C with constant agitation and re-probed following blocking. The following antibodies and
respective concentrations were utilized for immunoblotting: po,AR H73 (1:1000, SC-9042),
ACV-VI (1:1000, SC-514785), PDE4A (1:1000, SC-74428) and B-actin (1:1000, SC-47778)
were obtained from Santa Cruz Biotechnology (Dallas, TX). Gas (1:1000, 06-237), Ga.il/2
(1:1000, 06-236) were from Sigma Aldrich (St. Louis, MO). Catalase (1:1000, 12980),
SOD1 (1:1000, 37385), and SOD2 (1:1000, 13141) were from Cell Signaling Technology
(Danvers, MA), while SOD3 (1:1000, PIPA559870 was from ThermoFisher.

2.9. Quantification and statistical analysis

All the graphical data were created and analyzed using GraphPad Prism (La Jolla, CA)

and represented as a mean + standard deviation (SD). The means from each individual
experiment performed in triplicate were pooled and the number of independent replicates

is shown in figure legends. Where not visible, the error bars fall within the symbol size.
Statistical analysis was performed with ninety-five percent confidence interval using one-
way or two-way analysis of variance (ANOVA) and Tukey’s post-hoc analysis, as described
in the figure legends. Statistical significance is represented as * p< 0.05, * * p< 0.01, *

** < 0.001 and similar classification with the # symbol for second comparison, as noted
in the figure legends. Values of p < 0.05 were defined a priori as statistically significant and
reported p values are accompanied by Cohen’s d'value, where appropriate, as a measure of
the effect size to convey practical significance.

3. Results

3.1. Agonism of B2AR induces ROS generation in a receptor and NADPH oxidase-
dependent manner in airway epithelial cells

Previously, we have shown that agonism of p2AR with the B-receptor agonist isoproterenol
(1SO) generates ROS in clonal cell lines as well as in human airway cells [17-20]. Similar
results have been shown by others in a variety of cells and tissues [21-23,25,35,36].

Here, for the first time, we examine real-time B2AR-mediated H,O, generation in human
airway epithelial cell lines A549 and CALU-3, as well as in primary human small airway
epithelial cells from healthy and asthma-diseased patients. Since airway epithelial cells

have been shown to consist almost entirely of the B2-subtype [37,38], we used the
full-efficacy p-receptor agonist ISO in a fluorescent-based assay that utilizes the highly
sensitive, extracellular Amplex Red probe that detects H,O5 in real-time. Similar to our
previous results with non-specific ROS probes [18,20], our results here show that ISO
concentration-dependently induces real-time H,O, generation in CALU-3 and A549 human
airway epithelial cell lines, validating the HoO»-specific probe (Fig. 1A). These effects were
most detectable at concentrations of 1 UM or higher, as reported by us and others in a variety
of cell and tissue types [18-23,25,28,35,36]. The ISO-induced H,O, generation was also
seen to the same degree in non-diseased SAEC from a healthy human donor, and responded
similarly as the airway cell lines to treatment with 1SO, while asthma-diseased SAEC from
an asthmatic patient (A-SAEC) exhibited a lower level of H,0O, in response to 10 pM 1SO
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than CALU-3, A549 or SAEC (Fig. 1A) H,05 at a concentration of 0.1 pM was used as an
internal positive control, and produced an equivalent signal as the highest concentration of
ISO used here (data not shown).

We have previously demonstrated that B2AR-linked ROS generation in airway epithelial
cell lines is coupled to activation of NADPH oxidase (NOX) isoforms [18-20]. To assess
this effect in SAEC and A-SAEC, we utilized the selective NOX inhibitor VAS2870

along with the 1 pM concentration of 1SO in the real-time measure of H,O, generation
with Amplex Red. In CALU-3 airway epithelial cells, VAS2870 (5 pM) decreased basal
H,0, generation over 60 min, consistent with inhibition of NOX (Fig. 1B, upper). In the
presence of VAS2780, ISO-induced (1 pM) H,0, generation was significantly (p < 0.05)
right-shifted, and decreased at each time point compared to ISO alone (Fig. 1B, upper).
Since this is a real-time, rather than an endpoint measurement, we quantified the area under
the curve (AUC) of these effects over 60 min and our results showed a 30.7% reduction

of 1SO-induced H,0, generation in the presence of VAS2870 (Fig. 1B, lower) in CALU-3
cells. In healthy SAEC, VAS2870 alone (5 uM) also decreased basal H,O, generation over
60 min, however unlike CALU-3 cells, in the presence of VAS2780, 1SO-induced H,0,
generation in SAEC was fully inhibited (p < 0.001) (Fig. 1C, upper). Analysis of AUC

in SAEC revealed a 148% decrease in 1SO-induced H,O» generation in the presence of
VAS2870 (Fig. 1C, lower). On the contrary, and to our surprise, the effects of 1SO on
real-time H,O, generation in asthma-diseased SAEC were unaltered by the presence of
VAS2870, even though the NOX inhibitor reduced basal H,O, generation when used alone
(Fig. 1D). To our knowledge, these are the first results that link B2AR agonism to H,O»
generation in primary healthy and asthma-diseased SAEC.

Since Amplex Red is cell-impermeable and detects only extracellular HyO5,, we also wished
to utilize a cell-permeable H,O, probe that is sensitive to intracellular HoO, and hence,
we used a distinct HoO,-selective fluorescent probe for detection of intracellular H,Oo,
similar to that which we and others have reported on previously [18,20,27,39]. Since we
have utilized this approach for detection of intracellular ROS in CALU-3 cells previously
[18], this cell model was used as a positive control here and again demonstrated robust
fluorescence, indicative of intracellular H,O, generation, upon agonism with I1SO (10 uM)
and the scale of oxidant generation here was on par with 0.1 uM H,05 (Fig. 1E-G).
Quantification of fluorescence demonstrates approximately 1.5-2—fold increase in H,O»
generation upon agonism with ISO, consistent with ours and other’s previous reports on
the scale (1.25-3—fold over basal) of B2AR-induced ROS generation [18,19,27, 40]. In
CALU-3 cells, the I1SO-induced effect was abolished by the selective p2-receptor antagonist
IC1-118,551 (10 uM) as well as the selective NADPH oxidase inhibitor VAS2870 (5

uUM), confirming our previous and above results [18] that show that ISO-induced H,O»
generation in airway epithelial cells is B2AR and NOX dependent (Fig. 1E). Importantly,
our results reveal that ISO induces robust H,O, generation of a similar magnitude seen in
CALU-3 cells in both SAEC and A-SAEC, and these effects were significantly inhibited
by both ICI-118,551 and VAS2870, demonstrating that B2AR agonism can facilitate
H»0, generation in primary SAEC in a manner dependent on NADPH oxidase isoforms,
presumably from dismutation of superoxide via SOD or directly via NOX4 (Fig. 1F-G).
Interestingly, this result from A-SAEC is contrary to those in Fig. 1D that show a lack
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of effect of VAS2870 in A-SAEC when the extracellular H,O, probe is used, and suggest
differences in A-SAEC that mitigate extracellular presence of H,05.

H,O, and receptor agonism facilitates cysteine S-sulfination of p2AR

We have previously reported that B2AR cysteine residues can be oxidized by ROS, including
H»0,, to form cysteine-S-sulfenic acids (Cys-SOH), and this effect is also mediated by
ROS generated upon agonism of B2AR [18,28]. Importantly, transient B2AR S-sulfenation
is required for proper receptor function while inhibition of the recycling of -SOH groups
back to the reduced thiol (-SH) inhibits proper receptor signaling [18]. Moreover, our
previous results showed that “trapping’ of S-sulfenic acids by the selective sulfenic acid
alkylator dimedone, which mimics higher-order S-sulfinic/S-sulfonic acids by irreversibly
preventing normal redox recycling, abolishes p2AR signaling [18]. Based on these results,
we hypothesized that in the presence of millimolar concentrations of H,0,, B2AR may

be overoxidized from cysteine S-sulfenic acids to higher order S-sulfinic and/or S-sulfonic
acids, which are irreversible and would compromise receptor function. To determine if
receptor agonism and exogenous H,O5 induce formation of f2AR-Cys-S-sulfinic acids

in SAEC and A-SAEC, we developed an immunoblot-based assay that makes use of the
clickable selective S-sulfinic acid probe DiAlk, which does not recognize S-sulfenic or
S-sulfonic acids [41-44]. Preliminary experiments show that treatment of cells with 1 mM
H,0, induced cysteine-S-sulfination in a time-dependent manner (data not shown). Acute
treatment of both SAEC and A-SAEC with 1SO over a time period from five to sixty

min resulted in significant S-sulfination of B2AR compared to vehicle-treated control (Fig.
2A). We also assessed B2AR S-sulfination upon agonism with salbutamol (also referred to
as albuterol), a p2-selective partial agonist that is functionally biased toward p2AR-Gas
over B-arrestin signaling [45-47], and is heavily used in the clinical treatment of asthma.
Agonism of B2AR with salbutamol for 15 and 60 min also resulted in significantly elevated
B2AR S-sulfination compared to vehicle-treated controls in both SAEC and A-SAEC
cells (Fig. 2B). Next, we determined the effects of chronic 1SO and H,0, treatment on
S-sulfination of 2AR. SAEC and A-SAEC were treated with SO (10 uM) or H,0, (10
uUM) every twelve hours for seven days and subjected to the DiaAlk labeling procedure
described above to detect S-sulfinated B2AR. Our results show that chronic treatment with
ISO and H,0, in this paradigm facilitated significantly higher S-sulfinated f2AR than
vehicle-treated control conditions (Fig. 2C). Taken together, our results demonstrate for the
first time that p2-agonism as well as millimolar H,0, can facilitate irreversible S-sulfinic
acid oxidation of p2AR.

3.3. H0, alters B2AR-induced cyclic AMP signaling

Our previous work has shown that oxidation of p2AR to S-sulfenic (SOH) acids enhances
receptor activity, while irreversible modification of B2AR cysteine-S-sulfenic (SOH) acids,
which prevents their normal recycling back to the free thiol (SH), inhibits proper receptor
function [18, 28]. Our results above show that B2AR can also be oxidized to yield higher
order cysteine S-sulfinic (SO,H) acid modifications, which are known to be generally
irreversible. Given the currently accepted paradigm that micromolar H,O, concentrations
regulate homeostatic signaling, while higher concentrations (e.g., millimolar) facilitate
unfavorable oxidative stress responses, including irreversible post-translational protein

Biomed Pharmacother. Author manuscript; available in PMC 2024 February 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singh et al.

Page 10

oxomodification to cysteine-S-sulfinic/sulfonic acids [48-53], we wished to assess the
effects of heightened H,0, on B2AR signaling. To begin to do so, we used a biosensor-
based real-time cAMP formation assay to measure 1SO-induced cCAMP formation over a 4

h time-frame. Cells were treated with a saturating concentration of 1SO (100 pM) and after
10 min were treated with varying concentrations of H,O,. As shown in Fig. 3A, addition

of 0.1-1 uM concentrations of H,0O, slightly enhanced 1SO-induced cAMP formation in
both healthy and asthma-diseased SAEC, consistent with our previous results demonstrating
that S-sulfenation of B2AR enhances receptor activity [18]. On the contrary, addition of 1
mM H,05, lead to a significant decrease in 1ISO-induced cAMP formation that lasted the
duration of the 4 h observation period shown in both SAEC and A-SAEC (Fig. 3A) (for
clarity only the first 60 min is shown). To ensure that the noted effect of 1 mM H,0, was not
a byproduct of cell death, we assessed cell viability of SAEC and A-SAEC in the absence
and presence of H,O, over the 4 h time-frame and results show no significant differences

in viability, with all conditions exhibiting approximately 80% viability after 4 h (Fig. 3B).
Since millimolar concentrations of H,O, seemed to effectively inhibit B2AR agonism,

we also assessed the effects of the oxidant in the presence of variable concentrations of
agonist (0.1-100 uM). Results in Fig. 3C demonstrate that addition of 1 mM H,0, 10 min
following agonism with ISO decreases both basal and 1SO-stimulated cAMP formation at all
concentrations of the agonist tested. In both cases, addition of the oxidant steadily decreased
cAMP formation for approximately 10 additional min and cAMP levels were sustained at
this level (Fig. 3A, C) for up to 4 h (data not shown). Importantly, as our results in Fig. 5
will show, B2AR is responsible for a significant level of constitutive, agonist-independent
cAMP formation in these cells, hence the decrease in the basal cAMP seen here upon H,0,
treatment likely includes effects on B2AR-mediated basal cCAMP formation. Again, to ensure
this effect of H,O, was not due to cell death, we performed cell viability assays and results
show no significant differences in cell viability in the absence or presence of H,O5 at the
end of the observation period (Fig. 3D).

Previously, we have shown that B2AR can be oxidized to S-sulfenic acids as quickly as

one min following addition of H,O5, [18,28]. Next, we assessed whether H,0, (1 mM)
treatment prior to agonism with 1SO would similarly affect cAMP formation. Both SAEC
and A-SAEC were treated with 1 mM H,0, one min prior to treatment with variable
concentrations (0.1-100 uM) of ISO in the absence or presence of the oxidant. As shown

in Fig. 3E, ISO concentration-dependently increased cAMP in both SAEC and A-SAEC,
however, pretreatment with 1 mM H,0, prevented this increase at all ISO concentrations
and in both cell types (up to 40 min shown). Cell viability assays again showed no
significant differences in cell viability in the absence or presence of H,O5 at the end of

the 4 h observation period (Fig. 3F). We also wished to ensure that the results seen here
were not due to direct effects of H,O, on the real-time luminescent cAMP biosensor used
in our assays. Hence, we restimulated treated cells at 230 min following 1SO addition with
the adenylyl cyclase (AC) activator forskolin (FSK; 100 pM) and monitored cAMP for an
additional 10 min, which yielded an increase of 2—3—fold in cCAMP formation, demonstrating
that the cCAMP biosensor was still active (data not shown). Our data demonstrate that while
lower H,O, levels enhance B2AR-mediated cCAMP formation, likely via S-sulfenation, high
concentrations of H,05 (e.g., 1 mM) can dramatically inhibit, or prevent, ISO-stimulated
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cAMP formation, and that this effect is not due to cell death, rather, we presume, by
irreversible S-sulfination of p2AR.

Next, we wished to determine if the ROS sequestering antioxidant N-acetyl-,-cysteine
(NAC), which acts as a cysteine martyr to scavenge H,O», and hence prevent its ability

to oxidize other cysteines, would alter the H,O, induced effect on 1ISO-mediated CAMP
formation. Here, we quantified the area under the curves from the 40-200 min timeframe
for each real-time cAMP condition, a point at which the cAMP reduction was at the

fully sustained nadir by H,O, (Fig. 3A, C, E), in the absence and presence of NAC

(1 mM). In SAEC, treatment with NAC slightly but non-significantly increased basal

cAMP concentrations following reduction by H,O5 (Fig. 4A), while the effect of NAC

on ISO-mediated cAMP formation was significantly pronounced compared to the 1ISO-alone
condition in the presence of H,O, (Fig. 4A). This result suggests that NAC specifically
protects B2AR from the effects of the oxidant. These effects were also demonstrated in
A-SAEC, which demonstrated higher basal cCAMP formation when NAC was in the presence
of H,0, and also exhibited higher 1SO-induced cAMP formation in the presence of NAC
compared to that seen with 1SO alone (Fig. 4B). Cell viability was again similar for all
conditions (Fig. 4C). Together, these results show that H,O, can significantly influence
B2AR signaling, and that cysteine-donating antioxidants can reverse the negative effect of
high H,O, concentrations, at least to a degree.

3.4. B2AR-mediated cCAMP formation is altered in normal versus asthmatic SAEC

Our results in Fig. 3 bring to light significant elevations in both basal and agonist-induced
cAMP formation in asthma-diseased SAEC compared to healthy cells (Fig. 3A, C, E). To
investigate this difference further, we assessed the effects of ISO and FSK in real-time
cAMP assays in SAEC and A-SAEC. Notably, as typically performed in cAMP assays,
the PDE inhibitor IBMX is utilized here to inhibit turnover of cCAMP. Consistent with 1SO
results seen in Fig. 3, FSK produced significantly higher concentration-dependent cAMP
formation in asthma-diseased cells compared to normal SAEC at concentrations of 1, 10,
100, and 300 uM (p < 0.001 for each versus normal, d = 11.8, 4.4, 19.3, and 5.5 versus
normal, respectively), suggesting differences are not B2AR mediated (Fig. 5A). Compared
to FSK, agonism of healthy SAEC with 1SO yielded a predictably smaller concentration-
dependent increase in cAMP formation that peaked at approximately 125% of untreated
control, but was again significantly higher in asthma-diseased compared to normal SAEC at
ISO concentrations of 100 uM and 300 uM (p < 0.001 and 0.01 versus normal, d = 2.4 and
5.0, respectively) (Fig. 5B).

We then probed ISO-stimulated real-time cAMP generation in SAEC and A-SAEC over

a 4 h time frame using 1 pM concentrations of the agonist, and our results demonstrate

clear and profound differences in both basal (i.e., vehicle) and 1ISO-induced cAMP formation
between SAEC and A-SAEC (Fig. 5C, upper). Two-way ANOVA with Tukey’s multiple
comparisons test revealed significant differences between SAEC and A-SAEC (p < 0.0001)
as well as between the vehicle and ISO-treated groups within each cell type (p < 0.0001).
Given the real-time nature of this series of experiments, we assessed area under the curve
(AUC) analysis, which showed significant increases in total real-time cAMP in ISO treated
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conditions compared to vehicle-treated conditions for both SAEC and A-SAEC (p < 0.0001,
one-way ANOVA) (Fig. 5C, lower). Moreover, A-SAEC exhibited significantly higher basal
(p<0.0001) and 1SO-induced (p < 0.0001) cAMP formation compared to SAEC (Fig. 5C
upper and lower).

To ensure that the effects of 1SO on real-time cAMP formation were mediated by 2AR,
we utilized the selective B2AR inverse-agonist ICI-118,551 in the absence or presence of
ISO (1 uM). Given that this is a real-time assay, 1ISO was added first and a saturating
concentration of ICI-118,551 (100 uM) was added ten min after ISO addition. Importantly,
we utilized a high concentration of the antagonist in these assays due to the real-time nature
and high-sensitivity of this assay, as well as initial treatment with ISO and presence of
IBMX, that allows for the sustained detection of luminescence from any cAMP generated
upon ISO-induced agonism. In SAEC, ICI-118,551 significantly decreased basal cAMP
formation and both left-shifted and significantly decreased the real-time 1SO-mediated
cAMP formation, demonstrating the B2AR dependent effect of 1SO in these cells (Fig.

5D, upper). Two-way ANOVA test revealed significant differences between time, ISO versus
control, 1CI-118,551 versus control, and the ISO + ICI condition (p < 0.0001) (Fig. 5D,
upper). AUC analysis showed significant increases in total real-time cAMP in the ISO
treated condition compared to vehicle-treated (p < 0.0001, one-way ANOVA), and this
effect was significantly blocked by ICI-118,551 (p < 0.0001, one-way ANOVA), which also
decreased basal CAMP formation versus vehicle-treated (o < 0.0001, one-way ANOVA)
(Fig. 5D, lower).

The effect of 1SO was similar in A-SAEC, although the magnitude of basal and 1SO-
stimulated real-time cAMP formation was significantly higher in diseased cells compared
to normal SAEC, as described above (Fig. 5E). Two-way ANOVA analysis again showed
significant differences between time, 1SO versus control, 1CI-118,551 versus control, and
the ISO + ICI condition (p < 0.0001) (Fig. 5E, upper). Similarly, AUC analysis showed
significant increases in total real-time cAMP in the I1SO treated condition compared to
vehicle-treated (p < 0.0001, one-way ANOVA), and this effect was significantly blocked by
ICI-118,551 (p < 0.0001, one-way ANOVA), which also decreased basal cAMP formation
versus vehicle-treated (o < 0.0001, one-way ANOVA) (Fig. 5E, lower). Of note, basal
cAMP formation in both SAEC and A-SAEC (Fig. 5D-E) was significantly decreased in
the presence of 1CI-118,551 alone, demonstrating that constitutive B2AR activity makes a
considerable contribution toward the basal cAMP in these cells, which importantly, was
inhibited by 1 mM H»0», as shown in Fig. 3C, E. These data suggest that the effects of 1
mM H»0, on basal cCAMP seen in Fig. 3 can at least in part be due to effects on p2AR
contribution to this basal signal.

Agonism with a range of 1SO (0.1-100 pM) produced similar concentration-dependent
increases in CAMP formation in both SAEC and A-SAEC (data not shown), and

ICI-118,551 blocked both basal and 1SO effects at each of these concentrations in both
normal and asthma-diseased cells (Fig. 5F-G), however, the magnitude of the 1SO effect was
again significantly enhanced in A-SAEC (Fig. 5F-G). To ensure that the time-dependent
decrease in cAMP formation seen in these cells was not a byproduct of toxicity or cell

death we detected cell viability at 4 h following the addition of 1SO and results show
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that there were no differences in cell viability between SAEC and A-SAEC alone or upon
treatment (Fig. 5H). Finally, to ensure that inhibitory effects of 1CI-118,551 were not due to
degradation of the cAMP biosensor over time, we stimulated the cells at the 4 h mark with
IBMX and FSK (100 uM), which resulted in another increase in real-time cAMP formation
in control SAEC and A-SAEC, with both increasing approximately 250% (red arrow, Fig.
5F-G). Notably, a small increase in CAMP appeared here even in ICI-118,551 treated cells,
but not in cells treated with 1SO alone (Fig. 5F-G), suggesting a saturation of the CAMP
effect, perhaps due to agonist-induced desensitization, in these cells upon treatment with
ISO. Together, these results show that asthma-diseased SAEC exhibit significantly higher
basal and 1SO-induced cAMP formation compared to the healthy SAEC.

3.5. Asthma-diseased SAEC exhibit lower adenylyl cyclase V/VI and enhanced PDE4
expression, but similar B2AR, Gas, Gai, SOD1-3 and catalase expression

Next, we wished to investigate potential molecular mechanisms whereby asthma-diseased
SAEC may exhibit the altered cAMP signaling that we observe in diseased versus

healthy SAEC and to also probe the expression of HoO5-generating SOD isotypes and
H»0,-degrading catalase. Since p2AR engages Gas proteins to activate AC isoforms to
generate CAMP, and given the role of ACV/VI in 2AR signaling in the lung [54,55],

we first examined the expression of B2AR, Gas, and ACV/VI in SAEC and A-SAEC.

As revealed by immunoblotting, there were no notable differences in expression in

B2AR or the long or short isoforms of Gas, between SAEC or A-SAEC (Fig. 6A-B).
Single point radioligand binding assays using a saturating concentration (12 nM) of [3H]-
dihydroalprenolol confirmed that A-SAEC do not express greater numbers of B2AR (data
not shown). However, we did note a subtle decrease in expression of ACV/VI in A-SAEC
compared to healthy cells (Fig. 6C). Interestingly, this effect would be expected to lead to
decreased, rather than increased, CAMP in A-SAEC. Since agonism of B2AR is known to be
able to switch to coupling from Gas to Ga.i in a manner dependent on PKA-mediated
receptor phosphorylation [56], we also examined whether the noted cCAMP elevations
observed in A-SAEC were due to impaired Gai expression, however, our results indicate
that expression of Gail/2 was not significantly different than that in SAEC (Fig. 6D).
Finally, since phosphodiesterase isoforms, particularly PDE4A, play a significant role [57-
61] in the regulation of cCAMP levels in the airway epithelium, we examined differences

in PDE4 expression in SAEC and A-SAEC. To our surprise, our results demonstrate a
significant overexpression of PDE4 in asthma-diseased cells compared to normal SAEC
(Fig. 6E). Again, this effect would be expected to lead to significantly lower, rather than
elevated CAMP in A-SAEC, and are contrary to our CAMP data. These results indicate the
asthma-diseased SAEC express subtly less ACV/VI and significantly higher PDE4, contrary
to our results showing significantly elevated basal and 1SO-induced cAMP in these cells.
Together, these results suggest that changes to ACV/V1 and PDE4 in these cells likely occur
due to compensatory mechanisms due to elevated cAMP, caused by a yet to be determined
mechanism. Given our results demonstrating variable ROS generation induced by ISO in
SAEC versus A-SAEC, we also probed the expression of H,O, generating SOD1-3 as

well as catalase, which metabolizes H,O, and our results showed no visually significant
alterations in their expression, although catalase expression may have been slightly elevated
in A-SAEC (Fig. 6F, supplementary figures).
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3.6. Elevated PDE4 expression in asthma-diseased SAEC contributes to heightened

CAMP

Given the elevated basal and I1SO-induced cAMP, and higher expression of PDE4 in asthma-
diseased SAEC seen in our studies, we examined the role of PDE inhibition by IBMX used
in our assays on the cCAMP effect. As noted earlier, CAMP formation assays are typically
performed in the presence of the PDE inhibitor IBMX to limit cAMP turnover and make
cAMP more robustly quantifiable. However, given our results here, we sought to investigate
the role of IBMX in the CAMP formation differences seen here. To gauge this, we performed
cAMP formation assays in the presence of IBMX in SAEC, but without the PDE4 inhibitor
in A-SAEC, which express higher comparative levels of PDEA4. In the absence of 1SO,

our results demonstrated a large reduction (ca. 50%) in basal CAMP formation in A-SAEC
in the absence of IBMX (Fig. 7A). This basal effect was also significantly decreased

by ICI-118,551 (Fig. 7A), again demonstrating a role for constitutive B2AR activity in
maintenance of basal CAMP levels. On the contrary, healthy SAEC treated with IBMX
exhibited significantly higher basal real-time cAMP formation compared to asthma-diseased
cells, and this effect was also slightly but significantly reduced by ICI-118,551 (Fig. 7A).
The ISO-stimulated real-time cAMP formation was also higher in healthy SAEC with IBMX
compared to A-SAEC without IBMX, and the 1SO-induced effect was significantly inhibited
by ICI-118,551 compared to ISO alone in both SAEC and A-SAEC (Fig. 7B). Together,
these results demonstrate that PDE4 overexpression in A-SAEC contributes to the greater
real-time cAMP formation seen in these cells, and is due to IBMX-mediated inhibition of
PDE in these cells.

4. Discussion

We and others have previously described that agonism of B2AR facilitates ROS generation
on the order of 1.25-2—fold that of control in a variety of cells and tissues [18-23,25,35,36].
Our previous work using DCFDA-based probes that are non-specific to different ROS
species had also noted considerable ROS generation in immortalized CALU-3 cells [18]. In
this study, we have shown for the first time that agonism of B2AR specifically generates
H,0, in A549 and CALU3 airway epithelial cells, as well as small airway epithelial cells
from healthy and asthma-diseased human donors. To minimize variability and contamination
of other cell types, we utilized commercially available primary epithelial cells from donors,
which are validated to contain greater than 90% small airway epithelial cells as assessed

by cytokeratin-19 expression. Using a real-time fluorescent assay sensitive to extracellular
H»0,, our results demonstrate elevations of 1SO-induced H,0, in SAEC at concentrations
above 10 nM. Interestingly, 1SO-induced H,O, generation was sensitive to the NOX
inhibitor VAS2870 in CALU-3 cells and healthy SAEC, but not in asthma-diseased SAEC
when using the extracellular H,O5 probe. Of note, VAS2870 alone did significantly decrease
H,0, generation in both SAEC types. This difference in the presence of agonist could
potentially be due to distinct sources of H,O», for example mitochondrial ROS generation,
in the asthma disease state. However, the ROS generating effects of 1SO as detected by

the intracellular HoO, probe were sensitive to the NOX inhibitor in both healthy and
diseased SAEC, making it more likely that there are potential differences in diffusability

or production of extracellular H,O, in the asthma SAEC. Consistent with this, extracellular
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superoxide dismutase (SOD3, ecSOD), which rapidly generates extracellular HyO, from
superoxide is upregulated in asthmatic patients [62], yet interestingly, our data did not reveal
significant alterations in SOD3 expression in the A-SAEC cells used here versus the SAEC,
although catalase expression was slightly visually, but not significantly, elevated in the A-
SAEC cells. Importantly, our results also affirm the role of 2AR in H,O, generation, as we
and others have noted previously, the selective B2-inverse agonist fully blocked 1SO-induced
H»0, generation, similar to the effects of VAS2870 in both SAEC types. Together, these
results demonstrate that B2AR agonism can specifically generate H,O5 in a receptor and
NOX-dependent manner in SAEC.

While we have previously demonstrated that H,O, and B2AR agonism can facilitate
transient cysteine-S-sulfenation of the B2AR, a novel and principal finding of our current
study is that acute treatment of healthy or asthma-diseased SAEC with the fully efficacious
[B-agonist ISO or the clinically used and selective p2-partial agonist salbutamol induces
formation of higher-order cysteine-S-sulfinic acids of f2AR, as detected by a clickable,
selective Cys-S-sulfinic acid probe. Moreover, twice daily administration of ISO or H,0,
for seven days similarly induced elevated levels of S-sulfinated f2AR. Our previous results
showed that oxidation of the B2AR to the cysteine-S-sulfenic acid (SOH) oxidized state
enhances B2AR function, but that entrapment of the cysteine-S-sulfenic acid with the S-
sulfenic acid probe dimedone, which mimics irreversible S-sulfination and prevents normal
redox cycling, reduces 2AR signaling, including cAMP formation [18]. Our current results
are consistent with this and demonstrate that lower levels of H,O5 enhance 1SO-induced
cAMP formation, while high oxidant levels (1 mM H,0,) inhibit B2AR-mediated cAMP
formation, and that this effect can be rescued in the presence of the H,O, scavenger

and cysteine-donor NAC. Notably, 1 mM H,05 also decreased basal cAMP formation,
however, our results with IC1-118,551 demonstrate that constitutive B2AR activity plays a
significant role in regulating this basal CAMP in both types of SAEC. Together, these results
suggest that hyperoxidation of B2AR to Cys-S-sulfinic acids may impair B2AR function and
contribute to tachyphylaxis responses seen upon clinical use of p2-agonists. This could

be especially important given that 2AR agonism itself generates ROS in the airway
epithelium, and also since the asthma-disease state is characterized by heightened level

of ROS, including NOX4 upregulation in both airway epithelial cells and the underlying
smooth muscle [5, 10-13]. Together, these effects could likely contribute to increased
hyperoxidation of B2AR to the S-sulfinic acid form, which is irreversible and functionally
impaired, and as such may be an additional mechanism that explains tachyphylaxis to
[B2-agonists seen in asthmatic patients. Further studies are underway in our laboratory to
extend this work in vivo and also gauge the effects of epithelial-generated H,0, on f2AR
localized on the underlying smooth muscle cells that drive the heightened airway tone.

A surprising finding of the current study was the significantly higher levels of both basal
and ISO-induced cAMP formation in small airway epithelial cells from the asthma-diseased
patient compared to the healthy SAEC. This elevation was not due to higher levels of 2AR,
Gas or ACV/VI, and in fact, our data revealed a subtle but consistent (amongst 1= 4)
decrease in ACV/VI in A-SAEC compared to healthy SAEC, which is contradictory to the
levels of cCAMP seen in A-SAEC compared to SAEC. Moreover, Gail/2 expression was not
significantly altered in between the cell types suggesting that the well-described Gas/Ga.i-
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switch is not responsible for the noted differences in CAMP levels. Interestingly, we did note
a significantly higher level of PDE4, a principal phosphodiesterase isoform expressed in the
airway epithelium [57-61], in the SAEC derived from the asthmatic patient compared to
healthy SAEC. While this noted increase in PDE4 expression is evident, we cannot discount
the possibility that higher levels of ROS alter PDE4 activity, necessitating upregulation of its
expression. Nonetheless, both the decreased AC and increased PDE would be expected

to significantly decrease cAMP concentrations in A-SAEC and as a consequence, we
hypothesize that these effects are indeed likely compensatory to the heightened cCAMP

in these cells. While IBMX plays a key role in inhibition of PDE and resulting cAMP

levels, the reasons for these altered levels of expression remain unclear. Similarly, while

we have used single-patient derived SAEC to decrease confounding variables like patient
age, pharmacological treatments, and comorbidities, a limitation of our results is that the
data are reflective of a homogenous cell population. Nonetheless, these results represent
only the initial investigations to our knowledge on the role of the B2AR-ROS signaling

axis in primary airway epithelial cells. Further work will need to be performed in a

more heterogenous sampling of asthma-diseased cells to determine the significance and
mechanisms of this increase in cCAMP in these cells.

In the present report, we demonstrate that agonism of B2AR endogenously expressed on

the surface of airway epithelial cells results in generation of H,O5, and this effect as well

as exogenous H,0, can induce cysteine-S-sulfination of the receptor, which has deleterious
effects on receptor function, and can be rescued, at least in part, by cysteine-donating
antioxidants. These results may have implications towards explaining the tachyphylaxis
towards p2-agonists seen clinically. Further research is underway in our laboratory to assess
the in vivo effects of p2-agonists on this phenomenon.

5. Conclusions

Our results demonstrate that B2AR agonism can generate H,O» in airway epithelial cells,
which together with the already heightened oxidant burden in the asthmatic airway epithelia
can overoxidize the B2AR forming dysfunctional B2AR cysteine-S-sulfinic acids. These
results suggest a model whereby hyperoxidized B2AR may explain the loss of f2-agonist
efficacy seen in clinical tachyphylaxis.
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B2AR [2-adrenergic receptors
cAMP adenosine 3’, 5’-cyclic monophosphate
H»0, hydrogen peroxide
PDE phosphodiesterase
ROS reactive oxygen species
SAEC small airway epithelial cells
SOH S-sulfenic acid
SOoH S-sulfinic acid
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Fig. 1. B2AR agonism stimulates HoO» production in human airway epithelial cells in a NOX
dependent manner.

Agonism of B,AR with increasing ISO concentrations initiates concentration-dependent
increases in real-time H,O, production. (A) 1ISO (10 pM) significantly increases H,0,
production (0 < 0.001 via One-way ANOVA with Tukey’s post-hoc) versus vehicle-control
in CALU-3, A549, SAEC and A-SAEC, as detected by the extracellular H,O»-selective
probe Amplex Red (n= 3). H,O, (0.1 uM) was used as an internal positive control to

ensure probe viability (data not shown). Statistical analysis was performed using one-way
ANOVA with Tukey’s post-hoc test and * ** denotes p < 0.001 versus the vehicle-control
condition. (B-D) ISO (1 uM) significantly increased (p < 0.001) H,O, production in CALU3
(B), SAEC (C) and A-SAEC (D) cells and pretreatment with the selective NOX inhibitor,
VAS2870 (5 uM; 30 min) significantly attenuated real-time H,O, generation in CALU-3

(p < 0.05 via ANOVA with Tukey’s post-hoc) and SAEC (p < 0.001 via ANOVA with
Tukey’s post-hoc) (1= 3). The 1SO-induced real-time H,O, generation remained unaltered
in the presence of VAS2870 in A-SAEC (n= 3). Compared to the 1SO-alone condition, AUC
analysis reveals a 30.7% and 148% reduction in 1SO-induced real-time H,O, generation

in the presence of VAS2870 in CALU-3 (B, lower), and SAEC (C, lower), respectively
(n=3). Values represent average of three independent experiments (n7= 3), performed in
triplicates, vehicle control (unstimulated) values were subtracted from each data point for
baseline correction. Statistical analysis was performed using one-way ANOVA with Tukey’s
post-hoc test and * * denotes p< 0.01, and * ** denotes p < 0.001 versus the vehicle-control
condition, while # denotes p < 0.05, ## denotes p < 0.001, and ### denotes p < 0.0001
versus the respective ISO-treated condition. (E) ISO (10 uM) significantly increases H,0,
production versus vehicle-control in CALU-3, SAEC and A-SAEC, as detected by the
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intracellular H,O,-selective probe AbGreen. Cells were pretreated with VAS2870 (VAS;

5 uM) or the BoAR inverse agonist ICI-118,551 (ICI; 10 uM) for 30 min, both of which
significantly inhibit fluorescent intensity, demonstrating B2AR- and NOX-dependent H,0,
generation. H,O, (0.1 pM) served as positive control in each experiment. Graphs represent
quantified fluorescent intensity from 4X images from three independent experiments (77

= 3) performed in triplicates. Statistical analysis was performed using one-way ANOVA
with Tukey’s post-hoc test and * denotes p < 0.05, and * * denotes p < 0.01 versus the
vehicle-control condition, while # denotes p < 0.05, and ## denotes p < 0.01 versus the
respective 1SO-treated condition, as shown.
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Fig. 2. Exogenous H20, and B-receptor agonism induces 2AR Cys-S-sulfination in human

SAEC.

(A) The ability of acute agonism of B2AR to induce cysteine-S-sulfination was assessed
via the clickable S-sulfinic acid-selective probe DiaAlk. SAEC or A-SAEC (4 x10° cells/

well) were seeded in 6-well plates and agonized with (A) ISO (10 uM) for 5-60 min

(n=3) or (B) salbutamol (albuterol; SAL) (10 uM) for 15 or 60 min (7= 3). B2AR
cysteine-S-sulfination was assessed by B2AR immunoprecipitation and selective labeling
with 1 mM DiaAlk, followed by conjugated with biotin utilizing click chemistry, and
detection via streptavidin-HRP, as discussed in the materials and methods. Both 1SO (A) and
SAL (B) significantly increased BoAR hyperoxidation to cysteine-S-sulfinic acids (upper
panels). The amount of B2AR (middle panels) within each reaction is shown as an input
control and B-actin (lower panels) is utilized to denote equal protein input and loading.

(C) The effects of chronic ISO agonism or H,O, were also assessed and cells were treated
every 12 h with for seven days with either ISO (10 uM) or H,05 (10 uM). The media was
replenished every 2-3 days to prevent nutrient depletion-mediated starvation. Both SAEC
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and A-SAEC exhibit significantly elevated DiaAlk-biotin labeled p2AR (upper panels),
indicative of cysteine-S-sulfination, following the seven-day treatment paradigm with both
ISO and H,0,. The amount of B2AR (middle panels) within each reaction is shown as an
input control and p-actin (lower panels) is utilized to denote equal protein input and loading.

Biomed Pharmacother. Author manuscript; available in PMC 2024 February 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Singh et al.

Real-Time cCAMP Formation
(Luminescence * SD)

(8)

Real-Time cAMP Formation
(Luminescence * SD)

m

Real-Time cAMP Formation
(Luminescence * SD)

0 10 20 30 40 50 60

Time (Min)

SAEC

0 10 20 30 40 50 60

Time (Min)

SAEC

0 5 10 15 20 25 30 35 40
Time (Min)

Real-Time cAMP Formation
(Luminescence * SD)

Real-Time cAMP Formation
(% of Control % SD)

Real-Time cAMP Formation
(Luminescence * SD)

A-SAEC
-= Control
- 100uM ISO
+1mMH,0,
v +100uM H,0,
-+ +10uMH,0,
o +1uMH,0,
+0.1uM Hy0,
+0.01uM H0,
04 — i
0 10 20 30 40 50 60
Time (Min)
A-SAEC
= CON CON + H,0,

= 100iMISO & 100uMISO+ H,0,

= 10uMISO & 10uMISO+H,0,

= 1uMISO 4 1uMISO+ H,0,
0.1uM 1SO 0.1uM IS0+ H,0,

0 10 20 30 40 50 60

Time (Min)

A-SAEC
= CON 4+ CON+H,0,
= 100uMISO -4 100uM ISO + Hy0,
= 104MISO & 10uMISO + Hy0,

;/'/'././'—:H.:'\.\: 1uM 1SO 1uM 1SO + Hy0,
i
&
i
-

0.1uM ISO 0.1uM ISO + Hy0,

e

0 5 10 15 20 25 30 35 40
Time (Min)

B)

Page 25

.

CON
A-SAEC

SAEC
+H,0,
A-

I+
I

0 20 40 60 80 100

D)

Cell Viability
(% Viable * SD)

.
once
.

CON |:
A-SAECH

SAEC
& H202 A-SAEC

L
_____aa

0 20 40 60 80 100

F)

Cell Viability
(% Viable + SD)

CON
A-SAEC
SAEC
+H,0,
A-SAEC

(IR
)

0 20 40 60 80 100

Cell Viability
(% Viable * SD)

Fig. 3. Low concentrations of exogenous H205 enhance, while 1 mM HO inhibits I1SO-induced

cAMP production.

(A) Real-time cAMP was assessed in the presence of various H,O, concentrations
introduced 10 min (arrows) following agonism with 1SO. While H,O, concentrations
spanning 0.1-1 uM enhanced cAMP production, higher concentrations decreased it, and

the 1 mM H,O, concentration significantly inhibited 1SO-induced cCAMP production in both
(A) SAEC (p<0.001) and A-SAEC (p< 0.001). Statistical analysis was performed using
one-way ANOVA with Tukey’s post-hoc test and ## denotes p < 0.001 versus the respective
ISO-treated condition (= 3). (B) To ensure that the effect of 1 mM H,0, was not due

to induction of cell death, cell viability was assessed 4 h following agonism with ISO via
trypan blue exclusion and there was no significant effect of the 1 mM H,0,, treatment on
cell viability in either SAEC or A-SAEC (pooled data from n= 3). (C) The effects of 1

mM H,0, were also assessed on variable 1SO concentrations (0.1 M - 100 uM) and in
both SAEC and A-SAEC, 1 mM H,0, added 10 min (arrows) following agonism with ISO
abolished the cAMP-generating effects of all concentrations of 1SO (p < 0.0001 for both cell
types, one-way ANOVA, n = 3), and this effect remained for the 4 h observation duration
(not shown). (D) To ensure that the effect of 1 mM H,05 was not due to induction of cell
death, cell viability was assessed 4 h following agonism with ISO via trypan blue exclusion
and there was no significant effect of the 1 mM H,O, treatment on cell viability in either
SAEC or A-SAEC (pooled data from 1= 3). (E) Given that these results reflect effects of
H,0, treatment following agonism with I1SO, we also assessed the outcomes of 1SO-induced
cAMP formation in cells pre-incubated with H,O, (1 mM) for 1 min prior to agonism with
ISO, as we previously showed this was enough to induce cysteine-S-sulfenation of f2AR
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[18,28]. In this case, H,0, also significantly inhibited cAMP formation in both SAEC (p <
0.0001) and A-SAEC (p < 0.0001), with no significant effect on cell viability (F) (7= 3).
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Fig. 4. The antioxidant and cysteine-donor N-acetyl-L-cysteine restores the HoO»-ablated 1SO-
induced cAMP response.

(A-B) N-acetyl-;-cysteine (NAC; 1 mM) treatment reverses the inhibitory effect of 1 mM
H,0, on 1SO-induced cAMP formation in both SAEC and A-SAEC. AUC analysis from
real-time cAMP measurements from 40 to 200 min following agonism reveals significantly
increased 1SO-induced cAMP response in (A) healthy SAEC (p < 0.05 via ANOVA with
Tukey’s post-hoc) and (B) asthmatic SAECs (p < 0.01 via ANOVA with Tukey’s post-
hoc), treated with H,O,, compared to the H,O, alone-treated condition. In addition, NAC
significantly enhanced basal cAMP levels after H,O5 treatment in A-SAEC (p < 0.05 via
ANOVA with Tukey’s post-hoc), compared to healthy SAEC (n7= 3). (C) To ensure that the
effect of 1 mM H,0, was not due to induction of cell death, cell viability was assessed 4 h
following agonism with ISO via trypan blue exclusion and there was no significant effect of
the 1 mM H,0, treatment on cell viability in either SAEC or A-SAEC (pooled data from n
= 3). Statistical analysis was performed using one-way ANOVA with Tukey’s post-hoc test
and * denotes p < 0.05, while * * denotes p < 0.01, as shown.
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Fig. 5. Altered real-time 2AR-mediated cAMP formation in SAECs.
(A-B) Asthma-derived SAEC exhibit significantly higher cAMP formation (p < 0.001)

compared to healthy SAEC upon stimulation with (A) forskolin (FSK) or (B) 1SO. Each
point in the graph represents mean of 3 independent experiments performed in triplicates (7
= 3). Statistical analysis was performed using one-way ANOVA with Tukey’s post-hoc test
and significance denoted as * * p< 0.01 or * ** p< 0.001 versus healthy SAEC. Given

the variable concentrations of CAMP in each cell type, data are normalized to a percentage
of the unstimulated SAEC response + SD. (C, upper) Over a 4 h time period, both basal
and 1SO-induced (1 pM) real-time cAMP formation were significantly elevated in A-SAEC
compared to healthy SAEC (p< 0.001, two-way ANOVA). (C, lower) AUC analysis

over the entire time-frame also revealed significantly higher real-time cAMP formation

in A-SAEC vs SAEC (p < 0.001, two-way ANOVA). (D-E) Agonism of B,AR with ISO

(1 uM) induces significant increases in real-time cAMP formation in (D) SAEC and (E) A-
SAEC, and this effect was abolished (p < 0.0001) in the presence of B2AR inverse agonist,
IC1-118,551 (100 pM) introduced 10 min (arrows) following agonism with 1SO, indicating
that the effects seen are BoAR specific. Notably, basal cAMP formation in the absence of
agonist was also significantly reduced by 1C1-118,551 treatment, demonstrating a significant
contribution of B2AR to constitutive cAMP signaling in both SAEC and A-SAEC. (D-E,
lower) AUC analysis over the entire time-frame also revealed the effects of 1CI-118,551
alone and with 1SO in A-SAEC vs SAEC. Statistical analysis was performed using one-way
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ANOVA with Tukey’s post-hoc test and significance denoted as * ** p< 0.001, as shown.
(F-G) ICI-118,551 treatment 10 min (black arrows) following agonism with 1SO blocks both
basal and 1SO effects at various concentrations of ISO (0.1-100 uM) in both (F) SAEC

and (G) A-SAEC. To ensure that cells were viable after 4 h, they were re-challenged with

10 uM FSK/100 pM IBMX (red arrows), and responded with increases in real-time cAMP
generation. (H) To confirm that the effects of 1CI-118,551 were not due to induction of cell
death, cell viability was assessed 4 h following agonism with 1SO via trypan blue exclusion
and there was no significant effect of ISO-118,551 treatment on cell viability in either SAEC
or A-SAEC (pooled data from n7=3).

Biomed Pharmacother. Author manuscript; available in PMC 2024 February 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Singh et al.

A)

B2AR

B-actin

SOD1

B-actin

Page 30

B) )
SAEC A-SAEC SAEC A-SAEC SAEC A-SAEC
-— . - -
s 52kDai (L) AC- V/VI| e s | 132 kDa

—— cS—— 45 kDa: (S)

- 45-85 kDa )
= B-actin | we—" S| /3 (Da B-actin | «——— emss—— 43 kDa

D) E)
SAEC A-SAEC SAEC A-SAEC

Gai1/2  q— S | 10 kDa PDE4A | & - ‘ 118 kDa

B-actin | NN MWW | 43 KDa B-actin | — e | 43 kDa
e | 31D
SAEC A-SAEC SAEC A-SAEC SAEC A-SAEC SAEC A-SAEC
- — — SOD2 SOD3 Catalase -— .
-_— - B-actin | " s | B-actin| . B-actin | CHENEG NN

Fig. 6. A-SAEC exhibit lower adenylyl cyclase V/VI and enhanced PDE4 expression, but similar
B2AR, Gas, and Ga.i, SOD1-3, and catalase expression.

Immunoblot analysis of SAEC and A-SAEC protein lysates for detection of proteins that
could contribute to alterations in CAMP formation. Expression of (A) B2AR (56 — 85 kDa
represents native and variably glycosylated B2AR species) and (B) Gas (45 and 52 kDa
bands represent short and long isoforms, respectively) were unaltered in SAEC compared
to A-SAEC (n7= 3, each). (C) Expression of ACV/VI was slightly decreased in A-SAEC
compared to SAEC (n=4), while expression of Ga.iq/, isoform (1= 3) was not significantly
different (D). (E) Expression of PDE4 was significantly heightened in A-SAEC compared
to SAEC (n=4). B-actin served as a loading control for each representative immunoblot.
(F) Expression of SOD1, SOD2, SOD3, and was not significantly altered, while catalase
expression was visually slightly, though not significantly, higher in A-SAEC. SOD2-3 were
probed from the same blots, hence, actins are the same.
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Fig. 7. Elevated PDE expression in asthma-SAEC modulates alterations in basal and p2AR-
induced cAMP formation.

In the absence of IBMX (100uM) basal cAMP response in (A) A-SAEC was significantly
attenuated (p < 0.001) in comparison to healthy SAEC, illustrating the influence of
uninhibited and elevated PDE4 activity in decreasing the cCAMP signal. The basal cAMP
response was abolished in the presence of p>AR inverse agonist ICI-118,551 in both SAEC
(p<0.05) and A-SAEC (p < 0.05). In addition, ISO-induced cAMP formation in SAEC and
A-SAEC, with and without IBMX, respectively was completely diminished by ICI-118,551
(100 uM, 5 min) preincubation. Statistical analysis was performed using ANOVA with
Tukey’s post-hoc test, and significance is denoted as * p< 0.05 or * ** p< 0.001, as shown,
n= 3, with each performed in triplicate. Given the variable concentrations of CAMP in

each cell type, data are normalized to a percentage of the SAEC response + SD. (B) The
concentration-responses demonstrate decreased cAMP formation in A-SAEC compared to
SAEC, with ICI-118,551 flattening the cAMP responses to 1SO in both SAEC (p < 0.001)
and A-SAEC (p < 0.001). Statistical analysis was performed using ANOVA with Tukey’s
post-hoc test, and significance is denoted as * p < 0.05 compared to the SAEC + IBMX
condition and ## p< 0.001 compared to the respective condition lacking IC1-118,551.

Each experiment was independently performed in triplicate twice, and given the variable
concentrations of CAMP in each cell type, data are normalized to a percentage of the SAEC
response + SD.
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