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Abstract

Progressive obstructive airway diseases, including asthma, chronic obstructive
pulmonary disease, and the genetic disorder cystic fibrosis (CF), represent a major health
burden worldwide. Cyclic AMP (cAMP) elevating agents, like f2-adrenergic receptor
agonists and phosphodiesterase inhibitors, are a mainstay in the treatment of these
conditions, but their clinical use is limited by unwanted side effects due to global cAMP
elevation. Compartment-restricted cAMP modulation can be achieved by manipulating
the function of A-kinase anchoring proteins (AKAPs) which anchor protein kinase A
(PKA) to its substrates and regulators, including enzymes involved in cAMP generation
and destruction, in specific cellular locations. For instance, blocking the AKAP activity
of phosphoinositide 3-kinase y (PI3Ky) has been identified as a strategy to improve lung
function by inducing cAMP-mediated bronchorelaxation, ion transport and anti-
inflammatory responses. This study focuses on the development and the characterization
of PI3Ky/PKA peptide disruptors as valuable tools for manipulating f2-AR/cAMP
signaling in the lungs for the treatment of chronic obstructive airway diseases. We
characterized the aerodynamic properties of a PI3Ky mimetic peptide (MP) that we
previously demonstrated being effective in the airway tract of mice upon intratracheal
administration, where it safely boosts airway cAMP without altering cAMP homeostasis
in organs in which its elevation would not be desirable, such as in the heart. Here we
found that this compound has favourable proteolytic stability, mucus permeability and
aerodynamic behaviour that confirm the possibility of using this preclinical advanced
compound for inhaled therapy of all pulmonary conditions where local cAMP elevation
is desirable, including but not limited to COPD and CF. In parallel, we report the
generation of a novel non-natural peptide, DRI- Pep #20, optimized to disrupt the AKAP
function of PI3Ky. DRI-Pep #20 mimics the native interaction between the N-terminal
domain of PI3Ky and PKA, demonstrating nanomolar affinity for PKA, high resistance
to protease degradation and high permeability to the pulmonary mucus barrier. DRI-Pep
#20 triggers cAMP elevation both in vivo in the airway tract of mice upon intratracheal
administration, and in vitro in bronchial epithelial cells of CF patients. In CF cells, DRI-
Pep #20 rescues the defective function of the cAMP-operated channel cystic fibrosis
conductance regulator (CFTR), by boosting the efficacy of approved CFTR modulators.
These results position DRI-Pep #20 as a potent PI3Ky/PKA disruptor for achieving
therapeutic cAMP elevation in respiratory disorders. Overall, these data point to the use
of PI3Ky/PKA peptide disruptors as effective tools to manipulate the cAMP/PKA
signaling in a compartmentalized manner, paving the way for targeted therapies with

fewer side effects and improved efficacy in the realm of respiratory obstructive disease.
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1. Introduction

1.1. Obstructive airways diseases
Obstructive airways diseases, including asthma, chronic obstructive pulmonary disease
(COPD), and the genetic disorder cystic fibrosis (CF), are a diversified group of
pathological conditions manifesting with shortness of breath, wheezing, coughing, chest
tightness and frequent respiratory infections. Together, these pathologies with
approximately 4 million deaths every year, represent the third cause of mortality and the
leading cause of morbidity worldwide !. The World Health Organization estimates that
currently hundreds of millions of people suffer from these diseases and a growing trend
is expected for the upcoming years 2 and so is the number of CF patients requiring long-
term care, as survival is progressively improving as a result of intensive follow-up and
better treatments.
Despite the diversity in terms of etiology, pathogenetic mechanisms and clinical
manifestations, these conditions share common features such as airway hyper-reactivity,
persistent respiratory tract inflammation, and mucus hypersecretion with consequent
airway mucus plugging and airflow obstruction **,
The mainstay treatment for obstructive respiratory diseases includes [2-adrenergic
receptors (P2-ARs) agonists and PDE inhibitors, cyclic AMP (cAMP) elevating agents
known to regulate airway inflammation and reverse airway constriction . B>-ARs
agonists acts as a bronchodilator via cAMP-mediated protein kinase A (PKA) activation
that, by phosphorylating several targets within the cell, leads to the activation of myosin
light chain phosphatase and inhibition of myosin light chain kinase, and thus mediate
airway smooth muscle relaxation ©. f,-ARs agonists, similar to PDEs inhibitors, also have
strong anti-inflammatory effects on infiltrating leukocytes 7 as, by boosting cAMP levels
in inflammatory cells, promote the production of pro-resolving mediators and anti-
inflammatory cytokines 8. In addition, PKA activation can reduce the expression of pro-
inflammatory genes via inhibiting the transcriptional activity of NF-«xB °.
Furthermore, these drugs can also be exploited to promote the activation of cystic fibrosis
transmembrane conductance regulator (CFTR), contributing to proper airway hydration
and mucus clearance '°. Mutations in the gene encoding for the CFTR are responsible for
causing CF # and CFTR dysfunction of non-genetic origin has been demonstrated in

asthma ! and COPD 2, A high percentage of severe asthmatic patients affected by airway



mucus hypersecretion have been found to express polymorphisms in the CFTR gene .
Additionally, cigarette smoke, the leading cause of COPD, has been found to impair both
CFTR expression and function in airway epithelia, spanning from reduced transcription
to protein degradation, and resulting in “acquired” CFTR dysfunction 4. Overall,
disfunction of the CFTR channel leads to defects in ion-fluid transport, in particular in
water secretion across the airway epithelium, with the consequent production of a
dehydrated, hyper-concentrated mucus that accumulates in the airways causing airflow
obstruction and inflammation 2. cAMP elevating agents are potent inducers of the CFTR,
since both channel opening and stability at the plasma membrane rely on the cAMP
signaling pathway '°. In agreement, cCAMP elevating agents can be administered to CF
patients since they strongly improve the efficacy of the newly approved CFTR modulators
to target the most prevalent channel mutant in CF (F508del)!>.

Unfortunately, the clinical use of current cAMP modulating agents is hindered by
unwanted side effects, including but not limited to tachyphylaxis, arrhythmias, diarrhea,
and weight loss, arising from global cAMP elevation in both the airways and distant
organs %1718 Therefore, there is an urgent need for novel and safer approaches to
manipulate locally the P2-AR/cAMP signaling axis for the treatment of obstructive
airways diseases. For instance, compartment-restricted cAMP modulation can be
achieved by manipulating the function of A-kinase anchoring proteins (AKAPs) which
anchor PKA to its substrates and regulators, including enzymes involved in cAMP
generation and destruction, in specific cellular locations!'®-?°, Pharmacological strategies
aimed at modulating selective cAMP signalosomes rely on the design of compounds that

can selectively affect the interactions between AKAPs and PKA.

1.2. A-kinase Anchoring proteins (AKAPs)
A-kinase anchoring proteins (AKAPs) are key players of the cAMP/PKA system,
representing a diverse family of scaffolding proteins known for directly binding PKA. By
tethering PKA to specific subcellular compartments, AKAPs create local signaling hubs,
termed “‘signaling islands”, that prevents undesired cAMP responses and are crucial for

21 Perturbations in the fine control of cAMP

normal cellular functions
compartmentalization are implicated in various pathologies, including cardiovascular

diseases, pulmonary disorders, cancer, neurological conditions, and inflammation 2°.



Although extensive work has characterized the myriad of protein-protein interactions
involving AKAPs and PKA, the complete picture of their impact on cellular signaling in
physiology and in disease remains to be fully elucidated.

AKAPs were first identified as a family of fifty structurally diverse but functionally
related scaffold proteins that share the capacity to directly interact with the regulatory
subunits (R) of the PKA holoenzyme ?>. The PKA holoenzyme consists of two regulatory
subunits, each binding, and thus maintaining in an inactive state, one catalytic subunit 2*.
External signals activating G protein-coupled receptors (GPCRs) lead to cAMP synthesis,
which, in turn, binds to the R subunits of PKA, causing the release and thus activation of
the catalytic subunits 2. AKAPs tether PKA to specific cellular components, restricting
the activation of the enzyme in space and in time and granting access to a limited number
of substrates.

The interaction between AKAPs and PKA is multifaceted, involving A kinase-binding
(AKB) domains and distinct targeting sequences 2*. Importantly, AKAPs do not only
direct PKA action but also engage with various signaling molecules, including other
kinases, phosphatases, and PDEs in a sophisticated regulatory framework %°. AKAPs
coordinate and contribute to signaling specificity by their ability to interact with either
type I (RI) or type II (RII) PKA regulatory subunits. The complexity is further heightened
by the existence of four distinct regulatory subunit isoforms (RlIa, RIf, RIla, and RIIP),
each with unique tissue distribution, cAMP sensitivity, and AKAP-mediated localization
23, The vast majority of AKAPs selectively bind the RII isoform; however, a limited
number can interact with RI, while a third class, termed dual-specific AKAPs, can bind
both the RI and RII isoforms 2°. Canonical AKAPs interact via their structurally
conserved AKB domains with the dimerised N-terminal dimerization and docking (D/D)
domains of the R subunits of PKA. AKB domains are 14-25 amino acids in length and
form amphipathic helices that dock with their hydrophobic face into a hydrophobic pocket
formed by the D/D domain 2’. However, some AKAPs, known as “non-canonical”, can
interact with the R subunits through regions different from the usual AKB. For example,
pericentrin binds PKA via a 100-amino acid long motif, while other proteins such as
RSK1 and o/f tubulin do not have the classical AKB domain 2.

Extensive work from our group has characterized phosphoinositide 3-kinase y (PI3Ky) as

a “non-canonical” AKAPs, binding to the regulatory subunit RIla of PKA through the



126-150 residues of its N-terminal domain 2%, This specific amino acid motif plays a
crucial role in guiding the interaction with PKA in the context of the regulation of the -
ARs and cAMP signaling in both the heart and the lungs 2*-°, as detailed in the following
paragraphs.

1.3. The AKAP function of PI3Ky
PI3KY is constitutively found in certain cell types, including leukocytes and cells of the

t 31,32

airway respiratory trac , while its expression is increased by various stresses in

cardiomyocytes, vascular smooth muscle cells, and microglia 23

As a kinase, PI3Ky phosphorylates phosphatidylinositol 4,5-bisphosphate (PIP) into
phosphatidylinositol 3,4,5-trisphosphate (PIP3), a key step in the activation of various
signaling pathways, primarily Akt-mediated pro-survival responses **. The activation of
PI3KY is typically initiated by G-protein coupled receptors (GPCRs), which in turn lead
to the dissociation of the Gg, dimer from the G-protein, its interaction with PI3Ky
regulatory subunits, and the subsequent recruitment and activation of p110y subunit, the
catalytic subunit of PI3Ky that is responsible of the kinase function of the enzyme.
Interestingly, in cardiomyocytes, the catalytic subunit, pl 10y serves as the anchor for
PKA, that tethers the cAMP-dependent kinase to PDE3 and PDE4, favouring their PKA-
mediated phosphorylation and activation, eventually leading to cAMP downregulation.
This tethering mechanism allows localized PDE stimulation for the precise modulation
of cAMP signaling downstream of P2-ARs, influencing vital processes such as heart
rhythm control . While p110y appears to behave like an AKAP in that it directly binds
the Rlla subunit, its PKA-anchoring site appears to be atypical. In contrast to classical
AKAPs that bind to PKA-RIlo through a conserved amphipathic helix 27, the p110y
subunit is not predicted to form a helical domain. The interaction with PKA-RIla appears
to rely on positively charged residues through the 126-150 residues of its N-terminal
domain *°. However, the molecular mechanisms operating this interplay remain unclear.
Disruption of the scaffold but not the kinase activity of PI3Ky results in 2-AR/cAMP
amplification in cardiomyocytes, and the ensuing development of lethal ventricular

arrhythmias .



PI3KYy is also expressed in pulmonary cells 3> where the AKAP function of PI3Ky * is
key to the negative regulation of the cAMP/PKA signaling cascade downstream of the
B2-AR/cAMP axis. In this tissue, PI3Ky serves as an AKAP that tethers PKA to PDE3
and 4, thereby favoring their PKA-mediated phosphorylation and activation.
Accordingly, basal cAMP levels in tracheas of mice lacking PI3Ky (PI3Ky™") are 2-fold
higher compared to wild-type animals and to mice expressing a kinase-inactive PI3Ky
(PI3KyXP/XD) indicating that the same kinase-independent regulation of cAMP by PI3Ky
found in cardiomyocytes is also preserved in airway cells *°. Moreover, a significant
reduction of the catalytic activity of PDE4B and PDEA4D is detected in tracheas of PI3Ky
'~ mice, while their function is maintained in PI3Ky*P’KD tissues, corroborating the notion
that PI3Ky restrains airway cAMP levels downstream of P2-ARs through a kinase-
independent activation of PDE4 3%, Because molecules that disrupt the interaction
between AKAPs and components of the cAMP signaling pathway show promise in
modulating specific cAMP signals and influencing cellular responses 3¢, we speculated
that pharmacological targeting of PI3Ky scaffold activity could be exploited to achieve
therapeutic cAMP elevation in the airways. In particular, we conceived a cell-permeable
PI3Ky-derived mimetic peptide (PI3Ky MP) (Patent n° PCT/IB2015/059880-
WO/2016/103176 by Kither Biotech S.r.l.) that disrupt the AKAP function of PI3Ky
within the lungs and enhances P2-AR/cAMP signaling in human bronchial smooth

muscle, immune and epithelial cells 3°.
1.4. PI3Ky/PKA peptide disruptors in obstructive airways diseases

The pharmacological actions of the PI3Ky MP arise from its ability to displace PKA from
the PI3Ky complex, thereby preventing PK A-mediated stimulation of a pool of PDE4 and
enhancing B2-AR/cAMP responses, lead to smooth muscle relaxation, immune cell
inhibition, and epithelial fluid secretion in the airways *° (Fig. A). This latter event is
linked to the activation of the cystic fibrosis transmembrane conductance regulator
(CFTR), which promotes mucus hydration and clearance in CF as well as other
obstructive airway diseases like asthma COPD °73°,  Although in the last decade
numerous inhibitors of the kinase activity of PI3Ky have been developed, many of which

are currently in clinical development for treating neoplastic diseases **-°, PI3Ky MP



represents the first compound ever developed to selectively interfere with the anchoring
function of PI3Ky3°,

We have demonstrated that intratracheal instillation of the PI3Ky MP in mice induces a
significant and dose-dependent increase in cAMP in both tracheas and lungs, which
persists in the airways up to 24 hours without altering cAMP homeostasis in other organs,
underlying the advantage of using this compound instead of B:-adrenergic agonists or

161718 ~ Consistent with the

PDE inhibitors, that holds several systemic side effects
prorelaxing action of cAMP and anti-inflammatory properties of PDE4 %°, PI3Ky MP has
been found to avert both bronchoconstriction in airway smooth muscle and neutrophil
lung infiltration in a murine model of asthma *°. Another effect of targeting PDE4 is the
cAMP/PKA-dependent gating of the CFTR channel, increasing airway surface liquid and
facilitating mucus clearance. Of note, in human airway epithelial cells the PI3Ky MP not
only increases CFTR gating but also restores the function of the most prevalent CFTR
mutant in CF (F508del) by potentiating the effects of approved CFTR modulators °.
Overall, by disrupting the PI3Ky/PKA interaction locally in the airways, PI3Ky MP may
represents a promising inhaled therapy for enhancing B2-AR/cAMP signaling in
obstructive airways diseases. Inhalation of peptides offers a major advantage over that of
classical small molecules, including high target selectivity and efficacy, as well as limited
systemic toxicity *!. Nonetheless, clinical outcomes of inhaled therapies strongly depend
on the ability of the drug to deposit along the airways and to overcome barriers imposed
by the diseased lungs, especially mucus **. The accumulation of an abnormally thick
mucus layer and high concentrations of proteolytic enzymes significantly hamper peptide
delivery in the airways of patients with obstructive airways diseases *2.

In this context, our study was to confirm and extends our previous data indicating that the
PI3Ky MP can overcome, at least partially, these obstacles. This was demonstrated via
aerodynamic properties and thorough physico-chemical analysis of PI3Ky MP taking into
consideration critical factors such as molecular dimensions, membrane permeability, and
proteolytic stability were conducted.

We found that this peptide has favourable proteolytic stability, mucus permeability and
aerodynamic behaviour that confirm the possibility of using this preclinical advanced
compound for inhaled therapy of all pulmonary conditions where local cAMP elevation

is desirable, including but not limited to COPD and CF.



In parallel, we report the generati

on of a novel non-natural peptide, DRI- Pep #20 (Patent

pending n° BIT28754-CF/PS), optimized to disrupt the AKAP function of PI3Ky. DRI-

Pep #20 acted as a potent disruptor of the PI3Ky/PKA complex by mimicking the core of

the native interaction of PI3Ky

with PKA, and that was characterized by nanomolar

affinity for PKA, high resistance to protease degradation and high permeability to the

pulmonary mucus barrier.

Overall, our study supports the use of natural and non-natural PI3Ky/PKA peptide

disruptors as effective tools to manipulate the cAMP/PKA signaling complex in the lungs

for therapeutic purposes.

Obstructive Respiratory
Disease

PI3KY

PI13Ky Mimetic Peptide
Treatment

Anti-inflammatory

Ghigo, Murabito et al., Sci. Transl. Med., 2022

Figure A. Targeting the AKAP function of PI3Ky with a a cell-permeable PI3Ky-

derived mimetic peptide

(PI3Ky

MP) (Patent n° PCT/IB2015/059880-

WO0/2016/103176 by Kither Biotech S.r.l.)
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2. Material and Methods
2.1. Peptides and reagents
Peptides were synthesized by GenScript (Piscataway, NJ) at >95% purity. The sequences

of all peptides are as follows;

P1 RQIKIWFQNRRMKWKK Pep #21 KGNHR
DRI-Pep #20 RHQGK Pep #22 KNLHR
Pep #01 KATHRSPGQIHLVQRHPPSEESQAF Pep #23 KSLHR
Pep #02 KATHRSPGQIHLVQRHPP Pep #24 KCNHR
Pep #03 KATHRSPGQIHLVQRHP Pep #25 KNCHR
Pep #04 KATHRSPGQIHLVQRH Pep #26 KGSHR
Pep #05 KATHRSPGQIHLVQR Pep #27 KATHR
Pep #06 KATHRSPGQIHLVQ Pep #28 KNSHR
Pep #07 KATHRSPGQIHLV Pep #29 KSCHR
Pep #08 KATHRSPGQIHL Pep #30 KLGHR
Pep #09 KATHRSPGQIH Pep #31 KQCHR
Pep #10 KATHRSPGQI Pep #32 KLSHR
Pep #11 KATHRSPGQ Pep #33 KCCHR
Pep #12 KATHRSPG Pep #34 KSNHR
Pep #13 KATHRSP Pep #35 KCGHR
Pep #14 KATHRS Pep #36 KSGHR
Pep #15 KATHR Pep #37 KGCHR
Pep #16 KATH Pep #38 KGLHR
Pep #17 KAT Pep #39 KLLHR
Pep #18 KA Pep #40 KCSHR
Pep#19 K Pep #41 KLCHR
Pep #20 KGQHR Pep #42 KCLHR

Pep #43 KGGHR

Recombinant human PKA regulatory subunit Rlla (PKA-RIla) and PI3Ky catalytic
subunit (p110y) were purchased by Biaffin GmbH & Co KG (Kassel, DE) and Origene
Technologies (TP307790, Rockville, US), respectively.

Human neutrophil elastase was purchased from Sigma-Aldrich (CAS 9004-06-2, Sigma-

Aldrich, Saint Louis, MO) and reconstituted in 50 mM sodium acetate, pH 5.5, with 200
mM NaCl. VX-809 (Lumacaftor), VX-770 (Ivacaftor), VX-661 (Tezacaftor) and VX-445
(Elexacaftor) were purchased from MedChemExpress LLC (Princeton, USA).
Propranolol, Hexafluoroisopropanol, Forskolin and CFTRinh-172 were purchased from
Sigma-Aldrich (CAS 318-98-9, 920-66-1, 66575-29-9, 307510-92-5 Sigma-Aldrich,
Saint Louis, MO).

11



2.2. Cell lines
Immortalized normal human bronchial epithelial cells (16HBE140-) were kindly
provided by Dr. Gruenert (University of California San Francisco, San Francisco, CA).
Cystic fibrosis bronchial epithelial (CFBE410-) cells stably expressing F508del-CFTR
(F508del-CFTR-CFBE410-) were kindly provided by L. Fu from the UAB Research
Foundation (Birmingham, AL). Cells were grown in Minimum Essential Medium (MEM)
supplemented with 10% FBS, 5 mM L-Glutamine, 100 U/ml penicillin and 100 pg/ml
streptomycin (Thermo Fisher Scientific, Waltham, MA) on culture dishes pre-coated with
human fibronectin (1 mg/ml; Sigma-Aldrich, Saint Louis, MO), bovine collagen I (3
mg/ml; Sigma- Aldrich, Saint Louis, MO) and bovine serum albumin (0.1%; Sigma-
Aldrich, Saint Louis, MO) diluted in LHC-8 basal medium (Invitrogen, Waltham, MA).
Cells up to passage 15 were used for experiments. All cells were cultured at 37°C and

under a 5% CO, atmosphere.

2.3. Animals

PI3Ky-deficient mice (PI3Ky”) were described previously 3°. Mutant mice were back-
crossed with C57B1/6j mice for 15 generations to inbreed the genetic background and
C57Bl/6j were used as controls (WT). Mice used in all experiments were 8 to 12 weeks
of age. Mice were group-housed, provided free-access to standard chow and water in a
controlled facility providing a 12-hour light/dark cycle and were used according to
institutional animal welfare guidelines and legislation, approved by the local Animal
Ethics Committee. All animal experiments were approved by the animal ethical
committee of the University of Torino and by the Italian Ministry of Health
(Authorization n°757/2016-PR).

2.4. Isolation of murine peritoneal macrophages
Peritoneal macrophages were prepared from 8- to 12-week- old wild-type (WT) and
PI3Ky” mice, as described previously °. Briefly, cells were collected from euthanized
animals by peritoneal lavage with 5 mL of PBS, supplemented with 5 mM EDTA. Cells
were centrifuged for 3 min at 300 g and the pellet was resuspended in culture media
including Roswell Park Memorial Institute (RPMI) media, 100 U/ml penicillin and 100
pg/ml streptomycin, and 10% heat-inactivated FBS (Thermo Fisher Scientific, Waltham,

12



MA). Macrophages were seeded in 96-well plates (1*10° cells/well) and maintained at
37°C with 5% CO: for at least 16/18 h before treatment with the peptide and cAMP

quantification.

2.5. cAMP measurements

From cells: cAMP content was measured in 16HBE140- cells at the indicated time points
after treatment with the indicated doses of peptides using the Promega cAMP-Glo™
Assay kit (Promega, Milano, IT), according to the manufacturer’s protocol.

From tissues: lungs, tracheas and hearts were collected from euthanized mice 24 h after
intratracheal instillation of different doses of the peptide (0 to 750 mg/kg in a final volume
of 50 ul of PBS). Snap-frozen tissues were powdered in liquid nitrogen and extracted
with cold 6% trichloroacetic acid. Samples were sonicated for 10 sec, incubated at 4°C
under gentle agitation for 10 min and then centrifuged at 13000 rpm at 4°C for 10 min.
Supernatants were washed four times with five volumes of water saturated with diethyl
ether and lyophilized. cAMP content was detected with Cyclic AMP ELISA Kit (Cayman

Chemical, Michigan, USA), according to the manufacturer's protocol.

2.6. Cell viability assay
Human bronchial epithelial cells (16HBE140-) were seeded in 96-well plates (2*10*
cells/well) and incubated for at least 16/18 hours at 37°C with 5% CO> before
experiments. Non-adherent cells were eliminated by washing with PBS and cells were
then stimulated with 8 different doses of the indicated peptide (0 uM — 1 mM range) for
24h. ATP levels were evaluated as an indicator of viable cells using the Cell Titer-Glo®
Luminescent Cell Viability Assay (Promega, Milano, IT), according to the manufacturer's
protocol. The lethal dose (LDso) was calculated with respect to untreated control cells,

whose viability was set to 100%.

2.7. CFTR activity measurements
CFTR-mediated anion transport was measured by using the Premo™ Halide Sensor
(Thermo Fisher Scientific, Waltham, MA) which allows assessment of CFTR activity by
measuring the rate of YFP fluorescence quenching caused by iodide/chloride exchange

across the plasma membrane. Briefly, the halide-sensitive yellow fluorescent protein
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(HS-YFP) was expressed in I6HBE140- and F508del-CFTR-CFBE41o0- cells through the
BacMam technology, according to the manufacturer's protocol. Cells expressing the HS-
YFP were cultured on 96-well plates and treated with the indicated peptides/compounds
for the indicated time. Fluorescence was evaluated in a plate reader immediately after
addition of 150 pl of Halide stimulus buffer (an Nal-containing solution) leading to a
final Nal concentration in the wells of 75 mM. Fluorescence was continuously read (1
point per second) starting at 1 s before Halide stimulus buffer addition and up to 120 s.
CFTR activity was expressed as AF/Fo where AF was obtained by subtracting the
background fluorescence (fluorescence of cells not expressing HS-YFP) to the
fluorescence measured at the specific time point after addition of Nal. AF was then
normalized to the initial fluorescence Fo (fluorescence of HS-YFP-expressing cells

immediately after addition of Nal) to obtain a measure of relative fluorescence AF/F.

2.8. CF sputum samples
Spontaneous expectorated sputum samples from CF patients in stable clinical conditions
were collected at the Bronchiectasis and Cystic Fibrosis Programs of the Respiratory
Department of Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico in Milan
(Ttaly) and processed as previously described #3. The study protocol was approved by
local institutional review boards (594 2016bis) and all participants provided written
informed consent to the collection and use of their biological samples. Briefly, samples
were first processed by eliminating saliva, then sputum plugs were selected and weighted.
Samples were diluted 8X in PBS, vortexed until sputum dissolution and centrifuged for
15 min at 3000 g. Supernatants were recovered and stored at —80 °C, thawed overnight at
4 °C, and all subsequent experiments were undertaken within 24h from thawing.

Neutrophil elastase was quantified as described previously +

and sputum samples
containing 20 pg/mL of active neutrophil elastase were used to assess the activity of
peptides in 16HBE140- cells in the presence of CF sputum. Briefly, cells were seeded in
96-well plates (2*10* cells/well) and incubated for at least 16/18 h at 37°C with 5% CO»
before experiments. Subsequently, peptides were diluted in PBS at a final concentration
of 25 uM and a PBS:sputum mixture (1:1) was added on the top of adherent cells (100
ul/well). cAMP levels were quantified at the indicated time points using the Promega

cAMP-Glo™ Assay kit (Promega, Milano, IT), according to the manufacturer’s protocol.
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2.9. PAMPA assay
To assess the permeability of peptides through a CF sputum layer, a parallel artificial
membrane permeability system (PAMPA) (Corning Gentest Pre-coated PAMPA,
353015, USA plates) that allows to measure the ability of drugs to diffuse from a donor
compartment, through an artificial membrane, into an acceptor compartment, was used
as described previously **. The bottom wells of the PAMPA system (“acceptor” wells)
were filled with 300 pL of PBS (10mM, 150 mM NaCl, pH 7.4), while “donor” wells
were filled with 200 pL of the peptide solution (2 mg/mL in 10mM PBS, 150 mM NaCl,
pH 7.4), in the absence or presence of CF sputum. In the latter case, 40 pL of CF sputum
was first deposited over the PAMPA membrane, and the peptide solution was
subsequently added over the CF sputum layer. Afterwards, the two wells were coupled
and incubated for Sh at RT. At the end of the incubation, the plates were split, and the
amount of peptide diffused into the acceptor well was quantified by fluorescence
spectroscopy using a Horiba Jobin Yvon Fluorolog 3 TCSPC fluorimeter (Horiba, Kyoto,
Japan) equipped with a 450-W xenon lamp and a R928 photomultiplier (Hamamatsu
Photonics, Hamamatsu, Japan). Excitation was performed at 280nm while emission was
recorded in the spectral region of 290-500 nm (maximum of emission at 362 nm).
Excitation and emission slits were set at 4 and 5 nm, respectively. The concentration of
the peptide was calculated using a 6-points calibration curve. The apparent permeability

coefficient (Papp) was expressed according to this relationship:

Popp= CClOQ—T:

derived from Fick’s law for steady-state conditions*’, where dQ is the quantity of drug
expressed as moles permeated into the acceptor compartment at time t (18000 sec), Co is
the initial concentration of the peptide in the donor well, and A is the area of the well

membrane (0.3 cm?).

2.10. PKA-RIla bioconjugation and fluorescence spectroscopy
Recombinant PKA-RIlo. was bio-conjugated to fluorescein 5-maleimide (F5M), as
described previously *¢, using 75 pg of PKA-RIla and a 50-fold excess of F5SM. After
bioconjugation, the derivative was immediately purified using a Sephadex® G-25
desalting column and phosphate-buffered saline solution (PBS) (20 mM, 150 mM NaCl,
pH 7.2) as eluent. To evaluate F5M labelling efficiency, the dye/protein ratio (D/P) of the
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conjugates was determined by the absorption spectra of the labelled proteins in PBS (20
mM, 150 mM NaCl, pH 7.2), according to the following equation:

D Amax €prot

p B (A280 - CAmax) edye

where Azgo is the absorption of the conjugate at 280 nm; Amax is the absorption of the
conjugate at the absorption maximum of the corresponding F5M; c is a correction factor
(¢ = 0.29); eprot (25,169 Mlcm™) and eaye (63,096 M™! cm!) are the molar extinction
coefficients of PKA and F5M, respectively. PKA-RIla presents six cysteine residues, and
the final D/P value was 0.2.

UV-visible absorption spectra were measured with a UHS5300 spectrophotometer
(Hitachi, Tokyo, Japan) at RT, using 1 cm pathway length quartz cuvette. Fluorescence
emission spectra in steady-state mode were acquired at RT using a Jobin Yvon Fluorolog
3 TCSPC fluorimeter (Horiba, Kyoto, Japan) equipped with a 450-W Xenon lamp and a
R928 photomultiplier (Hamamatsu Photonics, Hamamatsu, Japan). Steady-state
fluorescence spectra were recorded in the 500-600 nm range. The excitation wavelength
was set on 490 nm and the excitation and emission slits were set on 2 and 4, respectively.
Equilibrium binding constants (Kp and K4) were obtained from steady-state data.
Fluorescence kinetics were measured using an Applied Photophysics SX20 stopped-flow
spectrophotometer (Applied Photophysics, North Carolina, US) fitted with a 495 nm cut-
off filter between the cell and the fluorescence detector, and equipped with a thermostat
bath set at 25+0.2°C. Association and dissociation rate constants (kon and kofr) were
calculated from stopped-flow kinetics data. Data acquisition, visualization and analysis
were performed with Pro-Data software from Applied Photophysics Ltd (Applied
Photophysics, North Carolina, US).

To assess the ability of the peptides to displace the binding between PI3Ky and PKA-
F5M, steady-state emission spectra of the PI3Ky/PKA-F5M complex in the presence of
increasing concentrations of the peptide were acquired. Briefly, 50 nM of recombinant
PI3Ky was added to 100 nM F5M-bounded PKA-RIla in a total volume of 100 uL. PBS.
The concentration of the PI3Ky/PKA-F5M complex was kept constant while gradually
titrated with increasing concentrations of the peptides (PI3Ky MP from 0 to 20 uM; DRI-

Pep #20 from 0 to 5 uM). The complex was excited at 490 nm and emission spectra were
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recorded in the 500-600 nm spectral range, as described above. The degree of
displacement of the PKA-RIIa-PI3Ky complex was expressed as the percentage of

fluorescence quenching after addition of the peptide.

2.11. Circular dichroism
Circular dichroism (CD) measurements were performed on a Jasco-810 Dichrograph
equipped with a Peltier thermoelectric controller (Jasco Inc., Easton, US). The spectra of
peptides were recorded in the continuous mode between 260 and 180 nm at 25 °C in 0.1
cm path length quartz cuvette (Hellma GmbH, Miillheim, DE) with a total peptide
concentration of 0.2 mg/mL dissolved in 2 mM PBS (0.6 mM KH>PO4, 1.6 mM K;HPO4),
pH 7.4. The CD spectrum in the 190-240 nm range was used to predict the secondary

structural content of the peptide using the K2D3 web server 4.

2.12. Transmission Electron Microscopy and Dynamic Light Scattering
Self-assembled peptide nanostructures were analyzed by Transmission Electron
Microscopy (TEM) analysis. Transmission electron micrographs were obtained with a
JEOL 3010-UHR TEM operating at an accelerating voltage of 300.00 £V (JEOL, Tokyo,
Japan). TEM samples were prepared by dissolving the peptides at 0.1 mg/mL in water
and drying them on a carbon-coated copper grid. The nominal magnification used to
record nanostructures were x500000 and x800000.

The size distribution profile of the self-assembled peptide was determined by dynamic
light scattering (DLS, Malvern Zetasizer, Worcestershire, UK). Samples were prepared
at 4 mg/mL in 2 mM PBS (0.6 mM KH>PO4, 1.6 mM K>HPOs), pH 7.4. Measurements
were performed after an equilibration time of 60 s which allowed samples to reach the

temperature of 25°C.

2.13. Next Generation Impactor (NGI) studies
The aerodynamic properties of the peptide were assessed by Next Generation Impactor
(NGI) (Copley Scientific, Nottingham, UK), according to the Comité Européen de
Normalization standard methodology for nebulizer systems. The NGI equipment
consisted of seven stages cups (S1-S7), a micro-orifice collector (MOC), an induction

port and a vacuum pump simulating inspiration. Three nebulizer devices were tested: one
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jet nebulizer —TurboBoy (PARI TurboBOY, PARI GmbH, Starnberg, Germany), and two
mesh nebulizers —AeronebGo (Aeroneb® Go, Aerogen Ltd., Galway, Ireland) and —
eFlow rapid (PARI eFlow rapid, PARI GmbH, Starnberg, Germany). Briefly, the
nebulizer reservoir was filled with 1 mL of a phosphate buffered saline dispersion of the
peptide (1 mg/mL). The nebulizer device was connected to the induction port of the NGI
and operated with a vacuum pump at a fixed flowrate of 15 L/min. The aerosol was drawn
through the impactor for 5 min until dry.
The peptide that remained aerosolized (i.e., inside the nebulizer reservoir, deposited on
the seven stages of the NGI and in the induction port) was quantitatively recovered and
quantified by High- Performance Liquid Chromatography (HPLC/UV)
spectrophotometry.
HPLC/UV involved a Waters Breexe System Liquid Chromatograph equipped with a
Waters 717 Plus Autosampler (40 pL injection volume) and a Shimadzu UV—vis HPLC
detector online with a computerized workstation. The column used was a Jupiter® C18
widepore (300A, 5 mm x 25 cm), the mobile phase was a mixture of Water 0.1% TFA:
Acetonitrile 0.1% TFA 75:25 (v/v) with a flow rate of 1 mL/min, the column temperature
was 25 °C and the detection wavelength was 220 nm. Upon emission, the experimental
mass median aerodynamic diameter (MMADexp) and the geometric standard deviation
(GSD) were calculated according to the European Pharmacopoeia, by plotting the
cumulative mass of peptide retained in each collection stage (expressed as percent of total
mass recovered in the impactor) versus the cut-off diameter of the corresponding stage.
At the used flow (15 L/min), the cut-off diameters of the NGI stages were 14.10 um (S1),
8.61 um (S 2), 5.39 um (S3), 3.30 um (S4), 2.08 um (S5), 1.36 pm (S6), 0.98 um (S7).
The MMADexp was determined from the graph as the peptide size at which the line
crosses the 50% mark; the GSD was defined as:

GSD = (Size X/Size Y)!?

where size X was the size at which the line crosses the 84% mark and size Y the size at
which it crosses the 16% mark.

The emitted dose (ED) was measured as the difference between the total amount initially
placed and the amount remaining in the stages. The fine particle fraction (FPF) was

calculated by considering the amount of peptide deposited on S3-S6 compared to the
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initial amount loaded in the nebulizer chamber, while the respirable fraction (RF) was

determined by the total amount recovered from the NGI.

2.14. Peptide mutagenesis
Systematic amino acid substitutions were performed using an in-house Python script. To
identify which variant could mimic the characteristics of DRI-Pep #20, we compared the
ability of each peptide to adopt the same spatial arrangement and exhibit a similar surface
charge distribution. The peptides from the library were subsequently processed using
Omega2 (OMEGA, version 4.1.0.2; OpenEye Scientific Software: Santa Fe, NM) 484 a
software that creates a multi-conformer structure database capable of reproducing
biologically active conformations. The ROCS software (ROCS, version 3.4.1.2; OpenEye
Scientific Software: Santa Fe, NM) ** was employed to conduct a shape-based overlay
method, in which molecules were aligned through a solid-body optimization process
aimed at maximizing the volume overlap between them. Subsequently, the peptides were
re-ranked for similarity to DRI-Pep #20 based on electrostatic properties using the EON
program (EON, version 2.3.4.2; OpenEye Scientific Software: Santa Fe, NM) °!. The
final score assigned to each peptide was based on a dual Tanimoto score, ranging from 0
to 2, where a score of 2 signifies an exact match in both shape and electrostatics between

the two molecules. Peptides with the highest scores were considered for further analysis.

2.15. Protein structure prediction
The 3D structure of residues 1-45 of PKA-RIloa was predicted using the Iterative
Threading ASSEmbly Refinement (I-TASSER) web server 32, an on-line platform that
implements [-TASSER-based algorithms for predictions of protein structure and
function. Briefly, starting from the FASTA amino acid sequence I-TASSER ran a three
steps simulation, first threading it through a representative PDB structure library to search
for possible template folds or supersecondary-structure fragments, using a profile—profile
alignment-based threading algorithm. In the second step, the continuous fragments
excised from the PDB templates were reassembled into full-length models, while the
unaligned regions were built by ab initio modeling. Finally, the structure trajectories
were clustered, and the lowest-energy structures selected, and an all-atom model was

constructed by REMO41 through optimization of the hydrogen-bonding network. The
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five best models obtained by I-TASSER were subsequently evaluated based on their
threading template and predicted C-score. The model with the highest C-score of -0.22
and predicted using the NMR structure of PKA-RIla as a threading template (PDB ID
2KYG) > was selected.

The 3D structure of PI3Ky was downloaded by AlphaFold ** and validated by Root-Mean
Square Deviation (RMSD) alignment of all the atoms with the cryo—electron microscopy

structure of the heterodimeric PI3Ky complex, p110y-p101 (PDB ID 7MEZ) .

2.16. Peptide Structure Prediction
The structure of the peptides was predicted with PEP-FOLD3.5 %, a de novo approach
that predicts peptide structures from amino acid sequences. Briefly, starting from the
amino acid sequence, first a series of 200 simulations was run, each one sampling a
different region of the conformational space using the Generator taboo-sampling 5 (ts5),
recommended for peptides longer than 10 amino acids. The output was an archive of
clusters of all the models sorted out using the TM score followed by performing the
Model Quality assessment using Apollo *’. The first five models, representing the five
best conformation of each cluster with the best scores defined according to the lowest
SsOPEP energy and the highest TM-score value, were selected and further supported by
RMSD. The RMDS of each model was compared to the RMDS of residues 126-150 of
the p110y structure, both the protein structure predicted by AlphaFold and the crystal
structure (PDB ID 7mez, RCSB database). Finally, the best structure of the peptide was
validated by visual analysis on PYMOL.

2.17. Docking studies
Docking studies were performed with the High Ambiguity Driven Biomolecular
DOCKing (HADDOCK) software. Briefly, starting from the PKA-RIla and peptide
structures, the HADDOCK docking ran three consecutive steps, first the molecules were
randomly oriented, and a rigid-body search was performed (it0). The output was an
archive of 1000 models, among them the top 200 ranked structures were selected based
on the energy function and addressed to the semi-flexible simulated annealing stage
performed in torsion angle space (itl). In the third stage, the structures were refined in

Cartesian space with explicit solvent layer (water) and subjected to a short molecular
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dynamic simulation at 300K. During the refinement, both the side chain and backbone of
interface residues were progressively allowed to move.

The final models were automatically clustered based on the positional interface ligand
RMSD (iL-RMSD) by fitting the conformational changes on the interface of the receptor
(PKA-RIIa) and on the interface of the smaller partner (the peptides). Finally, the binding
poses were assessed by the HADDOCK report and the binding affinity was evaluated by
the Optimal Hydrogen Bonding Network. The resulting best binding pose was validated
by visual analysis on PYMOL.

2.18. Statistical analysis
Data are presented as scatter plots with bars (means = SEM). Prism software (GraphPad
Software Inc.) was used for statistical analysis. Raw data were first analyzed to confirm
their normal distribution via the Shapiro-Wilk test and then analyzed by unpaired
Student’s t test, one-way analysis of variance (ANOVA), or two-way ANOVA.
Bonferroni correction (one-way and two-way ANOVA) was applied to correct for

multiple comparisons. P<0.05 was considered significant.
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3. Results

3.1. PI3Ky mimetic peptide (PI3Ky MP) binds selectively PKA-RIIa
In order to disrupt the AKAP function of PI3Ky and produce a compartmentalized f3-
AR/cAMP response, PI3Ky MP was conceived by fusing the cell- penetrating sequence
Penetratin-1 (P1) and the PKA-binding motif of PI3Ky (residues 126-150
KATHRSPGQIHLVQRHPPSEESQAF), by means of a glycine (G) linker (Fig. 1a) 20,
First, we sought to elucidate the determinants of the interaction of PI3Ky MP with PKA.
Predictions of the tridimensional structure of PI3Ky MP suggested the presence of an a-
helix, flanked by an uncoiled region (Fig. 1b). The helical propensity of the peptide was
confirmed by circular dichroism analyses showing a double-peak signal, with a maximum
at 200 nm which is typical for a-helix structures, and a minimum in the 220-240 nm
region which is characteristic for random-coil >%. As expected, the a-helical content of
PI3Ky MP was comparable to the helix pattern found in the PKA-binding motif of PI3Ky
(residues 126-150) not fused to the cell-penetrating module (Fig. 1¢). In silico simulations
of the interaction of PI3Ky MP with the AKB domain of PKA-RIIa (amino acids 1-45)
59, revealed that the binding mainly involves hydrophilic amino acids of the PI3Ky MP
helical motif. R-22, H-21, H-33 and Q-21 were found to form hydrogen bonds with
hydrophilic partners in the PKA-RIlo subunit (Fig. 1d and 2a), with a predicted
dissociation constant (Kp) of 1.34 uM (Table 3). In agreement, fast kinetic studies showed
the peptide could associate recombinant PKA-RIlo with a good affinity, being the
equilibrium dissociation constant in the micromolar range, Kp of 2.0 uM (Fig. 3b).
Moreover, these studies showed that PI3Ky MP rapidly associates to PKA-RIla forming
a relatively stable complex with the association rate constant (kon) in the order of 10 M-
Is'! while the moderate dissociation rate (kofr) suggesting a certain level of stability of
PI3Ky MP in the bound state with PKA-RIla (Fig. 3b). Thus, the binding of PI3Ky MP
to PKA-RIla suggested PI3Ky MP as a disruptor of PI3Ky/PKA complex. Indeed, in a
displaced-based assay the peptide inhibited the interaction between recombinant PI3Ky
and PKA-RIla up to 50%, and with an ICso of 1.5 uM (Fig. 3d). Notably, the PI3Ky MP
showed it was well tolerated 16HBE14o0- cells, being the LDso 60-fold higher than the
ICso (Fig. 3e). Overall, these data confirms that PI3Ky MP acts as a moderate PI3Ky/PKA

disruptor with micromolar affinity for PKA.
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3.2. PI3Ky MP overcomes the biobarriers in obstructive airways diseases
Since we have demonstrated that the PI3Ky MP can be topically delivered to the lungs
through intratracheal instillation in mice, where it safely boosted airway cAMP up to 24
hours in both tracheas and lungs, without altering cAMP homeostasis in other organs *°.
Next, we sought to evaluate to what extent PI3Ky MP could effectively target PI3Ky/PKA
complex in the lungs, especially in the context of obstructive airways diseases.

Because the efficacy of inhaled therapies may be hindered by biobarriers imposed by
diseased lungs, such as a thick layer of protease-rich mucus %>, we sought to determine
the ability of PI3Ky MP to penetrate mucus layers and resist to protease degradation.
PI3Ky MP penetrated the phospholipid membrane in the PAMPA system (Fig. 4a) with
an apparent permeability (Papp) of 5.59 x 10°¢ cm s (Fig. 4b). While the addition of
pathological CF sputum on top of the phospholipid layer (Fig. 4a) reduced the Papp of the
peptide (Papp 1.46 x 10°% cm s!) (Fig. 4b), this value was comparable to that of
propranolol, a standard reference compound known for being high permeable to cell
membranes **. To better understand the molecular basis of the mucus permeability of
PI3Ky MP, we performed Transmission Electron Microscopy (TEM) and Dynamic Light
Scattering (DLS) assays. TEM images showed that PI3Ky MP formed irregular
aggregates up to 500 nm in size (Fig. 4c), in agreement with the particle diameter of 200-
300 nm retrieved by DLS analysis (Fig. 4d). Addition of hexafluoroisopropanol (HFIP),
which is responsible for cold denaturation of proteins, reduced the size of aggregates to
10 nm (Fig. 4d). Next, we tested whether PI3Ky MP retained the ability to elevate cAMP
in pulmonary cells in the presence of neutrophil elastase, the most abundant protease in
the lungs of patients with neutrophilic airway diseases, including but not limited to COPD
and CF 0,

The peptide retained up to 62% of its ability to raise cAMP in 16HBE41o0- cells in the
presence of 3 ng/ml of recombinant human neutrophil elastase (HNE) (Fig. 4¢), a dose
which was previously shown to inactivate other therapeutic peptides °'. The cAMP
elevating activity of PI3Ky MP was similarly affected by a 10-fold higher concentration
of HNE (Fig. 4f), an amount that is typically detected in the lungs of patients with severe
bronchiectasis . The relative resistance of PI3Ky MP to degradation was confirmed in
the presence of CF sputum, where the peptide retained 52% of its biological activity (Fig.
4g). Taken together, these results provide insights into the ability of PI3Ky MP to
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maintain its biological activity in a challenging extracellular environment, marked by a

mucus barrier enriched in proteases typical of diseased lungs.

3.3. PI3Ky MP is delivered to the lower respiratory airways

Since PI3Ky MP was originally conceived for inhaled administration 3°, next we assessed
its aerodynamic properties upon nebulization with three different devices commonly used
for administering aerosolized compounds to CF patients ®2. One jet nebulizer —TurboBoy-
and two mesh nebulizers —AeronebGo and eFlow rapid were used.

To evaluate the ability of the peptide to reach the lower airways, the aerosolized particles
of the PI3Ky MP were driven inside the Next Generation Impactor (NGI) passing through
seven stages with defined cut-offs diameters (Fig. 5a and Table 1). After aerosolization
with the three nebulizers, PI3Ky MP displayed aerodynamic mean dimensions (MMAD:
2-2.99 um) compatible with effective delivery to the lower airways (Fig. 5b and Table 2),
considered that a particle size of approximately 5 pum is generally capable of penetrating
the lung during inhalation %. Nevertheless, different deposition patterns were observed
when the peptide was aerosolized with the different nebulizers (Fig. 5c¢). Notably, the
estimated emitted dose for the two mesh nebulizers was more than 40% and 2-fold higher
than that of the jet nebulizer (Fig. 5d and Table 2). Moreover, the respirable fraction (RF),
representing the total amount of PI3Ky MP recovered from NGI and thus the amount of
peptide that potentially is delivered to the lungs, exceeded 90% (Table 2).

Finally, we verified that PI3Ky MP could retain its biological activity after nebulization.
We found that the peptide recovered from Stage 4 after nebulization with eFlow rapid
could raise cAMP in 16HBE41o- cells as effectively as the non-nebulized formulation
(Fig. 5e). Overall, these data revealed a favourable aerodynamic behaviour of PI3Ky MP
positioning the peptide as an ideal candidate for targeting the PI3Ky/PKA complex in the
airways for therapeutic purposes. Nevertheless, challenges such as optimizing binding
affinity, permeability, stability, and efficacy to deliver intact in the airways and to shield

its interactions at the cell target needed to be addressed.

3.4. DRI-Pep #20 as a novel PI3Ky/PKA disruptor with high affinity for PKA.
In parallel to the characterization of PI3Ky MP we embarked on a screening for the

identification of novel PI3Ky/PKA disruptors that led to the identification of DRI-Pep
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#20. This is a non-naturally occurring peptide, obtained by synthesizing the all-D-
retroinverso (DRI) form of a peptide linking the cell penetrating peptide Penetratin 1 (P1)
to the non-natural 5 amino acids sequence RHQGK, by means of a glycine (G) linker
(Fig. 6a). The incorporation of non-natural D-amino acids in a retro-reversed sequence,
aimed to obtain molecules mirroring the structure of the parent L-peptides while
exhibiting novel chemical properties, such as increased half-life and resistance to
proteolytic degradation, which could potentially enhance their in vivo potency .

First, we determined the ability of DRI-Pep #20 to directly bind the PKA regulatory
subunit Rlla (PKA-RIIa), the PKA isoform that we previously demonstrated being

specifically bound by PI3Ky ¢

. In vitro steady-state fluorescence spectroscopy
experiments revealed that the peptide could associate recombinant PKA-RIIa with high
affinity, being the equilibrium dissociation constant (Kp) in the nanomolar range (76 nM;
Fig. 6-¢). Further fast kinetic studies showed that DRI-Pep #20 rapidly associates to PKA-
RIla forming a relatively stable complex. The association rate constant (Kon) in the order
of 10 Mls! indicated an extremely fast assembly of the DRI-Pep #20/PKA-RIlo
complex, while the moderate dissociation rate (Kofr) suggested a certain level of stability
in the bound state (Fig. 6d and Table 3). In agreement with the high affinity of DRI-Pep
#20 to PKA-RIlIa, the peptide inhibited the interaction between recombinant PI3Ky and
PKA-RIIa up to 74%, and with an ICso of 0.16 uM (Fig. 6e-f). Next, we tested whether
DRI-Pep #20 could disturb the anchoring of PKA by AKAPs other than PI3Ky. The
ability of the peptide to raise cAMP levels in PI3Ky-deficient cells was used as a proxy
of its capacity to interfere with other AK AP-based signalosomes °. We found that DRI-
Pep #20 failed to raise cAMP in cells that did not express its target PI3Ky, demonstrating
that the peptide retained the selectivity for the PI3Ky-directed pool of PKA, despite the
high binding affinity for PKA-RIla (Fig. 6g). Overall, these data identify DRI-Pep #20

as a potent and selective disruptor of the PI3Ky/PKA complex.

3.5. DRI-Pep #20 mimics the native interaction between PI3Ky and PKA-RIIa.
Next, we sought to elucidate the determinants of the high-affinity interaction of DRI-
Pep#20 with PKA-RIla. Predictions of the tridimensional structure of DRI-Pep #20
suggested the presence of an a-helix, flanked by two uncoiled regions (Fig. 7a). The

helical propensity of the peptide was confirmed by circular dichroism analyses showing
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a double-peak signal, with a maximum at 200 nm which is typical for a-helix structures,
and a minimum in the 220-240 nm region which is characteristic for random-coil
domains * (Fig. 7b). In silico simulations of the binding of DRI-Pep #20 to the typical
binding surface for AKAPs (amino acids 1-45 of PKA-RIla) >, revealed that 4 out of the
5 amino acids of the RHQGK sequence (R-1, H-2, Q-3 and K-5) could form hydrogen
bonds with partners in the PKA-RIla subunit (Fig. 7c, Fig. 8a and Table 4).

Systematic amino acid substitutions within the RHQGK sequence confirmed the
importance of positively charged and polar amino acids in position 3 and 4 for the
interaction of DRI-Pep #20 with PKA-RIla. Indeed, peptide variants bearing hydrophobic
residues in those positions had reduced ability to disrupt the PI3Ky/PKA interaction, and
thus to elevate cAMP in human bronchial epithelial cells (16HBE140-), as compared to
the parent sequence (Fig. 9 and Table 4). These observations suggested that a short amino
acid sequence enriched in hydrophilic residues could form the backbone for the anchoring
of PKA by PI3Ky and prompted us to better characterize the native interaction between
the N-terminal domain of PI3Ky, which encompasses the putative PKA-binding motif
3065 and PKA-RIla. In silico simulations of the binding between 120-160 PI3Ky and 1-
45 PKA-RIla identified a region enriched in hydrophilic amino acids, spanning from K-
126 to R-130 (KATHR), that could maximally interact with PKA. K-126, H-129 and R-
130 were consistently found at the core of the interaction in all of the possible binding
poses between the two proteins (Fig. 10a and Fig. 11a) and were shown to form hydrogen
bonds mainly with T-18 and the Q-25 of PKA-RIla (Fig. 10a and Fig. 11b).
Intriguingly, the KATHR sequence phenocopied the complete PKA-binding motif of
PI3KYy in raising cAMP in 16HBE14o0- cells (Fig. 12 and Table 5), indicating that the core
of the interaction between PI3Ky and PKA-RIla could reside within this region. In
agreement, structural predictions and molecular docking studies revealed that the
KATHR peptide folded in an almost complete a-helical structure (Fig. 10b), allowing the
formation of hydrogen bonds between K-126, H-129 and R-130 and partners within 1-45
PKA-RIIa (Fig. 10c, Fig. 13 and Table 6).

Taken together, these results demonstrate that the non-natural peptide DRI-Pep #20 acts
as a potent PI3Ky/PKA disruptor by mimicking the core of the native interaction of PI3Ky
with PKA-RIIo.
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3.6. DRI-Pep #20 has favorable mucus permeability and protease resistance.
Next, we sought to determine to what extent DRI-Pep #20 could be used for targeting the
native PI3Ky/PKA complex in the lungs to modulate cAMP for therapeutic purposes.
First, we assessed the suitability for local delivery to the airways. Following intratracheal
instillation (Fig. 14a), DRI-Pep #20 induced a dose-dependent increase in cAMP levels
in the trachea and in the lungs of treated mice, with an ECso of 8.06 pg/Kg and 11.78
ng/Kg, respectively (Fig. 14b-c). Of note, cardiac cAMP concentrations were unchanged
(Fig. 14d), suggesting that the peptide locally increased airway cAMP without systemic
effects at the tested dose.

Since the efficacy of inhaled therapies can be hampered by extracellular barriers imposed
by diseased lungs, we next sought to determine to what extent DRI-Pep #20 could
penetrate mucus layers and resist to protease degradation. DRI-Pep #20 penetrated the
phospholipid membrane in the PAMPA system (Fig. 15a) with an apparent permeability
(Papp) 0f 1.88 x 107% cm 57! (Fig. 15b). Of note, the addition of pathological CF sputum on
top of the phospholipid layer (Fig. 5a) did not significantly affect the Payp of the peptide
(Papp 2.55 x 1078 cm s7!) (Fig. 15b). To verify whether the favorable mucus permeability
of DRI-Pep #20 could be ascribed to molecular dimensions compatible with the mesh
size of CF mucus %0, Transmission Electron Microscopy (TEM) and Dynamic Light
Scattering (DLS) assays were performed. TEM images showed that DRI-Pep #20 formed
irregular aggregates of 5-40 nm in size (Fig. 15¢), in agreement with the particle diameter
of 10-20 nm retrieved by DLS analysis (Fig. 15d).

Next, we tested the proteolytic resistance of DRI-Pep #20 in pulmonary cells in the
presence of neutrophil elastase (HNE). The ability of the peptide to raise cAMP in
16HBE410- cells was completely unaltered by the presence of 3 pg/ml of HNE (Fig. Se).
Conversely, the cAMP elevating activity of the non-DRI isoform, Pep #20, was reduced
by 26% by means of HNE (Fig. 15e). Notably, the activity of the DRI isoform was
entirely preserved even in the presence of a 10-fold higher concentration of HNE (Fig.
15f), the amount detected in the lungs of patients with severe bronchiectasis *°, which
was in line with the absence of any predicted cleavage sites by HNE (Fig. 16a). The
observed resistance of DRI-Pep #20 to degradation was confirmed in the presence of a

more complex biological matrix containing other proteases that could potentially cleave
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the peptide (Fig. 16b), that is CF sputum, where the DRI-Pep #20 retained 72% of its
biological activity (Fig. 15g).

Taken together, these data demonstrate the potential of DRI-Pep #20 to elevate lung cell
cAMP even in the presence of the challenging extracellular environment imposed by

diseased lungs, such as a thick layer of mucus enriched in proteases.

3.7. DRI-Pep #20 promotes cAMP-dependent activation of wild-type and
F508del-CFTR in human bronchial epithelial cells.

Next, we aimed to assess the extent to which DRI-Pep #20 could effectively restore
cAMP levels and consequently reactivate the function of CFTR, a cAMP-dependent
chloride channel impaired in a range of respiratory disease, including but not limited to
COPD and CF ¢’ First, we assessed the ability of the peptide to stimulate the activity of
the wild-type channel in 16HBE141o- cells expressing the halide-sensitive yellow
fluorescent protein (HS-YFP) (Fig. 17b), which allows quantifying CFTR activity based
on the fluorescence quenching rate elicited by an iodide influx 8. DRI-Pep #20 induced
a 60% reduction in YFP fluorescence, which was completely prevented by co-application
of the CFTR inhibitor, CFTRin-172 (Fig. 17b), demonstrating selective activation of CFTR
channels. Dose-response experiments revealed an ECso of 20 uM (Fig. 17c) and
demonstrated that 25 uM DRI-Pep #20 was as effective as 10 uM forskolin, the adenylyl
cyclase activator, in triggering CFTR gating in 16HBE1410- cells (Fig. 17d).
Further, we evaluated to what degree DRI-Pep #20 could reinstate the activity of F508del-
CFTR in combination with the standard of care, including two CFTR correctors
(Elexacaftor/Tezacaftor) and one CFTR potentiator (Ivacaftor), that partially rescue the
trafficking and gating defects of the mutant channel, respectively ®. In cystic fibrosis
bronchial epithelial cells overexpressing the F508del-CFTR mutant and the HS-YFP,
Elexacaftor/Tezacaftor/Ivacaftor (ETI) produced a YFP quenching of 50%, which was
further decreased down to 25% when DRI-Pep #20 was added together with ETI (Fig.
17¢). Hence, these data support the use of DRI-Pep #20 as a single agent or as an-add on
to CFTR modulators, to therapeutically stimulate the activity of wild-type and F508del-
CFTR, respectively.
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4. Discussions

Our results confirm the use of PI3Ky/PKA peptide disruptors as valuable tools for
manipulating B2-AR/cAMP signaling in the treatment of chronic obstructive airway
diseases. The pharmacological actions of PI3Ky/PKA peptide disruptors stem from their
ability to displace PKA from the PI3Ky complex, thereby preventing PKA-mediated
stimulation of a pool of PDE4 involved in the control of B2-AR/cAMP responses in human
bronchial smooth muscle, immune and epithelial cells 3°. Although in the last decade
numerous inhibitors of the kinase activity of PI3Ky have been developed, many of which
are currently in clinical development for treating neoplastic diseases **-°, PI3Ky MP
represents the first compound ever developed to selectively interfere with the anchoring
function of PI3Ky3°. Inhalation of peptides is gaining increasing interest for the treatment
of different pathological conditions, including but not limited to airway diseases 7142,
Inhaled peptides offer several advantages over that of classical small molecules, including
high target selectivity and enhanced efficacy, as well as limited systemic side effects 4.
Nonetheless, clinical efficacy of inhaled therapies, especially of biologics, depends on
the ability of the drug to deposit along the airways and to overcome barriers imposed by
diseased lungs, especially the mucus 2. The accumulation of an abnormally thick mucus
layer, characterized by high concentrations of proteolytic enzymes, may importantly
hamper the delivery of peptides in the airways of patients with obstructive airways
diseases 2.

The present study confirms and extends our previous data indicating that the PI3Ky MP
can overcome, at least partially, these obstacles. We demonstrated previously that the
PI3Ky MP can be topically delivered to the lungs, where it safely boosts airway cAMP
up to 24 hours without altering cAMP homeostasis in other organs where cAMP elevation
would not be desirable, such as in the heart *°. The present study now provides evidence
that, despite being a large molecule (i.e., MW > 5000 g/mol), PI3Ky MP can penetrate
the cell membrane and cross the mucus barrier that we reproduced in vitro by exploiting
CF patient-derived sputum. Although the permeability of PI3Ky MP is slightly reduced
by the presence of the mucus, its behavior is comparable to that of propranolol, a
reference compound known for being highly permeable to cell membranes #*. The
reduced permeability of the PI3Ky MP in the presence of a mucus layer could be ascribed

to the reduced mesh size (60—300 nm) of the pathological CF mucus ’? in comparison to

29



that of physiological mucus (497—-503 nm) 7. TEM and DLS analyses indicate that the
peptide can form two populations of aggregates: one ranging from 200-300 nm, which
could freely diffuse through the meshes of CF mucus, and a larger one with aggregates
up to 500 nm with reduced permeability 73.

On the other side, the ability of the peptide to form aggregates could pose a concern for
the nebulization. Inhalable particles should meet specific requirements in order to be
effectively deposited in the lower airways, including adequate airways distribution and
an appropriate respirable size, namely 1-5pum, which also depends on the performance of

the device used for the delivery 32

. Here we show that, despite the propensity to form
aggregates, PI3Ky MP owns aerodynamic mean dimensions (MMAD: 2-2.99 um)
compatible with effective delivery to the lower airways, considered that a particle size of
approximately 5 pum is generally capable of penetrating the lung during inhalation 3.
However, different deposition patterns inside the Next Generation Impactor (NGI) have
been observed following nebulization of the PI3Ky MP with the three different devices.
Notably, the estimated dose emitted by the two mesh nebulizers resulted more than 40%
higher than that of the jet nebulizer (TurboBoy). Moreover, the respirable fraction (RF),
representing the total amount of PI3Ky MP recovered from NGI and thus the amount of
peptide that potentially is delivered to the lungs, exceeded 90% with the two mesh
nebulizers (AeronebGo and eFlow rapid). This high respirable fraction suggests that mesh
nebulizers should be favoured over jet nebulizers for therapeutic inhalation of PI3Ky MP.
While these data revealed a favourable aerodynamic behaviour of PI3Ky MP positioning
the peptide as a good candidate for targeting the PI3Ky/PKA complex in the airways for
therapeutic purposes, in parallel we decide to embark on a screening for the identification
of novel PI3Ky/PKA disruptors that could be similarly used for the inhalation treatment
of airway diseases. This approach led to the identification of a non-natural peptide, named
DRI-Pep #20, that functions as a selective and potent disruptor of the PI3Ky/PKA-RIla
complex. Our structural predictions and molecular docking studies indicate that DRI-Pep
#20 operates similarly to PI3Ky MP and other AKAP disruptor peptides by mimicking
the typical a-helical structure through which AKAPs bind PKA 74, In addition, our results
support previous research showing that, within this a-helix, the presence of polar and
positively charged amino acids is crucial for the binding between the scaffold and the

kinase 7. In contrast to other AKAP disruptors, DRI-Pep #20 uniquely interferes with the
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binding between PKA and PI3Ky, without affecting PKA pools anchored by other
AKAPs. This specificity is attributed to our earlier observation that the PKA-anchoring
sequence of PI3Ky diverges from that of classical AKAPs 3%, While with PI3Ky MP we
previous pinpointed amino acids 126-150 as the PKA-anchoring sequence of PI3Ky, the
critical residues for the interaction remained elusive, partly due to the lack of the
crystallographic structure of the PI3Ky N-terminal domain. Interestingly, our in silico
characterization of the high-affinity interaction of DRI-Pep #20 with PKA-RIla sheds
light on the native association between PI3Ky and PKA. Our computational modeling
demonstrates that the KATHR sequence, encompassing amino acids 126-130 of the N-
terminal of PI3Ky, plays a central role in guiding the interaction with PKA. Like DRI-
Pep #20, the KATHR peptide can adopt an a-helical conformation, establishing hydrogen
bonds with partner amino acids within PKA-RIla, mainly through K-126, H-129 and R-
130. Despite structural similarities, DRI-Pep #20 exhibits a significantly higher affinity
for PKA compared to the native PKA-docking domain of PI3Ky and the PI3Ky MP, with
a Kp value that is 100-fold lower than that obtained with the 126-150 region ®°. Further,
fast kinetic studies have demonstrated that, with an association rate constant (Kon) in the
order of 107 M! s, both PI3Ky MP and DRI-Pep #20 associate extremely fast to PKA-
RIla forming a relatively stable complex. In contrast, the DRI-Pep #20 exhibit a higher
level of stability in the bound state with PKA-RIla, with a Kofr value that is 3.6-fold lower
than that obtained with PI3Ky MP. This results in a 25% increase in potency of DRI-Pep
#20 to inhibit the interaction between recombinant PI3Ky and PKA-RIla compared to
PI3Ky MP.

This discrepancy raises questions about why nature selected a PI3Ky sequence with low
affinity for PKA. It is plausible that, in physiological conditions, the binding between the
two proteins needs to be sufficiently weak to allow PI3Ky to easily leave the complex,
thereby interrupting PKA-mediated activation of PDEs, when necessary. This could serve
as a protective mechanism against an excessive reduction of cellular cAMP below a
critical level.

While the high binding affinity of DRI-Pep #20 to PKA-RIla can be attributed to the
numerous hydrogen bonds that this non-natural sequence can form with the kinase, its
high proteolytic stability is a direct consequence of the presence of D-amino acids, which

are not recognized by proteases 7°. The incorporation of non-natural D-amino acids in a
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retro-reversed sequence, as in DRI-Pep #20, aims to obtain molecules with the same
structure as the parent L-peptides, but with new chemical properties, such as increased
half-life and resistance to proteolytic degradation, which potentially improve their in vivo
potency . These chemical features, and above all the high stability and target affinity,
position DRI-Pep #20 as an ideal candidate for therapeutic cAMP modulation in vivo.
Obstructive respiratory diseases, where the PI3Ky-PKA complex serves as a central
signaling hub to multiple airway cell functions, like smooth muscle relaxation, epithelial
ion transport and neutrophil infiltration 3%, could significantly benefit from a treatment
with DRI-Pep #20. We provide evidence that DRI-Pep #20 preserves its biological
activity in the presence of human neutrophil elastase and after local delivery in the
airways in mice. These observations support the potential use of this peptide for achieving
therapeutically relevant cAMP elevation in highly inflamed lungs. This is of particular
relevance in a range of airway diseases, including COPD, certain forms of asthma, non-
CF bronchiectasis (NCFB), and even in patients with CF who may still experience airway
inflammation despite highly effective modulator therapies (HEMT) targeting the basic
genetic defect of the disease 7%77.

In addition to proteases associated with inflammation, another challenge posed by
diseased lungs is the thick mucus layer covering respiratory epithelia *?. Our assays
exploiting patient-derived sputum as a proxy of CF mucus revealed that DRI-Pep #20 is
not significantly affected by the barrier activity of mucus. Moreover, in spite of being a
relatively large molecule (i.e., MW > 2000 g/mol), DRI-Pep #20 is well below the mesh
size of the pathological mucus. TEM and DLS analyses indicate that the peptide can form
aggregates of 20 nm in size, which could freely diffuse through the 100-1000 nm meshes
of the network of bundled fibers that are typically formed by biopolymers in the CF
mucus and that are filled with a low viscosity fluid 8.

These observations imply that, in diseased lungs, relevant doses of DRI-Pep #20 could
reach the underlying epithelial cells wherein targeting the PI3Ky/PKA complex is
anticipated to boost CFTR activity *°. Our data indicates that in CF bronchial epithelial
cells DRI-Pep #20 enhances the effects of the standard combination of CFTR modulators,
Elexacaftor/Tezacaftor/Ivacaftor, in rescuing the activity of the most common CFTR
mutant, F508del. These findings carry significant clinical implications, especially in light

of recent studies demonstrating that CFTR potentiators and correctors only partially
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restore the function of mutant channels, achieving up to 60% the wild-type CFTR levels
79-81 " Consequently, CF patients treated with HEMT may still experience residual mucus
dysfunction, airway infection and inflammation 7%77#2 and could significantly benefit
from the ability of DRI-Pep #20 to maximize the clinical efficacy of the standard-of-care.
In addition, our observation that the peptide itself activates the wild-type form of the
CFTR channel supports the prospect of extending the use of DRI-Pep #20 to treat a range
of non-genetic conditions characterized by acquired CFTR dysfunction, including COPD,
non-atopic asthma, and NCFB ¢7.

In summary, our study supports the use of natural and non-natural peptides for
manipulating the PI3Ky/PKA complex in the lungs for therapeutic purposes. We
demonstrated that these compounds can act locally, providing significant added value
over other cCAMP elevating agents, i.e. f2-adrenergic agonists or classical small molecule
PDE4 inhibitors, like roflumilast, that easily diffuse outside the lungs and trigger
undesired brain and cardiac effects '®. Additionally, small molecule PDE4 inhibitors lead
to indiscriminate inhibition of all the different PDE4 subtypes (PDE4A, B, C and D),
potentially determining further side effects. Intriguingly, PI3Ky/PKA peptide disruptors
offer the opportunity of blocking selective PDE4 subtypes with a prominent role in the
lung, like PDE4B and PDE4D %, with an exquisite isoform and compartment selectivity.
On the other hand, differently from B2-AR agonists, PI3Ky/PKA disruptors amplify [-
AR/cAMP responses through a peculiar mechanism by impinging on cAMP degradation
rather than on B2-AR activation, avoiding receptor desensitization that, in the long-term,
is the major cause of reduced efficacy. Moreover, thanks to the favorable resistance to
proteases and ability to penetrate airway mucus, the peptides hereby described hold
promise for achieving therapeutic cAMP elevation in obstructive respiratory disorders
where mucus accumulation and inflammatory remodeling still result in a highly unmet
medical need. While the PI3Ky MP has already completed certified toxicological
preclinical studies in rodents and non-rodents, future studies are expected to prove the
feasibility and the safety of an inhaled therapy based on a non-natural PI3Ky/PKA
disruptor, like DRI-Pep #20.
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5. Figures
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Figure 1. Structural prediction of the binding between PI3Ky MP and PKA-RlIa.

a) Chemical structure of PI3Ky MP. The amino acid sequence of PI3Ky MP comprises
the cell penetrating peptide Penetratin 1 (P1), a glycine (G) linker and the PKA-binding
motif of PI3Ky (residues 126-150: KATHRSPGQIHLVQRHPPSEESQAF). b) PI3Ky
MP structure prediction by PEP-FOLD3.5. P1-G and residues 126-150 of PI3Ky are
shown as cartoons in grey and blue, respectively. R-22, H-21 and K-18 residues are
indicated and shown as sticks. ¢) Circular dichroism spectra of PI3Ky MP and PKA-
binding motif of PI3Ky showing a peak at 190-220 nm in blue and red, respectively. The
percentage of a-helical and B-sheet secondary structures calculated by the K2D3 software
are indicated. d) Molecular docking simulation of the interaction between PI3Ky MP and
PKA by HADDOCK 2.4. The docked pose of PI3Ky MP in complex with residues 1-45
of PKA-RIIa (cartoon in green) is shown. The key residues involved in the binding are
indicated and shown as sticks, with PI3Ky MP residues in bold. Hydrogen bonds between
PI3Ky MP and PKA-RIla are indicated by yellow dashed lines. In b and d, the structural
models were developed using PyMOL.
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Figure 2. PI3KyMP /PKA-Rlla (1-45) binding analysis by Optimal Hydrogen Bonding
Network.

a) Number of hydrogen bonds between PI3Ky MP with partners in the PKA-RIla subunit
(1-45 PKA-RIIa). b) Number of hydrogen bonds between residues 1-45 of PKA-RIIa
with partners within PI3Ky MP. Hydrogen bonds involving amino acids within the P1-G
or the residues 126-150 of the PKA-binding motif of PI3Ky are shown in light green and
dark green, respectively.
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Figure 3. PI3Ky MP displaces the PI3Ky/PKA complex.

a) Schematic representation of the fluorescence spectroscopy assays for the
characterization of the interaction between PI3Ky MP and PKA-F5M. b) For kinetic
analysis, fluorescence spectra of PKA-F5M in the presence of increasing concentrations
of PI3Ky MP (0 to 20 uM) were analyzed and fitted to a single exponential function to
obtain the observed rate constant (ko). The binding of PI3Ky MP to bio-labeled PKA
was investigated under pseudo-first-order conditions, and the kinetic constants, k., and
ko, were determined. ¢) Schematic representation of the displacement assay between
PI3Ky MP and the PI3Ky/PKA-F5M complex. d) Percentage displacement of the
PI3Ky/PKA-RIla complex by PI3Ky MP, calculated from steady-state emission spectra
of the PI3Ky/PKA-F5M complex in the presence of increasing concentrations of PI3Ky
MP (0 to 5 uM). The displacement efficiency was expressed as percentage of the binding
between PI3Ky and PKA-F5M relative to that in the absence of PI3Ky MP. e) For
cytotoxicity analysis, cell viability was evaluated in 16HBE14o0- cells treated chronically
with increasing concentration of PI3Ky MP (0 to 300 uM). n>6 technical replicates from
N=3 independent experiments. Nonlinear regression analysis was used to determine the
LDso. LDso was calculated with respect to untreated control cells, whose viability was set
to 100%. Throughout, data are means = SEM.
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Figure 4. PI3Ky MP can penetrate pathological mucus and resist protease degradation.

a) Schematic representation of the Parallel Artificial Membrane Permeability Assay
(PAMPA) with and without deposition of cystic fibrosis (CF) sputum on top of the
artificial lipid membrane (PM). b) Apparent permeability (Papp) measurements of PI3Ky
MP (2 mg/mL), in the absence (blue box) and in the presence (yellow box) of CF sputum.
The green dashed line indicates the threshold Pay, for high-medium permeable
compounds (4x10¢ cm s!), while the red dashed line defines the limit for medium-low
permeable molecules (1x10° c¢cm s7). ¢) Representative Transmission Electron
Microscopy (TEM) images of PI3Ky MP (0.1 mg/mL in water). d) Size distribution
profile of PI3Ky MP (1.1 mg/mL in 2 mM PBS) in blue and with the addition of
hexafluoroisopropanol (HFIP) in red obtained by dynamic light scattering (DLS)
analysis. e-f) cAMP concentrations in 16HBE140- cells treated with the PI3Ky MP (25
uM for 30 min) in the absence (blue bars) and in the presence (grey bars) of either 3 pg/ml
(e) or 20 pg/ml (f) human neutrophil elastase (HNE). The amount of cAMP was expressed
as percentage of cAMP accumulation elicited by PI3Ky MP without HNE. Dashed lines
indicate the amount of cAMP (%) induced by PI3Ky MP with HNE as a reference. n>3
technical replicates from N>3 independent experiments. *P<0.05, **P<0.01 and
*#%P<0.001 by one-way ANOVA, followed by Bonferroni’s post hoc test. g cAMP
elevation in 16HBE14o0- cells covered with a layer of CF sputum and then treated with
25 uM PI3Ky MP for 30 min and 1 hour. The amount of cAMP was expressed as
percentage of cAMP accumulation elicited by PI3Ky MP in the absence of sputum at 30
min. ***P<(0.001 versus PI3Ky MP without sputum by two-way ANOVA test, followed
by Bonferroni's post-hoc analysis. n>6 technical replicates from N=3 independent
experiments. Throughout, data are means = SEM.
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Figure 5. Aerodynamic behaviour of PI3Ky MP

a) Schematic representation of the Next Generation Impactor (NGI) apparatus equipped
with seven stages cups (S1-S7) and a micro-orifice collector (MOC). b) Dimensional
correlation of the different NGI stages with the different regions of the airway respiratory
tract. c-d) In vitro aerosol performance of PI3Ky MP after nebulization with three devices
(one jet nebulizer —TurboBoy- and two mesh nebulizers —AeronebGo and eFlow rapid).
In ¢) cumulative mass of PI3Ky MP recovered in the different stages expressed as a
function of the cut-off diameter of the NGI and of the emitted dose. In d) the emitted dose
of PI3Ky MP representing the total mass of peptide emitted from the NGI. This was
measured on the difference between the total amount initially placed in the specified
nebulizer and the amount that was deposited in the NGI. e¢) cAMP elevation in
16HBE140- cells treated with the peptide recovered from Stage 4 after nebulization with
eFlow rapid. ns: non-significant PI3Ky MP vs nebulized PI3Ky MP by Student’s t test.
*P<0.05 versus vehicle by one-way ANOVA test, followed by Bonferroni's post-hoc
analysis. N=3 independent experiments. Throughout, data are means + SEM.
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Figure 6. DRI-Pep #20 as a novel PI3K)/PKA disruptor with high binding affinity for
PKA.

a) Chemical structure of DRI-Pep #20. The amino acid sequence of DRI-Pep #20
comprises the cell penetrating peptide Penetratin 1 (P1), a glycine (G) linker and the non-
natural sequence RHQGK, wherein each amino acid is a D-amino acid. b) Schematic
representation of the fluorescence spectroscopy assays for the characterization of the
interaction between DRI-Pep #20 and the recombinant fluorescein 5-maleimide—labeled
PKA-RIla (PKA-F5M). ¢) Steady-state emission spectra of PKA-F5M in the presence of
increasing concentrations of DRI-Pep #20 (0 to 20 uM). Kp: dissociation constant. AU,
arbitrary units. Inset, non-linear fitting of the fluorescence intensity maxima obtained at
various concentrations of DRI-Pep #20 for the monitoring of bio-labeled PKA. Ka:
association constant. d) For kinetic analysis, fluorescence spectra of PKA-F5M in the
presence of increasing concentrations of DRI-Pep #20 (0 to 5 pM) were analyzed and
fitted to a single exponential function to obtain the observed rate constant (kpps). The
binding of DRI-Pep #20 to bio-labeled PKA was investigated under pseudo-first-order
conditions, and the kinetic constants, k,, and k,g; were determined. e) Schematic

representation of the displacement assay between DRI-Pep #20 and the PI3Ky/PKA-F5M
complex. f) Percentage displacement of the PI3Ky/PKA-RIla complex by DRI-Pep #20,
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calculated from steady-state emission spectra of the PI3Ky/PKA-F5M complex in the
presence of increasing concentrations of DRI-Pep #20 (0 to 5 uM). The displacement
efficiency was expressed as percentage of the binding between PI3Ky and PKA-F5M
relative to that in the absence of DRI-Pep #20. g) cAMP concentrations in peritoneal
macrophages from wild-type (WT, in green) and PI3Ky”" mice (in grey) treated with 10-
25 uM DRI-Pep #20 for 30 min. The amount of cAMP was expressed as percentage of
cAMP accumulation observed in untreated PI3Ky” cells. n>6 technical replicates from
N>3 independent experiments. ***P<0.001 WT versus PI3Ky”~ by one-way ANOVA,
followed by Bonferroni’s post hoc test. Data are means + SEM.
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Figure 7. Structural prediction of the binding between DRI-Pep #20 and PKA-RlIa.

a) DRI-Pep #20 structure prediction by PEP-FOLD3.5. P1-G and RHQGK domains are
shown as cartoons in grey and red, respectively. R-1, H-2, Q-3 and K-5 residues are
indicated and shown as sticks. b) Circular dichroism spectra of DRI-Pep #20 showing a
peak at 190-240 nm. The percentage of a-helical and B-sheet secondary structures
calculated by the K2D3 software are indicated. ¢) Molecular docking simulation of the
interaction between DRI-Pep #20 and PKA by HADDOCK 2.4. The docked pose of DRI-
Pep #20 in complex with residues 1-45 of PKA-RIla (cartoon in green) is shown. The
key residues involved in the binding are indicated and shown as sticks, with DRI-Pep #20
residues in bold. Hydrogen bonds between DRI-Pep #20 and PKA-RIla are indicated by
yellow dashed lines. In a and ¢, the structural models were developed using PyMOL.
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Figure 8. DRI-Pep #20/PKA-Rlla (1-45) binding analysis by Optimal Hydrogen

Bonding Network.

a) Number of hydrogen bonds between R-1, H-2, Q-3 and K-5 residues of DRI-Pep #20
with partners in the PKA-RIIa subunit (1-45 PKA-RIla). b) Number of hydrogen bonds
between residues 1-45 of PKA-RIla with partners within DRI-Pep #20. Hydrogen bonds
involving amino acids within the P1-G or the RHQGK domains of DRI-Pep #20 are
shown in light green and dark green, respectively.
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Figure 9. Biological activity (cAMP elevation) of DRI-Pep #20 variants with 2 amino
acid substitutions.

a) cCAMP concentration in 16HBE140- cells treated for 30 min with the indicated peptide
variants carrying conservative substitutions of Q-3 and G-4 within the DRI-Pep #20
sequence (25 uM). For screening purposes, non-DRI forms of the peptides were used.
Positively charged, non-polar and polar amino acids are shown in orange, blue and red,
respectively. The cAMP elevation triggered by each peptide was expressed as percentage
of the cAMP accumulation elicited by Pep #20, which is shown as a dashed line. The
adenylyl cyclase activator, forskolin (FSK), was used as a positive control (100 nM for 5
min), while P1 was used as a negative control (25 uM for 30 min). UT: untreated cells.
n>3 technical replicates from N=3 independent experiments. *P<0.05, **P<0.01, and
***¥P<0.001 versus Pep #20 by one-way ANOVA, followed by Bonferroni’s post hoc
test. Data are means + SEM.
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Figure 10. Structural prediction of the native binding between the N-terminal domain
of PI3Ky and PKA-RIlo.

a) Molecular docking simulation of the interaction between PI3Ky and PKA-RIla by
HADDOCK 2.4. The docked pose of residues 120-160 of PI3Ky (cyan cartoon) in
complex with residues 1-45 of PKA-RIla (green cartoon) is shown. The amino acids
critical for the binding between the two proteins are shown and indicated as sticks, with
the residues of PI3Ky in bold. The region of PI3K g at the core of the interaction (KATHR)
is shown in orange. Hydrogen bonds between PI3Ky and PKA-RIla are indicated by
yellow dashed lines. b) Structural prediction of the KATHR sequence by PEP-FOLD3.5.
KATHR and P1-G domains are shown as cartoons in orange and grey, respectively. K-1,
H-4 and R-5 residues of PI3Ky are indicated and shown as sticks. ¢) Molecular docking
simulation of the interaction between KATHR and PKA by HADDOCK 2.4. The docked
pose of KATHR in complex with residues 1-45 of PKA Rlla (cartoon in green) is shown.
Yellow dashed lines indicate hydrogen bonds between KATHR and 1-45 PKA-RIla. The
amino acids critical for the binding are indicated and shown as sticks, with KATHR
residues in bold. Throughout, the structural models were developed using PyMOL.
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Figure 11. Analysis of the native binding between the N-terminal region of PI3Kyand
PKA-RIla by Optimal Hydrogen Bonding Network.

a) Number of hydrogen bonds formed by residues encompassing the putative PKA-
binding motif of PI3Ky (120-160 PI3Ky) with partners in the PKA-RIla subunit (1-45
PKA-RIIa). b) Number of hydrogen bonds between residues 1-45 of PKA-RIla with
partners within the 120-160 region of PI3Ky. Hydrogen bonds involving amino acids
within the KATHR sequence or the remainder of the 120-160 domain of PI3Ky are shown
in dark green and light green, respectively.
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Figure 12. Biological activity (cAMP elevation) of N-terminal PI3Ky peptides
progressively truncated at the C-terminus.

a) cAMP concentration in 16HBE14o0- cells treated for 30 min with C-terminal
truncations of the predicted PKA-binding site of PI3Ky (Pep# 01). Peptides were made
permeable to cell membranes by conjugation with Penetratin 1 (P1) through a G linker
(not shown) and used at a concentration of 25 uM. The adenylyl cyclase activator,
forskolin (FSK), was used as a positive control (100 nM for 5 min), while P1 was used
as a negative control (25 uM for 30 min). The cAMP elevation induced by each peptide
was expressed as percentage of the cAMP accumulation elicited by the predicted full-
length PKA-binding sequence of PI3Ky (Pep #01), which is shown as a dashed line. UT:
untreated cells. n>3 technical replicates from N=3 independent experiments. *P<0.05,
*#P<0.01, and ***P<0.001 versus Pep #0l1 by one-way ANOVA, followed by
Bonferroni’s post hoc test. Data are means + SEM.
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Figure 13. Analysis of the binding between the KATHR peptide and PKA-RIla by
Optimal Hydrogen Bonding Network.

a) Number of hydrogen bonds between the KATHR sequence of the N-terminal domain
of PI3Ky with partners within 1-45 of PKA-RIla. b) Number of hydrogen bonds between
residues 1-45 of PKA-RIIa with partners within the KATHR sequence. A cell permeable
version of the KATHR peptide, linked to Penetratin 1 through a G linker at the N-
terminus, was used for the docking. In b), hydrogen bonds involving amino acids within
the KATHR sequence, or the P1-G domain of the peptide are shown in green dark and
light green, respectively.
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Figure 14. DRI-Pep #20 increases cAMP levels locally in vivo in the airway tract of
mice.

a) Schematic representation of the treatment schedule. BALB/c mice received DRI-Pep
#20 through intratracheal (i.t.) instillation. (b-d) cAMP concentrations in tracheas (b),
lungs (¢) and hearts (d) from BALB/c mice 24 hours after i.t. instillation of different doses
of DRI-Pep #20 (0 to 750 mg/kg). Values in brackets indicate the dose of DRI-Pep #20
expressed as mg/kg. The number of mice (n) ranged from 3 to 6 per group. ECso, median
effective concentration. In a) and b), *P< 0.05, **P <0.01, and ***P <(0.001 by one-way
ANOVA, followed by Bonferroni’s post hoc test. Throughout, data are means + SEM.
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Figure 15. DRI-Pep #20 can penetrate pathological mucus and resist protease
degradation.

a) Schematic representation of the Parallel Artificial Membrane Permeability Assay
(PAMPA) with and without cystic fibrosis (CF) sputum deposition on top of the artificial
lipid membrane (PM). b) Apparent permeability (Papp) measurements of DRI-Pep #20 (2
mg/mL), in the absence (green box) and in the presence (blue box) of CF sputum. The
green dashed line indicates the threshold P.pp for high-medium permeable compounds
(4x10° cm s1), while the red dashed line defines the limit for medium-low permeable
molecules (1x10¢ ¢cm s!). ns: non-significant by Student’s t test. ¢) Representative
Transmission Electron Microscopy (TEM) images of DRI-Pep #20 (0.1 mg/mL in water).
Scale bar: 20 nm. d) Size distribution profile of DRI-Pep #20 (4 mg/mL in 2 mM PBS)
obtained by dynamic light scattering (DLS) analysis. e-f) cAMP concentrations in
16HBE14o0- cells treated with the DRI-Pep #20 and Pep #20 (25 uM for 30 min) in the
absence (green bars) and in the presence (gray bars) of either 3 pg/ml (d) or 20 pg/ml (e)
human neutrophil elastase (HNE). The amount of cAMP was expressed as percentage of
cAMP accumulation elicited by Pep #20 without HNE. Dashed lines indicate the amount
of cAMP (%) induced by Pep #20 with HNE as a reference. n>6 technical replicates from
N>3 independent experiments. *P<0.05 and **P<0.01 by one-way ANOVA, followed by
Bonferroni’s post hoc test. ns: non-significant. g cAMP elevation in 16HBE14o0- cells
covered with a layer of CF sputum and then treated with 25 uM DRI-Pep #20 for 30 min
and 1 hour. The amount of cAMP was expressed as percentage of cAMP accumulation
elicited by DRI-Pep #20 in the absence of sputum at 30 min. **P<0.01 and ***P<0.001
versus DRI-Pep #20 without sputum by two-way ANOVA test, followed by Bonferroni's
post-hoc analysis. n>6 technical replicates from N>3 independent experiments.
Throughout, data are means + SEM.
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Figure 16. Prediction of protease cleavage sites within DRI-Pep #20.

a) Prediction of protease cleavage sites within the DRI-Pep #20 sequence via Expasy
PeptideCutter software. b) Prediction of protease cleavage sites within the DRI-Pep #20
sequence via Expasy PeptideCutter software and the Protease Specificity Prediction
Server (PROSPER). The cleavage sites within the P1-G and RHQGK regions of the DRI-
Pep #20 sequence are shown in blue and red, respectively.
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Figure 17. DRI-Pep #20 modulates wild-type and F508del-CFTR activity.

a) Schematic representation of CFTR activity measurement through the Premo™ Halide
Sensor assay. b) Average fluorescence quenching traces of 16HBE140- cells expressing
the halide-sensitive yellow fluorescent protein (HS-YFP) and treated with either 25 pM
DRI-Pep #20 or equimolar amount of the control peptide P1 for 30 min before addition
of Premo Halide stimulus buffer. Fluorescence was continuously read (1 point per
second) starting at 1 s before addition of the buffer and up to 120 s. The CFTR inhibitor
CFTRinn-172 (10 uM for 5 min) was used to evaluate the selective activation of the CFTR
channel. ¢) CFTR activity (expressed as the change in fluorescence AF/F0) in response to
30-min stimulation with increasing concentrations of DRI-Pep #20 (31.6 nM to 316 mM)
in 16HBE14o0- cells expressing HS-YFP. To determine the ECso, nonlinear regression
analysis was used. d) CFTR activity (expressed as the change in fluorescence AF/F0) in
16HBE14o0- cells expressing HS-YFP and treated with 10-25 uM DRI-Pep #20 for 30
min in the absence or in the presence of the CFTR inhibitor CFTRinn-172 (10 uM for 5
min). The adenylyl cyclase activator, forskolin (FSK), was used as a positive control (100
nM for 5 min), while P1 was used as a negative control (25 pM for 30 min). UT: untreated
cells. ¢) CFTR activity in F508del-CFTR-CFBE41o- cells expressing HS-YFP and
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treated with Elexacaftor/Tezacaftor/Ivacaftor alone (ETI) or together with DRI-Pep #20.
Cells were corrected with Elexacaftor (3 uM) and Tezacaftor (10 uM) for 24 hours and
then exposed acutely to Ivacaftor (1 uM) for 30 min, alone (ETI) or together with 25 uM
DRI-Pep #20. The CFTR inhibitor CFTR;n-172 was used as in (b). UT: untreated cells.
In (b) and (e), n>3 technical replicates from N>3 independent experiments. **P<0.01,
and ***P<(.001 versus UT and ### P<0.001 ETI versus ETI plus DRI-Pep #20 by one-
way ANOVA, followed by Bonferroni’s post hoc test. Throughout, data are means +
SEM.
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5. Tables

Table 1. Next Generation Impactor deposition pattern

NGI Stages Dimension of Deposited
Particles (micron)

Stage 1 14.10
Stage 2 8.61
Stage 3 5.39
Stage 4 3.30
Stage 5 2.08
Stage 6 1.36
Stage 7 0.98

Table 2. Aerosol performance of PI3Ky MP after nebulization with three nebulizer
devices (one jet nebulizer —TurboBoy- and two mesh nebulizers —AeronebGo and eFlow
rapid)

TurboBoy AeronebGo eFlow rapid

MMAD (uM + SD) 2.00 £0.091 2.70£0.305 2.99 £0.068
GSD (£ SD) 1.94 £ 0.308 2.10£0.234 1.85+£0.013
FPF (= SD) ND 432 +11.1 389+£1.17
RF (£ SD) ND 90.3 £6.08 99.0 £0.75

MMAD= Experimental Mass Mean Aerodynamic Diameter; GSD= Geometric Standard
Deviation; FPF = Fine Particle Fraction; RF= Respirable Fraction.

Table 3. Binding energetics and kinetics of the DRI-Pep #20 with PKA-RIla obtained
through molecular docking analysis.

AG (kcal mol”) Kp (M) Number of
H-bonds
DRI- Pep #20 -102 3.10 EY 7
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Table 4. Biological activity (cAMP elevation) of DRI-Pep #20 variants with two amino
acid substitutions.

Name Sequence cAMP Elevation*
(%)
DRI-Pep #20 QG 105.63
Pep #20 GQ 100.00
Pep #21 GN 94.75
Pep #22 NL 92.15
Pep #23 SL 88.14
Pep #24 CN 84.65
Pep #25 NC 83.25
Pep #26 GS 79.84
Pep #27 AT 78.05
Pep #28 NS 74.89
Pep #29 SC 69.53
Pep #30 LG 69.21
Pep #31 QC 68.69
Pep #32 LS 68.07
Pep #33 CC 66.61
Pep #34 SN 64.91
Pep #35 CG 61.25
Pep #36 SG 60.54
Pep #37 GC 49.99
Pep #38 GL 29.79
Pep #39 LL 19.03
Pep #40 CS 17.03
Pep #41 LC <0
Pep #42 CL <0
Pep #43 GG <0

*The cAMP elevation induced by each peptide was expressed as percentage of the cAMP
accumulation elicited by the Pep #20. For screening purposes, non-DRI forms of the
peptides conjugated with Penetratin 1 through a G linker were used. Positively charged,
non-polar and polar amino acids are shown in orange, blue and red, respectively.
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Table 5. Biological activity (cAMP elevation) and energetics/kinetics of the binding of
N-terminal PI3Ky peptides progressively truncated at the C-terminus with PKA-RIIa.

Name Sequence cAMP Elevation* Number of AG Kp (M)
(%) H-bonds (kcal mol’)
Pep #01 | KATHRSPGQIHLVQRHPPSEESQAF 100% 7.15 -102.75 1.34 E%
Pep #02 | KATHRSPGQIHLVQRHPP 125% 55 -97.50 2.62 E0¢
Pep #03 | KATHRSPGQIHLVQRHP 108% 4.45 -101.95 1.21 E%
Pep #04 A KATHRSPGQIHLVQRH 110% 5.20 -105.33 8.76 E
Pep #05 | KATHRSPGQIHLVQR 59.6% 5.70 -96.88 2.00 E%¢
Pep #06 | KATHRSPGQIHLVQ 50.5% 3 -90 2.60 E0¢
Pep #07 | KATHRSPGQIHLV 46.8% 5.03 -93.53 2.51 E%
Pep #08 | KATHRSPGQIHL 101.3% 5.42 -92.15 1.40 E%
Pep #09 | KATHRSPGQIH 104% 4.70 -87.90 1.90 E-Y7
Pep #10 | KATHRSPGQI 83.3% 4.68 -92.23 3.85 E%¢
Pep #11 | KATHRSPGQ 116.5% 4.75 -93.50 1.20 E%¢
Pep #12 | KATHRSPG 75.2% 3.53 -83.20 7.10 E%¢
Pep #13 | KATHRSP 75.3% 4.75 -89.08 8.61 E%
Pep #14 | KATHRS 73.8% 4.13 -87.53 5.85 E0¢
Pep #15 | KATHR 101% 4.98 -89 2.80 E%¢
Pep #16 | KATH 66.3% 4.75 -78.22 2.55E0%
Pep #17 | KAT 74.9% 3.33 -71.22 8.76 E%
Pep #18 | KA 42.2% 3.38 -65.33 3.58 B
Pep #19 K 29.9% 3.98 -67.65 1.65 E-%

*The cAMP elevation induced by each peptide was expressed as percentage of the cAMP
accumulation elicited by the N-terminal region of PI3Ky containing the PKA-binding
motif2! (126-150 PI3Ky; Pep #01). For cell-based assays, peptides were made membrane-
permeable by conjugation with Penetratin 1 through a G linker at the N-terminus.

Table 6. Binding energetics and kinetics of the KATHR peptide with PKA-RIla
obtained through molecular docking analysis.

AG (kcal mol”) Kp (M) Number of
H-bonds
KATHR -89 2.80 E0¢ 5
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Description of the industrial invention with title:

“Non-natural peptides targeting the scaffold activity of PI3Ky
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TEXT OF THE DESCRIPTION

FIELD OF THE INVENTION

The present description relates to non-natural peptides
targeting the scaffold activity of PI3Ky and their use in the

treatment of pathologies of the respiratory apparatus.

BACKGROUND OF THE INVENTION

The 3’-5’"-cyclic adenosine monophosphate (cAMP) second
messenger controls different cellular functions, including
cell growth and differentiation, gene transcription and protein
expression. cAMP exerts its function through activation of
different effectors, with protein kinase A (PKA) being the most
widely characterized. cAMP directly binds the dimer of the
regulatory subunits of the PKA holoenzyme, promoting the
release of the two catalytic counterparts, which are then free
to phosphorylate various substrates. Although different G
protein-coupled receptors (GPCR) rely on the same second
messenger cAMP for conveying signals within the cell, a tight
spatial and temporal regulation of its concentration ensures

that activation of a specific GPCR results in the appropriate



cellular response?. This local control of cAMP signals is
achieved through multiprotein complexes that sequester within
subcellular microdomains enzymes responsible for cAMP
generation (adenylyl cyclases) and destruction
(phosphodiesterases, PDESs) as well as distinct signal
transducers. Key orchestrators of these “signaling islands”
are A-kinase anchoring proteins (AKAPs) that, by definition,
anchor PKA to its substrates and its regulators in specific
cellular compartments!. Perturbations of this fine control of
cAMP compartmentalization underlies different pathologies,
including cardiovascular and pulmonary diseases, cancer,
neurological disorders, and inflammation. On these grounds,
pharmacological manipulation of specific cAMP signalosomes
with molecules blocking the interaction of AKAPs with either
PKA or other components of the cAMP signaling pathway has been
attempted and proven effective in preclinical models!: 4.
Previous work from our group identified the AKAP
phosphoinositide 3-kinase y (PI3Ky) as the orchestrator of a
multiprotein complex which is «central to smooth muscle
contraction, dimmune cell activation, and epithelial fluid
secretion 1in the airways?. In the 1lungs, PI3Ky-bound PKA
activates PDEA4, ultimately restricting cAMP responses
triggered by stimulation of Ps;-adrenergic receptors, the major
GPCR mediating cAMP elevation in the airways. Displacement of

the PI3Ky-anchored pool of PKA by a cell-permeable PI3Ky mimetic

peptide (PI3Ky MP) inhibits PDE4 and promotes local cAMP
elevation, eventually resulting in airway smooth muscle
relaxation and reduced neutrophil infiltration in a murine

model of asthma. In bronchial epithelial cells, PI3Ky MP



enhances cAMP 1in the wvicinity of the «cystic fibrosis
transmembrane conductance regulator (CEFTR), the ion channel
that controls mucus hydration, thereby driving the opening of
the wild-type channel, while synergizing with CFTR modulators
in reinstating the function of the most prevalent mutant in

cystic fibrosis (F508del-CFTR)?Z2.

OBJECT AND SUMMARY OF THE INVENTION

An object of the present invention is to provide a potent
PI3Ky/PKA disruptor for achieving therapeutic cAMP elevation
in chronic respiratory disorders.

According to the invention, the above object is achieved
thanks to the products specified in the ensuing claims, which
are understood as forming an integral part of the present
description.

The present invention concerns a non-naturally occurring
peptide targeting PI3Ky with nanomolar affinity for PKA, high
resistance to protease degradation and high permeability to
the pulmonary mucus barrier able to disrupt the PI3Ky/PKA
complex and to trigger cAMP elevation in the airways.

In one embodiment the present invention concerns a non-
natural peptide having the ability of inhibiting the A-kinase
anchoring function of PI3Ky comprising an amino acid sequence
as set forth in SEQ ID No.: 1, wherein each amino acid is a D-
amino acid, and wherein the glutamine at position 3 and the
glycine at position 4 can be substituted with any amino acid
with similar hydrophobicity, hydrophilicity, charge and size,
respectively.

In further embodiments, the present invention concerns



the non-natural peptide for use as a medicament, combination
products of the non-natural peptide as well as pharmaceutical

compositions comprising the same.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be described, by way of example
only, with reference to the enclosed figures of drawing,
wherein:

- Figure 1. DRI-Pep#20 structure.

a) Chemical structure of DRI-Pep #20. The amino acid
sequence of DRI-Pep#20 comprises the cell penetrating peptide
penetratin 1 (Pl), a glycine (G) linker and the non-natural
peptide RHQGK (SEQ ID No.: 1), wherein each amino acid is a D-
amino acid. b) Structural prediction of DRI-Pep#20 by PEP-
FOLD3.5. The P1-G domain is shown as cartoon in black. The key
residues of the RHQGK domain, R-1, H-2, Q-3 and K-5, are
indicated and shown as sticks. ¢) Circular dichroism spectra
of DRI-Pep#20 showing a peak at 190-240 nm. The percentage of
o-helical and P-sheet secondary structures calculated by the
K2D3 software are indicated. d) Molecular docking simulation
of the interaction between DRI-Pep#20 and PKA by HADDOCK 2.4.
The docked pose of DRI-Pep#20 in complex with residues 1-45 of
PKA-RIIa is shown. The key residues involved in the binding
are indicated (DRI-Pep#20 residues are in bold) and shown as
sticks. Hydrogen bonds between DRI-Pep#20 and PKA-RIIa are
indicated by dashed lines. The structural model was developed
using PyMOL.

- Figure 2. DRI-Pep #20/PKA-RIIa (1-45) binding analysis
by Optimal Hydrogen Bonding Network.

a) Number of hydrogen bonds formed by R-1, H-2, Q-3, G-4,



K-5 residues of DRI-Pep#20 with residues 1-45 of PKA-RIIua. b)
Number of hydrogen bonds between residues 1-45 of PKA-RIIa with
DRI-Pep #20. The interactions between PKA-RIIa and either P1-
G or RHQGK are shown in grey and black, respectively.

- Figure 3. DRI-Pep#20 binds PKA with high affinity.

a) Schematic representation of the fluorescence
spectroscopy assay for the characterization of the interaction
between DRI-Pep#20 and the recombinant fluorescein 5-
maleimide-labeled PKA-RIIa (PKA-F5M). b) Steady-state emission
spectra of PKA-F5M in the presence of increasing concentrations
of DRI-Pep#20 (0 to 20 uM). Kp: dissociation constant. AU,
arbitrary units. Inset, non-linear fitting of the fluorescence
intensity maxima obtained at wvarious concentrations of DRI-
Pep#20 for the monitoring of bio-labeled PKA. K,: association
constant. ¢) For kinetic analysis, fluorescence spectra of PKA-
F5M in the presence of increasing concentrations of DRI-Pep#20
(0 to 5 uM) were analyzed and fitted to a single exponential
function to obtain the observed rate constant (kpps). The
binding of DRI-Pep#20 to bio-labeled PKA was investigated under

pseudo-first-order conditions, and the kinetic constants, kgp

and k,frf, were determined. d) Schematic representation of the

displacement assay between DRI-Pep#20 and the PI3Ky/PKA-F5M
complex. e) Percentage displacement of the PI3Ky/PKA-RIIa
complex by DRI-Pep #20, calculated from steady-state emission
spectra of the PI3Ky/PKA-F5M complex 1in the presence of
increasing concentrations of DRI-Pep#20 (0 to 5 uM). The
displacement efficiency was expressed as percentage of the
binding between PI3Ky and PKA-F5M in the absence of DRI-Pep

#20. £) cAMP concentrations in peritoneal macrophages from



wild-type (WT, in black) and PI3Ky/- mice (in grey) treated
with 10-25 pM DRI-Pep#20 for 30 min. The amount of cAMP was
expressed as percentage of cAMP accumulation observed in
untreated PI3Ky /- cells. n>6 technical replicates from N>3
independent experiments. ***P<0.001 WT versus PI3Ky~/~ by one-
way ANOVA, followed by Bonferroni’s post hoc test. Data are
means * SEM.

- Figure 4. Potency and tolerability of DRI-Pep#20 in
16HBEl40- cells.

a) CcAMP elevation in 16HBEl4o- cells in response to
increasing concentrations of DRI-Pep#20 (31.6 nM to 316 mM
range) for 30 min. The amount of cAMP was expressed as
percentage of cAMP accumulation elicited by 100 mM DRI-Pep #20.
n29 technical replicates from N=3 independent experiments. b)
Cell wviability in 16HBEl4o- cells treated with increasing
concentration of DRI-Pep#20 (0 to 1000 uM) for 24 hours. N=3
independent experiments. In (a) and (b), the median effective
concentration (ECsg) and the median lethal dose (LDsg) were
obtained by nonlinear regression analysis. LDsg was calculated
with respect to untreated control cells, whose viability was
set to 100%. Throughout, data are means * SEM.

- Figure 5. DRI-Pep#20 increases cAMP levels locally in
vivo in the airway tract of mice. a) Schematic representation
of the treatment schedule. BALB/c mice received DRI-Pep#20
through intratracheal (i.t.) instillation. (b-d) cAMP
concentrations in tracheas (b), lungs (e¢) and hearts (d) from
BALB/c mice 24 hours after i.t. instillation of different doses
of DRI-Pep#20 (0 to 750 mg/kg). Values 1in brackets indicate
the dose of DRI-Pep#20 expressed as mg/kg. The number of mice

(n) ranged from 3 to 6 per group. ECsy, median effective



concentration. In a) and b), *P<0.05, **P<0.01, and ***P<0.001
by one-way ANOVA, followed by Bonferroni’s post hoc test.
Throughout, data are means * SEM.

- Figure 6. DRI-Pep#20 can penetrate pathological mucus
and resist protease degradation. a) Schematic representation
of the Parallel Artificial Membrane Permeability Assay (PAMPA)
with and without deposition of cystic fibrosis (CF) sputum on
top of the artificial 1lipid membrane (PM). b) Apparent
permeability (Papp) measurements of DRI-Pep#20 (2 mg/ml), in
the absence and in the presence of CF sputum. The continuous
line indicates the threshold P, for high-medium permeable
compounds (4x107°® cm s7!), while the dashed line defines the
limit for medium-low permeable molecules (1x107® cm s7!). ns:
non-significant Dby Student’s t test. c¢) Representative
Transmission Electron Microscopy (TEM) images of DRI-Pep#20
(0.1 mg/mL in water). d) Size distribution profile of DRI-
Pep#20 obtained by dynamic light scattering (DLS) analysis. e-
f) cAMP concentrations in 16HBEl4o- cells treated with DRI-
Pep#20 (25 pM for 30 min) in the absence (black) and in the
presence (grey) of either 3 npg/ml (e) or 20 pg/ml (£) human
neutrophil elastase (HNE). n26 technical replicates from N>3
independent experiments. *P<0.05 and **P<0.01 by one-way ANOVA,
followed by Bonferroni’s post hoc test. ns: non-significant.
g) CcAMP elevation in 16HBEl4o- cells covered with a layer of
CF sputum and then treated with 25 uM DRI-Pep#20 for 30 min
and 1 hour. The amount of cAMP was expressed as percentage of
cAMP accumulation elicited by DRI-Pep#20 in the absence of
sputum at 30 min. **P<0.01 and ***P<0.001 versus DRI-Pep#20

without sputum by two-way ANOVA test, followed by Bonferroni's



post-hoc analysis. n=6 technical replicates from N>3
independent experiments. Throughout, data are means + SEM.

- Figure 7. Prediction of protease cleavage sites within
DRI-Pep #20. a) Prediction of protease cleavage sites within
the DRI-Pep#20 sequence via Expasy PeptideCutter software. b)
Prediction of protease cleavage sites within the DRI-Pep#20
sequence via Expasy PeptideCutter software and the Protease
Specificity Prediction Server (PROSPER). The cleavage sites
within the P1-G and RHQGK regions of DRI-Pep#20 are marked with
an overbar and in bold, respectively.

- Figure 8. DRI-Pep#20 reinstates wild-type and F508del-
CFTR activity. a) Schematic representation of CFTR activity
measurement through the Premo™ Halide Sensor assay. b) Average
fluorescence quenching traces of 16HBEl4o- cells expressing
the halide-sensitive yellow fluorescent protein (HS-YFP) and
treated with either 25 pM DRI-Pep#20 or equimolar amount of
the control peptide Pl for 30 min before addition of Premo
Halide stimulus buffer. Fluorescence was continuously read (1
point per second) starting at 1 s before addition of the buffer
and up to 120 s. The CFTR inhibitor CFTRinn-172 (10 pM for 5
min) was used to evaluate the selective activation of the CFTR
channel. «¢) CFTR activity (expressed as the change in
fluorescence AF/F0) in response to 30 min stimulation with
increasing concentrations of DRI-Pep#20 (31.6 nM to 316 mM) in
16HBE140- cells expressing HS-YFP. To determine the median
effective concentration (ECsy), nonlinear regression analysis
was used. d) CFTR activity (expressed as the change in
fluorescence AF/F0) in 16HBEl4o- cells expressing HS-YFP and
treated with 10-25 pM DRI-Pep#20 for 30 min in the absence or
in the presence of the CFTR inhibitor CFTR;jpn-172 (10 uM for 5



min) . The adenylyl cyclase activator, forskolin (FSK), was used
as a positive control (100 nM for 5 min), while Pl was used as
a negative control (25 pM for 30 min). UT: untreated cells. e)
CFTR activity in F508del-CFTR-CFBE4lo- cells expressing HS-YFP
and treated with elexacaftor/tezacaftor/ivacaftor alone (ETI)
or together with DRI-Pep #20. Cells were corrected with
elexacaftor (3 uM) and tezacaftor (10 pM) for 24 hours and then
exposed acutely to ivacaftor (1 uM) for 30 min, alone (ETI) or
together with 25 pM DRI-Pep #20. The CFTR inhibitor CFTRi-172
was used as in (b). UT: untreated cells. In (d) and (e), n=3
technical replicates from N>3 independent experiments.
**P<0.01, and ***P<0.001 versus UT and ### P<0.001 ETI versus
ETI plus DRI-Pep#20 by one-way ANOVA, followed by Bonferroni’s

post hoc test. Throughout, data are means * SEM.

DETAILED DESCRIPTION OF THE INVENTION

The invention will now be described in detail, by way of
non-limiting examples.

In the following description, numerous specific details
are given to provide a thorough understanding of embodiments.
The embodiments can be practiced without one or more of the
specific details, or with other methods, components, materials,
etc. In other instances, well-known structures, materials, or
operations are not shown or described in detail to avoid
obscuring aspects of the embodiments.

Reference throughout this specification to “one
embodiment” or “an embodiment” means that a particular feature,
structure, or characteristic described in connection with the
embodiment is included in at least one embodiment. Thus, the

appearances of the phrases “in one embodiment” or Y“in an



embodiment” in various places throughout this specification
are not necessarily all referring to the same embodiment.
Furthermore, the particular features, structures, or
characteristics may be combined in any suitable manner in one
or more embodiments.

The headings provided herein are for convenience only and
do not interpret the scope or meaning of the embodiments.

In one embodiment, the present invention concerns a non-
natural peptide having the ability of inhibiting the A-kinase
anchoring function of PI3Ky comprising an amino acid sequence
as set forth in SEQ ID No.: 1 (RHQGK), wherein each amino acid
is a D-amino acid, and wherein the glutamine at position 3 and
the glycine at position 4 can be substituted with any amino
acid with similar hydrophobicity, hydrophilicity, charge and
size, respectively.

In one embodiment, the glutamine at position 3 can be
substituted with asparagine, histidine and serine.

In one embodiment, the glycine at position 4 can be
substituted with asparagine, serine and cysteine.

In one embodiment, the non-natural peptide further
comprises a cell penetrating peptide.

In one embodiment, the «cell penetrating peptide is
selected from Penetratin (pAntp - RQIKIWFQNRRMKWKK - SEQ ID
No.: 3), HIV TAT peptide (YGRKKRRQRRR - SEQ ID No.: 4), R7
peptide (RRRRRRR - SEQ ID No.: 5), KALA peptide
(WEAKLAKALAKALAKHLAKALAKALKACEA - SEQ ID No.: 6), Buforin 2

(TRSSRAGLQFPVGRVHRLLRK - SEQ ID No. : 7), MAP
(KLALKLALKALKAALKLA-amide - SEQ ID No.: 8), Transportan
(GWTLNSAGYLLGKINLKALAALAKKIL-amide - SEQ ID No.: 9),

Transportan 10 (AGYLLGKINLKALAALAKKIL-amide - SEQ ID No.: 10),



Pvec (LLIILRRRIRKQAHAHSK-amide - SEQ ID No.: 11), MPG peptide
(GALFLGWLGAAGSTMGAPKKKRKV-amide - SEQ ID No.: 12).

In one embodiment, the non-natural peptide further
comprises a linker conjugating the amino acid sequence of SEQ
ID No.: 1 with the cell penetrating peptide sequence.

In one embodiment, the linker is an amino acid linker.

In one embodiment, the linker comprises one or more
glycines or one or more amino acids with hydrophobicity,
hydrophilicity, charge, and size similar to glycine, e.g.,
alanine, proline, serine.

In one embodiment, the linker 1is selected from the
following sequences GG, GAG, GPA, GGGS (SEQ ID No.: 13).

In one embodiment, the non-natural peptide comprises from
N- to C-term the amino acid sequence of SEQ ID No.: 1, a linker,
and a cell penetrating peptide.

In one embodiment, the linker and/or the cell penetrating
peptides are made of D-amino acids.

In one embodiment, the non-natural peptide has an amino

acid sequence as set forth in SEQ ID No. : 2
(d (RHQGKGGKKWKMRRNQFWIKIQR) - in the following named DRI-
Pep#20) .

In one embodiment, the non-natural peptide, preferably
the non-natural peptide of SEQ ID No.: 2, contains one or more
modifications not altering the primary sequence, including
chemical derivatization, e.g., acetylation, deuteration,
Fmocylation.

In one embodiment, the present invention concerns the non-
natural peptide as disclosed herein for use as a medicament.

In one embodiment, the present invention concerns the non-

natural peptide as disclosed herein for wuse 1in treating



respiratory diseases, preferably bronco-obstructive diseases.

In one embodiment, the respiratory diseases are selected
from allergic asthma, cystic fibrosis (CF), chronic obstructive
pulmonary disease (COPD), non-CF bronchiectasis, pulmonary
hypertension (PH), and idiopathic pulmonary fibrosis (IPF).

In one embodiment, the non-natural peptide is suitable
for administration by inhalation.

In one embodiment, the present invention concerns a
product comprising:

i) at least one non-natural peptide as disclosed herein,
and

ii) at least one potentiator of the cystic fibrosis
transmembrane conductance regulator (CFTR) and/or at least one
corrector of the cystic fibrosis transmembrane conductance
regulator (CFTR) as a combined preparation for sequential,
simultaneous or separate use in treating a respiratory disease.

In one embodiment, the respiratory disease is a bronco-
obstructive disease.

In one embodiment, the respiratory disease is cystic
fibrosis.

In one embodiment, the potentiator of the cystic fibrosis
transmembrane conductance regulator (CEFTR) is selected from
Ivacaftor or VX-770 (N- (2,4-Di-tert-butyl-5-hydroxyphenyl) -
1,4-dihydro-4-ossoquilonine-3-carboxamide), Navocaftor or
ABBV-3067 ([5-[3-amino-5-[4-
(trifluoromethoxy)phenyl]sulfonylpyridin-2-y1]1-1,3,4-
oxadiazol-2-yl]lmethanol) and Deutivacaftor or D9-ivacaftor (N-
[2-tert-butyl-4-[1,1,1,3,3,3-hexadeuterio-2-
(trideuteriomethyl)propan-2-yl]-5-hydroxyphenyl]-4-oxo-1H-

quinoline-3-carboxamide) .



In one embodiment, the corrector of the cystic fibrosis
transmembrane conductance regulator (CEFTR) 1is selected from
Lumacaftor or VX-809 (3-(6-1(2,2-diflurobenzo([d][1l,3]dioxol-
5yl)cyclopropanecarboxamido) -3-methylpyridin-2-yl)benzoic
acid), Tezacaftor or VX-66l1l (1-(2,2-difluoro-1,3-benzodioxol-
5-y1)-N-[1-[(2R) -2, 3-dihydroxypropyl]-6-fluoro-2- (1-hydroxy-
2-methylpropan-2-yl)indol-5-yl]cyclopropane-l-carboxamide),
Elaxacaftor or VX-445 (N-(1,3-dimethylpyrazol-4-yl)sulfonyl-6-
[3-(3,3,3-trifluoro-2,2-dimethylpropoxy)pyrazol-1-yl]-2-
[(45)-2,2,4-trimethylpyrrolidin-1-yl]pyridine-3-carboxamide),
Galicaftor or ABBV-2222 (4-[(2R,4R)-4-[[1-(2,2-difluoro-1,3-
benzodioxol-5-yl)cyclopropanecarbonyl]amino]-7-
(difluoromethoxy)-3,4-dihydro-2H-chromen-2-yl]benzoic acid)
and Vanzacaftor ((372,14S5)-8-[3-(2-dispiro[2.0.24.13]heptan-7-
ylethoxy)pyrazol-1-y1]-12,12-dimethyl-2,2-dioxo-2A6-thia-
3,9,11,18,23-pentazatetracyclo[17.3.1.111,14.05,10]tetracosa-
1(22),3,5(10),6,8,19(23),20-heptaen-4-olate) .

In one embodiment, the present invention concerns a
pharmaceutical composition comprising at least one non-natural
peptide as disclosed herein and a pharmaceutically acceptable
vehicle.

In one embodiment, the pharmaceutically acceptable
vehicle is selected among phosphate buffered saline, saline,
hypertonic saline, water.

In one embodiment, the pharmaceutical composition
comprises at least one excipient.

In one embodiment, the pharmaceutical composition
comprises at least one excipient selected among NaCl, HCI,
NaOH, EDTA, Polysorbate 20, Polysorbate 80, Citric acid, Na

citrate, K phosphate, Na phosphate, Na bicarbonate, Ascorbic



acid, Lactose, Glucose, Mannitol, Trehalose, Sucrose, Mg
stearate, Glutathione, Vitamin E, Cyclodextrin, DPPC, DSPC,
DMPC, Leucine, Isoleucine, Methionine, Histidine, Glycine,
Poloxamer, Chitosan, Trimethylchitosan, PLGA, PEG.

The unexpectedly high resistance to degradation and
potency of DRI-Pep#20 renders this compound the ideal candidate
for therapeutic cAMP modulation, especially for the treatment
of chronic respiratory diseases, being the PI3Ky-PKA signaling
hub central to multiple functions of airway cells, like smooth
muscle relaxation, epithelial ion transport and neutrophil
infiltration?2. Our observations that DRI-Pep#20 can Dbe
efficiently delivered locally in the airways, and that its
biological activity is completely preserved in the presence of
human neutrophil elastase, support the possibility of using
this peptide to ensure therapeutically relevant cAMP elevation
in highly inflamed lungs. This is relevant for patients with
COPD, non-CF bronchiectasis and certain forms of asthma, but
also the lethal genetic disease CF, since airway inflammation
is not eliminated in these patients, despite the introduction
of highly effective modulator therapies (HEMT) targeting the
basic genetic defect of the diseasel’s 18,

In addition to inflammation-related proteases, another
barrier imposed Dby diseased 1lungs that may hamper the
biocavailability of inhaled therapeutics 1is the thick mucus
layer covering the respiratory epithelia’, especially in CF
individuals, as well as 1n patients with COPD, non-CF
bronchiectasis and asthma. Our cell-based assays using patient-
derived sputum as a proxy of CF mucus reveal a good mucus
permeability of DRI-Pep #20, which 1likely stems from its

molecular dimensions being compatible with that of the meshes



of the pathological mucus. TEM and DLS analysis indicate that
the peptide can form aggregates of 200 nm in size, which could
freely diffuse through the 100-1000 nm meshes of the network
of bundled fibers that are typically formed by biopolymers of
the CF mucus and that are filled with a low viscosity fluid?°.

In virtue of its ability to efficiently penetrate mucus
layers, DRI-Pep#20 can be exploited to achieve therapeutic cAMP
elevation in CF bronchial epithelial cells, specifically in
PI3Ky-directed subcellular compartments, which we previously
show to positively affect CFTR activity and maximize the effect
of HEMTZ. This is supported by our data showing that DRI-Pep#20
doubles the effects of the gold-standard combination of CFTR
modulators, elexacaftor/tezacaftor/ivacaftor in rescuing the
activity of the most common CFTR mutant, F508del. These
findings have important clinical implications in 1light of
recent studies showing that CFTR potentiators and correctors
restore only partially the function of mutant channels, up to
60% of the levels of the wild-type CFTR?°-22, with consequent
residual disease in CF patients treated with HEMT!7: 18 23 Thus,
DRI-Pep#20 offers the possibility of significantly increasing
the efficacy of the standard of care for CF patients.

In conclusion, DRI-Pep#20 can be used for achieving
therapeutic cAMP elevation locally in the lungs, in chronic
respiratory disorders with high unmet medical need, such as

the lethal genetic disease CF.

Results
DRI-Pep#20 structure and biological properties.
The chemical structure of DRI-Pep#20 is shown in Fig. la

(d (RHOGKGGKKWKMRRNQFWIKIQR) - SEQ ID No.: 2). Predictions of



the tridimensional structure of the peptide suggested the
presence of an o-helix, flanked by two uncoiled regions (Fig.
1b) . The presence of oa-helix structures (18.51%) was confirmed
by circular dichroism analyses showing a double-peak signal,
with a maximum at 200 nm which 1is typical for o-helix
structures, and a minimum in the 220-240 nm region which is
characteristic for random-coil regions® (Fig. 1c). In silico
simulations of the binding of DRI-Pep#20 to amino acids 1-45
of PKA-RIIa, the typical binding surface for AKAPs, revealed
that the kinase could form hydrogen bonds with the RHQGK
sequence, mainly involving the arginine and the 1lysine in
position 1 and 5, respectively, and to a lesser extent

histidine 2 and glutamine 3 (Fig. 1d, Fig. 2 and Table 1).

Table 1. Binding energetics and kinetics of DRI-Pep#20

obtained through molecular docking analysis.

AG (kcal Number of
mol™) Ko (M) H-bonds
DRI-Pep #20 -102 3.10 E-97 7

The high affinity of the DRI-Pep#20 for PKA was further
corroborated by in vitro experiments showing that the peptide
associated recombinant PKA-RITa with a dissociation constant
(Kp) in the nanomolar range (76 nM; Fig. 3a-b). Furthermore,
stopped-flow fluorescence assays revealed that the binding of
DRI-Pep#20 to PKA-RITa was extremely fast, with a K,, of 107°
s, while the dissociation process was significantly slow, being

the Koer 1072 s (Fig. 3c and Table 2).

Table 2. Binding kinetics of the interaction between DRI-



Pep#20 and PKA-RIIa.

Steady- state Kinetic
experiment experiment
kon (106 M1 s71) - 1.5
Koee (1072 s71) - 7.2
Ka (107 M°1) 1.3 2.0
Kp (10-8 M) 7.6 4.9

In agreement with the high affinity of DRI-Pep#20 to PKA-
RITIoa, the peptide displaced the binding between recombinant
PI3Ky and PKA-RIIa with an efficiency as high as 74% (Fig. 3d-
e) . Notably, despite the elevated binding affinity to PKA-RIIc,
DRI-Pep#20 retained the selectivity for the PI3Ky-bound pool
of PKA since the peptide failed to increase cAMP in cells
devoid of PI3Ky (Fig. 3f).

Dose-response experiments showed that DRI-Pep#20
increased cAMP levels in 16HBEl4o- cells with an ECsg of 15 uM
(Fig. 4a) and it was well tolerated, being the LDsg 10-fold
higher than the ECs¢ (Fig. 4b).

Overall, these results identify DRI-Pep#20 as a selective
PI3Ky/PKA-RITIa peptide disruptor with high affinity to PKA-
RITo.

DRI-Pep#20 has good mucus permeability and protease
resistance

Next, we sought to determine to what extent DRI-Pep#20
could be used for modulating cAMP in the lungs for therapeutic
purposes. First, we assessed the suitability for local delivery
to the airways. Following intratracheal instillation (Fig. 5a),
DRI-Pep#20 induced a dose-dependent increase in cAMP levels in

the trachea and in the lungs, with an ECsy of 8.06 upg/Kg and



11.78 ng/Kg, respectively (Fig. 5b-c). Of note, cardiac cAMP
metabolism was unchanged (Fig. 5d), suggesting that the peptide
increased cAMP locally in the lungs without systemic effects.

Because the efficacy of inhaled therapies can be hampered
by extracellular barriers imposed by diseased lungs, such as a
thick layer of protease-rich mucus’?, we next sought to
determine to what extent DRI-Pep#20 could penetrate mucus
layers and resist to protease degradation. DRI-Pep#20
penetrated the phospholipid membrane of the PAMPA system (Fig.
6a) with an apparent permeability (Paspp) of 1.88 x 107° cm s7!
(Fig. 6b). Of note, the addition of pathological CF sputum on
top of the phospholipid layer (Fig. 6a) did not significantly
affect the P,pp 0of the peptide (Papp 2.55 x 107 cm s7!) (Fig. 6b).
To verify whether the good mucus permeability of DRI-Pep#20
could be ascribed to molecular dimensions compatible with the
mesh size of CF mucus®, Transmission Electron Microscopy (TEM)
and Dynamic Light Scattering (DLS) assays were performed. TEM
images show that DRI-Pep#20 formed irregular aggregates of 5-
40 nm in size (Fig. 6c¢), which was 1in agreement with the
particle diameter of 10-20 nm retrieved by DLS analysis (Fig.
6d) .

Next, we tested whether DRI-Pep#20 retained the ability
to elevate cAMP in pulmonary cells in the presence of
neutrophil elastase, the most abundant protease in the lungs
of patients with neutrophilic airway diseases, like COPD and
CF?. The ability of the peptide to raise cAMP in 16HBE4lo-
cells was completely unaltered by the presence of 3 ug/ml of
recombinant human neutrophil elastase (HNE) (Fig. 6e), a dose
which was previously shown to inactivate other therapeutic

peptides!®. Notably, the activity of the DRI-Pep#20 was



completely preserved even in the presence of a 10-fold higher
concentration of HNE (Fig. 6f), an amount that is typically
detected in the lungs of patients with severe bronchiectasis?,
which was in agreement with the absence of any predicted
cleavage sites by HNE (Fig. 7a). The good resistance of DRI-
Pep#20 to degradation was confirmed in the presence of a more
complex biological matrix containing other proteases that could
potentially cleave the peptide (Fig. 7b), that is CF sputum,
where the DRI-Pep#20 retained 72% of its biological activity
(Fig. 69).

Taken together, these data demonstrate the ability of DRI-
Pep#20 to elevate lung cell cAMP in the presence of a hostile
extracellular environment composed of a mucus barrier enriched

in proteases, which is typical of diseased lungs.

DRI-Pep#20 promotes cAMP-dependent activation of wild-
type and F508del-CFTR in human bronchial epithelial cells

Next, we aimed to assess the extent to which DRI-Pep#20
could effectively restore cAMP levels and consequently
reactivate the activity of CFTR, a cAMP-dependent chloride
channel impaired in a range of respiratory disease, primarily
including CF!!. First, we assessed the ability of the peptide
to stimulate the activity of the wild-type channel in
16HBE141o- cells expressing the halide-sensitive vyellow
fluorescent protein (HS-YFP) (Fig. 8b), which allows
quantifying CFTR activity based on the fluorescence quenching
rate elicited by an iodide influx!'?. DRI-Pep#20 induced a 60%
reduction in YFP fluorescence, which was completely prevented
by co-application of the CFTR inhibitor, CFTRipn-172 (Fig. 8b),

demonstrating selective activation of CFTR channels. Dose-



response experiments revealed an ECso of 20 uM (Fig. 8c) and
demonstrated that 25 pM DRI-Pep#20 was as effective as 10 uM
forskolin, the adenylyl cyclase activator, in triggering CFTR
gating in 16HBEl14lo- cells (Fig. 8d).

Next, we assessed to what extent DRI-Pep#20 could
reinstate the activity of F508del-CFTR in combination with the
standard of care for CF, including two CFTR correctors
(Elexacaftor/Tezacaftor) and one CFTR potentiator (Ivacaftor),
that partially rescue the trafficking and gating defects of
the mutant channel, respectively!®. In CF bronchial epithelial
cells overexpressing the F508del-CFTR mutant and the HS-YFP,
Elexacaftor/Tezacaftor/Ivacaftor (ETI) reduced YFP
fluorescence of 50%, which was further decreased down to 25%
when DRI-Pep#20 was added together with ETI (Fig. 8e).

Hence, these data support the use of DRI-Pep#20 as a
single agent or as an-add on to CFTR modulators, to
therapeutically stimulate the activity of wild-type and F508del
CFTR, respectively.

Material and Methods

Peptides and reagents

Peptides were synthesized by GenScript (Piscataway, NJ)
at >95% purity.

Recombinant human PKA regulatory subunit RIIa (PKA-RIIa)
and PI3Ky catalytic subunit (pll0y) were purchased by Biaffin
GmbH & Co KG (product code: PK-PKA-R2A025, Kassel, DE) and
Origene Technologies (TP307790, Rockville, US), respectively.

Human neutrophil elastase was purchased from Sigma-
Aldrich (CAS 9004-06-2, Sigma-Aldrich, Saint Louis, MO) and

reconstituted in 50 mM sodium acetate, pH 5.5, with 200 mM



NaCl. VX-809 (Lumacaftor), VX-770 (Ivacaftor), VX-601
(Tezacaftor) and VX-445 (Elexacaftor) were purchased from
MedChemExpress LLC (Princeton, USA). Forskolin and CFTRjn, —-172
were purchased from Sigma-Aldrich (CAS 66575-29-9, Sigma-
Aldrich, Saint Louis, MO).

Cell lines

Immortalized human bronchial epithelial cells expressing
wild-type CFTR (16HBEl40o-) or F508del-CFTR (CFBE4lo-) were
purchased from Sigma-Aldrich (16HBEl4o-, product code: CAS
SCC150, CFBE4lo-, product code: CAS SCC151, Sigma-Aldrich,
Saint Louis, MO). Cells were grown in Minimum Essential Medium
(MEM) supplemented with 10% FBS, 5 mM L-Glutamine, 100 U/ml
penicillin and 100 pg/ml streptomycin (Thermo Fisher
Scientific, Waltham, MA) on culture dishes pre-coated with
human fibronectin (1 mg/ml; Sigma-Aldrich, Saint Louis, MO),
bovine collagen I (3 mg/ml; Sigma- Aldrich, Saint Louis, MO)
and bovine serum albumin (0.1%; Sigma-Aldrich, Saint Louis,
MO) diluted in LHC-8 basal medium (Invitrogen, Waltham, MA).
Cells up to passage 15 were used for experiments. All cells

were cultured at 37°C and under a 5% CO, atmosphere.

Animals

PI3Ky-deficient mice (PI3Ky /") were described previously
2. Mutant mice were back-crossed with C57B1/63 mice for 15
generations to inbreed the genetic background and C57Bl1/6]j were
used as controls (WT). Mice used in all experiments were 8 to
12 weeks of age. Mice were group-housed, provided free-access
to standard chow and water in a controlled facility providing

a 12-hour 1light/dark <cycle and were used according to
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institutional animal welfare guidelines and legislation,
approved by the local Animal Ethics Committee. All animal
experiments were approved by the animal ethical committee of
the University of Torino and by the Italian Ministry of Health
(Authorization n°757/2016-PR) and the obligations of
Legislative Decrees No. 206 of April 12, 2001, and No. 224 of
July 8, 2003 have been met.

Isolation of murine peritoneal macrophages

Peritoneal macrophages were prepared from 8- to 12-week-
old wild-type (WT) and PI3Ky~/~ mice, as described previously 2.
Briefly, cells were collected from euthanized animals by
peritoneal lavage with 5 mL of PBS, supplemented with 5 mM
EDTA. Cells were centrifuged for 3 min at 300 g and the pellet
was resuspended 1n culture media including Roswell Park
Memorial Institute (RPMI) media, 100 U/ml penicillin and 100
ug/ml streptomycin, and 10% heat-inactivated FBS (Thermo Fisher
Scientific, Waltham, MA). Macrophages were seeded in 96-well
plates (1*106 cells/well) and maintained at 37°C with 5% CO,
for at least 16/18 h before treatment with the peptide and cAMP

quantification.

cAMP measurements

From cells: cAMP content was measured in 16HBEl4o- cells
at the indicated time points after treatment with the indicated
doses of peptides using the Promega cAMP-Glo™ Assay kit
(Promega, Milano, iT), according to the manufacturer’s
protocol.

From tissues: lungs, tracheas and hearts were collected

from euthanized mice 24 h after intratracheal instillation of



different doses of the peptide (0 to 750 mg/kg in a final
volume of 50 pl of PBS). Snap-frozen tissues were powdered in
liquid nitrogen and extracted with cold 6% trichloroacetic
acid. Samples were sonicated for 10 sec, incubated at 4°C under
gentle agitation for 10 min and then centrifuged at 13000 rpm
at 4°C for 10 min. Supernatants were washed four times with
five volumes of water saturated with diethyl ether and
lyophilized. cAMP content was detected with Cyclic AMP ELISA
Kit (Cayman Chemical, Michigan, USA), according to the

manufacturer's protocol.

Cell viability assay

Human bronchial epithelial cells (l16HBEl40o-) were seeded
in 96-well plates (2*10% cells/well) and incubated for at least
16/18 hours at 37°C with 5% CO, before experiments. Non-
adherent cells were eliminated by washing with PBS and cells
were then stimulated with 8 different doses of the indicated
peptide (0 uyM - 1 mM range) for 24h. ATP levels were evaluated
as an 1indicator of wviable cells wusing the Cell Titer-Glo®
Luminescent Cell Viability Assay (Promega, Milano, 1IT),
according to the manufacturer's protocol. The lethal dose (LDsgp)
was calculated with respect to untreated control cells, whose

viability was set to 100%.

CFTR activity measurements

CFTR-mediated anion transport was measured by using the
Premo™ Halide Sensor (Thermo Fisher Scientific, Waltham, MA)
which allows assessing CFTR activity by measuring the rate of
YFP fluorescence quenching caused by iodide/chloride exchange

across the plasma membrane. Briefly, the halide-sensitive



yellow fluorescent protein (HS-YFP) was expressed in 16HBEl4o-
and F508del-CFTR-CFBE41lo- cells through the BacMam technology,
according to the manufacturer's protocol. Cells expressing the
HS-YFP were cultured on 96-well plates and treated with the
indicated peptides/compounds for the indicated time.
Fluorescence was evaluated in a plate reader immediately after
addition of 150 pl of Halide stimulus buffer (an Nal-containing
solution) leading to a final Nal concentration in the wells of
75 mM. Fluorescence was continuously read (1 point per second)
starting at 1 s before Halide stimulus buffer addition and up
to 120 s. CFTR activity was expressed as AF/Fy, where AF was
obtained by subtracting the background fluorescence
(fluorescence of «cells not expressing HS-YFP) to the
fluorescence measured at the specific time point after addition
of NaI. AF was then normalized to the initial fluorescence Fy
(fluorescence of HS-YFP-expressing cells immediately after
addition of NalI) to obtain a measure of relative fluorescence

AF/Fy.

CF sputum samples

Spontaneous expectorated sputum samples from CF patients
in stable clinical conditions were collected at the
Bronchiectasis and Cystic Fibrosis Programs of the Respiratory
Department of Fondazione IRCCS Ca’ Granda Ospedale Maggiore
Policlinico in Milan (Italy) and processed as previously
described?>. The patients signed an express, free and informed,
consent to the collection and use of their biological samples.
Briefly, samples were processed getting first rid of saliva,
sputum plugs were then selected and weighted. Samples were

diluted 8X in PBS, vortexed until sputum dissolution and



centrifuged for 15min at 3000g. Supernatants were recovered

and stored at -80°C, thawed overnight at 4 °C, and all
subsequent experiments were undertaken within 24h from thawing.
Neutrophil elastase was quantified as described previously
(31626976) and sputum samples containing 20 pg/mL of active
neutrophil elastase were used to assess the activity of
peptides in 16HBEl4o- cells in the presence of CF sputum.
Briefly, cells were seeded in 96-well plates (2*10% cells/well)
and incubated for at least 16/18 h at 37°C with 5% CO, before
experiments. Subsequently, peptides were diluted in PBS at a
final concentration of 25 pM and a PBS: sputum mixture (1:1)
was added on the top of adherent cells (100 pl/well) and cAMP
levels were quantified at the indicated time points using the
Promega cAMP-Glo™ Assay kit (Promega, Milano, IT), according

to the manufacturer’s protocol.

PAMPA assay

To assess the permeability of peptides through a CF sputum
layer, a parallel artificial membrane permeability system
(PAMPA) (Corning Gentest Pre-coated PAMPA, 353015, USA plates)
that allows to measure the ability of drugs to diffuse from a
donor compartment, through an artificial membrane, into an
acceptor compartment, was used as described previously?¢. The
bottom wells of the PAMPA system (“acceptor” wells) were filled
with 300 pL of PBS (10mM, 150 mM NaCl, pH 7.4), while “donor”
wells were filled with 200 uL of the peptide solution (2 mg/mL
in 10mM PBS, 150 mM NaCl, pH 7.4), in the absence or in the
presence of CF sputum. In the latter case, 40 pL of CF sputum

was first deposited over the PAMPA membrane, and the peptide
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solution was subsequently added over the CF sputum layer.
Afterwards, the two wells were coupled and incubated for 5 h
at RT. At the end of the incubation, the plates were splitted
and the amount of peptide diffused into the acceptor well was
quantified by fluorescence spectroscopy using a Horiba Jobin
Yvon Fluorolog 3 TCSPC fluorimeter (Horiba, Kyoto, Japan)
equipped with a 450-W xenon lamp and a R928 photomultiplier
(Hamamatsu Photonics, Hamamatsu, Japan) . Excitation was
performed at 280nm while emission was recorded the wavelength
region 290-500 nm (maximum of emission at 362 nm). Excitation
and emission slits were set at 4 and 5 nm, respectively. The
concentration of the peptide was calculated using a 6-points
calibration curve. The apparent permeability coefficient (Papp)

was expressed according to this relationship:

_ dg/at
Papp= Co X A

derived from Fick’s law for steady-state conditions?’, where dQ
is the quantity of peptide expressed as moles permeated into
the acceptor compartment at time t (18000 sec), Cyp 1is the
initial concentration of the peptide in the donor well, and A

is the area of the well membrane (0.3 cm?).

PKA-RITa bioconjugation and fluorescence spectroscopy

Recombinant PKA-RITa was bio-conjugated to fluorescein 5-
maleimide (F5M), as described previously 2% using 75 ug of PKA-
RITa and a 50-fold excess of F5M. After bioconjugation, the
derivative was immediately purified using a Sephadex® G-25
desalting column and phosphate-buffered saline solution (PBS)
(20 mM, 150 mM NaCl, pH 7.2) as eluent. To evaluate F5M

labelling efficiency, the dye/protein ratio (D/P) of the



conjugates was determined by the absorption spectra of the
labelled proteins in PBS (20 mM, 150 mM NaCl, pH 7.2), according

to the following equation:

2 _ Amax €prot
P (A280 - CAmax) edye

where Azgy 1s the absorption of the conjugate at 280 nm; Ap.x 1s

the absorption of the conjugate at the absorption maximum of
the corresponding F5M; ¢ is a correction factor (which must be
used to normalize the Az signal because fluorescent dyes (i.e.
F5M) also absorb at 280 nm and equals the Az of the dye divided
by the Apx of the dye (¢ = 0.29); epror (25,169 Mlcm!) and eagye
(63,096 M1l cm!l) are the molar extinction coefficients of PKA
and F5M, respectively. PKA-RIIa presents six cysteine residues,
and the final D/P value was 0.2.

UV-visible absorption spectra were measured with a UH5300
spectrophotometer (Hitachi, Tokyo, Japan) at RT, using 1 cm
pathway length quartz cuvette. Fluorescence emission spectra
in steady-state mode were acquired at RT using a Jobin Yvon
Fluorolog 3 TCSPC fluorimeter (Horiba, Kyoto, Japan) equipped
with a 450-W Xenon lamp and a R928 photomultiplier (Hamamatsu
Photonics, Hamamatsu, Japan) . Steady-state fluorescence
spectra were recorded in the 500-600 nm range. The excitation
2 wavelength was set on 490 nm and the excitation and emission
slits were set on 2 and 4, respectively. Equilibrium binding
constants (Kp and K,) were obtained from steady-state data.

Fluorescence kinetics were measured using an Applied
Photophysics SX20 stopped-flow spectrophotometer (Applied
Photophysics, North Carolina, US) fitted with a 495 nm cut-off
filter between the cell and the fluorescence detector and

equipped with a thermostat bath set at 25+0.2°C. Association



and dissociation rate constants (kon and kefr) were calculated
from stopped-flow kinetics data. Data acquisition,
visualization and analysis were performed with Pro-Data
software from Applied Photophysics Ltd (Applied Photophysics,
North Carolina, US).

To assess the ability of DRI-Pep#20 to displace the
binding Dbetween PI3Ky and PKA-F5M, steady-state emission
spectra of the PI3Ky/PKA-F5M complex in the presence of
increasing concentrations of the peptide were acquired.
Briefly, 50 nM of recombinant PI3Ky was added to 100 nM F5M-
bounded PKA-RIIa in a total wvolume of 100 pL PBS. The
concentration of the PI3Ky/PKA-F5M complex was kept constant
while gradually titrated with increasing concentrations of the
peptide from 0 to 5 uM. The complex was excited at 490 nm and
emission spectra were recorded in the 500-600 nm spectral
range, as described above. The degree of displacement of the
PKA-RIIo-PI3Ky complex was expressed as the percentage of

fluorescence quenching after addition of the peptide.

Circular dichroism

Circular dichroism (CD) measurements were performed on a
Jasco-810 Dichrograph equipped with a Peltier thermoelectric
controller (Jasco Inc., Easton, US). The spectra of peptides
were recorded in the continuous mode between 260 and 180 nm at
25 °C in 0.1 cm path length quartz cuvette (Hellma GmbH,
Miillheim, DE) with a total peptide concentration of 0.2 mg/mL
dissolved in 2 mM PBS (0.6 mM KH,PO,, 1.6 mM Ky;HPO4), pH 7.4.
The CD spectrum in the 190-240 nm range was used to predict

the secondary structural content of the peptide using the K2D3



web server??,

Transmission Electron Microscopy (TEM) and Dynamic Light

Scattering (DLS)

Self-assembled peptide nanostructures were analyzed by
Transmission Electron Microscopy (TEM) analysis. Transmission
electron micrographs were obtained with a JEOL 3010-UHR TEM
operating at an accelerating voltage of 300.00 kV (JEOL, Tokyo,
Japan. TEM samples were prepared by dissolving the peptides at
0.1 mg/mL in water and drying them on a carbon-coated copper
grid. The nominal magnification used to record nanostructures
were x500000 and x800000.

The size distribution profile of the self-assembled
peptide was determined by dynamic light scattering (DLS,
Malvern Zetasizer, Worcestershire, UK). Samples were prepared
at 4 mg/mL in 2 mM PBS (0.6 mM KH;PO,, 1.6 mM K,HPO,), pH 7.4.
Measurements were performed after an equilibration time of 60

s which allowed samples to reach the temperature of 25°C.

PKA-RITa structure prediction

The 3D structure of residues 1-45 of PKA-RIIo (SEQ ID No.:
14 - MSHIQIPPGLTELLQGYTVEVLRQQPPDLVEFAVEYFTRLREARA) was
predicted using the Iterative Threading ASSEmbly Refinement
(I-TASSER) web server3?, an on-line platform that implements I-
TASSER-based algorithms for predictions of protein structure
and function. Briefly, starting from the FASTA amino acid
sequence I-TASSER ran a three steps simulation, first threading
it through a representative PDB structure library to search

for ©possible template folds or supersecondary-structure



fragments, using a profile-profile alignment-based threading
algorithm. In the second step, the continuous fragments excised
from the PDB templates were reassembled into full-length
models, while the unaligned regions were built by ab initio
modeling. Finally, the structure trajectories were clustered,
and the lowest-energy structures selected, and an all-atom
model was constructed by REMO41 through optimization of the
hydrogen-bonding network. The five best models obtained by I-
TASSER were subsequently evaluated based on their threading
template and predicted C-score. The model with the highest C-
score of -0.22 and predicted using the NMR structure of PKA-
RITa as a threading template (PDB ID 2KYG)3! was selected.

DRI-Pep#20 Structure Prediction

The structure of DRI-Pep#20 was predicted with PEP-
FOLD3.53%, a de novo approach that predicts peptide structures
from amino acid sequences. Briefly, starting from the amino
acid sequence, first a series of 200 simulations was run, each
one sampling a different region of the conformational space
using the Generator taboo-sampling 5 (ts5), recommended for
peptides longer than 10 amino acids. The output was an archive
of clusters of all the models sorted out using the TM score
followed by performing the Model Quality assessment using
Apollo3>. The first five models, representing the five best
conformation of each cluster with the best scores defined
according to the lowest sOPEP energy and the highest TM-score
value, were selected and further supported by RMSD. Finally,
the best structure of the peptide was validated by wvisual

analysis on PYMOL.



PKA-RIIa-DRI-Pep#20 docking

PKA-RIIo-DRI-Pep#20 docking studies were performed with
the High Ambiguity Driven Biomolecular DOCKing (HADDOCK)
software. Within the HADDOCK process, the residues 1-45 of PKA-
RITa were selected as the active residues and enforced to be
part of the interface by applying ambiguous interaction
restraints. Briefly, starting from the PKA-RIIa and the DRI-
Pep#20 structure, the HADDOCK docking ran three consecutive
steps, first the molecules were randomly oriented, and a rigid-
body search was performed (it0). The output was an archive of
1000 models, among them the top 200 ranked structures were
selected based on the energy function and addressed to the
semi-flexible simulated annealing stage performed in torsion
angle space (itl). In the third stage, the structures were
refined in Cartesian space with explicit solvent layer (water)
and subjected to a short molecular dynamic simulation at 300K.
During the refinement, both the side chain and backbone of
interface residues were progressively allowed to move.

The final models were automatically clustered based on
the positional interface ligand RMSD (iL-RMSD) by fitting the
conformational changes on the interface of the receptor (PKA-
RITIa) and on the interface of the smaller partner (the
peptides). Finally, the protein-peptide binding poses were
assessed by the HADDOCK report and the binding affinity was
evaluated by the Optimal Hydrogen Bonding Network. The
resulting best binding pose was validated by visual analysis

on PYMOL.

Statistical analysis




Data are presented as scatter plots with bars (means =
SEM) . Prism software (GraphPad Software Inc.) was used for
statistical analysis. Raw data were first analyzed to confirm
their normal distribution via the Shapiro-Wilk test and then
analyzed Dby unpaired Student’s t test, one-way analysis of
variance (ANOVA), or two-way ANOVA. Bonferroni correction (one-
way and two-way ANOVA) was applied to correct for multiple

comparisons. P < 0.05 was considered significant.
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CLAIMS

1. A non-natural peptide having the ability of inhibiting
the A-kinase anchoring function of PI3Ky comprising an amino
acid sequence as set forth in SEQ ID No.: 1, wherein each amino
acid is a D-amino acid, and wherein the glutamine at position
3 and the glycine at position 4 can be substituted with any
amino acid with similar hydrophobicity, hydrophilicity, charge

and size, respectively.

2. The non-natural peptide according to claim 1, wherein

the peptide further comprises a cell penetrating peptide.

3. The non-natural peptide according to claim 2, wherein
the cell penetrating peptide 1s selected from Penetratin
(pAntp), HIV TAT peptide, R7 peptide, KALA peptide, Buforin 2,

MAP, Transportan, Transportan 10, pVEC, MPG peptide.

4. The non-natural peptide according to claim 2 or claim
3, wherein the peptide further comprises a linker conjugating
the amino acid sequence of SEQ ID No.: 1 with the cell

penetrating peptide.

5. The non-natural peptide according to claim 4, wherein
the linker is an amino acid linker comprising one or more
glycine amino acids and/or one or more amino acids with
hydrophobicity, hydrophilicity, charge, and size similar to
glycine.

6. The non-natural peptide according to any one of the



preceding claims having an amino acid sequence as set forth in

SEQ ID No.: 2.

7. The non-natural peptide according to any one of the

preceding claims for use as a medicament.

8. The non-natural peptide according to any one of the
preceding claims for use in treating respiratory diseases,

preferably broncho-obstructive diseases.

9. The non-natural peptide for use according to claim 8,
wherein the respiratory diseases are selected from allergic
asthma, cystic fibrosis, chronic obstructive pulmonary
disease, non-cystic fibrosis bronchiectasis, pulmonary

hypertension, and idiopathic pulmonary fibrosis.

10. The non-natural peptide for use according to any one
of claims 7 to 9, wherein the non-natural peptide is suitable

for administration by inhalation.

11. A product comprising:

i) at least one non-natural peptide according to any one
of claims 1 to 6, and

ii) at least one potentiator of the cystic fibrosis
transmembrane conductance regulator (CFTR) and/or at least one
corrector of the cystic fibrosis transmembrane conductance
regulator (CFTR) as a combined preparation for sequential,

simultaneous or separate use in treating respiratory diseases.

12. Product according to claim 11, wherein the potentiator



of the cystic fibrosis transmembrane conductance regulator
(CFTR) is selected from Ivacaftor, Navocaftor and

Deutivacaftor.

13. Product according to claim 11 or claim 12, wherein
the corrector of the cystic fibrosis transmembrane conductance
regulator (CFTR) 1is selected from Lumacaftor, Tezacaftor,

Elaxacaftor, Galicaftor and Vanzacaftor.

14. A pharmaceutical composition comprising at least one
non-natural peptide according to any one of claims 1 to 6 and

a pharmaceutically acceptable vehicle.



Abstract

A non-natural peptide having the ability of inhibiting
the A-kinase anchoring function of PI3Ky comprising an amino
acid sequence as set forth in SEQ ID No.: 1, wherein each amino
acid is a D-amino acid, therapeutic uses and composition

thereof.
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Abstract

A-kinase anchoring proteins (AKAPs) are key orchestrators of cyclic AMP (cAMP) signaling that act by
recruiting protein kinase A (PKA) in proximity of its substrates and regulators to specific subcellular
compartments. Modulation of AKAPs function offers the opportunity to achieve compartment-restricted
modulation of the cAMP/PKA axis, paving the way to new targeted treatments. For instance, blocking
the AKAP activity of PI3Ky improves lung function by inducing cAMP-mediated bronchorelaxation, ion
transport and anti-inflammatory responses. Here, we report the generation of a non-natural peptide, DRI-
Pep #20, optimized to disrupt the AKAP function of PI3Ky. DRI-Pep #20 mimicked the native interaction
between the N-terminal domain of PI3Ky and PKA, demonstrating nanomolar affinity for PKA, high
resistance to protease degradation and high permeability to the pulmonary mucus barrier. DRI-Pep #20
triggered cAMP elevation both in vivo in the airway tract of mice upon intratracheal administration, and
in vitro in bronchial epithelial cells of cystic fibrosis (CF) patients. In CF cells, DRI-Pep #20 rescued the
defective function of the cAMP-operated channel cystic fibrosis conductance regulator (CFTR), by
boosting the efficacy of approved CFTR modulators. Overall, this study unveils DRI-Pep #20 as a potent
PI3Ky/PKA disruptor for achieving therapeutic cAMP elevation in chronic respiratory disorders.

Keywords

AKAP, PKA, PI3Ky, peptide, cCAMP, respiratory diseases

Abbreviations

AKAPs: A-kinase anchoring proteins I-TASSER: Iterative Threading ASSEmbly
ANOVA: Analysis of Variance Refinement

ATP: Adenosine Triphosphate ICso: Half-maximal inhibitory concentration
COPD: Chronic Obstructive Pulmonary Disease Ivacaftor: VX-770

cAMP: 3°-5’-cyclic adenosine monophosphate Kp: Dissociation constant

CF: Cystic Fibrosis Kon: Association rate constant

CFTR: Cystic Fibrosis Transmembrane Kofr: Dissociation rate constant
Conductance Regulator Lumacaftor: VX-809

DLS: Dynamic Light Scattering LDso: Lethal Dose 50%

ETI: Elexacaftor/ Tezacaftor/ Ivacaftor Penetratin 1: P1

GPCR: G protein-coupled receptor PI3Ky: Phosphoinositide 3-kinase gamma
HADDOCK: High Ambiguity Driven PKA: Protein Kinase A

Biomolecular DOCKing RMSD: Root-Mean Square Deviation
HEMT: Highly Effective Modulator Therapies SEM: Standard Error of the Mean
HS-YFP: halide-sensitive yellow fluorescent Tezacaftor: VX-661

protein TEM: Transmission Electron Microscopy
Introduction

The 3°-5’-cyclic adenosine monophosphate (cAMP) second messenger controls different cellular
processes, including cell growth and differentiation, gene transcription and protein expression. cAMP
exerts its function through the activation of different effectors, with protein kinase A (PKA) being the
most widely characterized. cAMP directly binds the dimer of the regulatory subunits of the PKA
holoenzyme, promoting the release of the two catalytic counterparts, which are then free to phosphorylate
various substrates. Although different G protein-coupled receptors (GPCR) rely on the same second
messenger cCAMP for conveying signals within the cell, a tight spatial and temporal regulation of its
concentration ensures that activation of a specific GPCR results in the appropriate cellular response [1].
This local control of cAMP signals is achieved through multiprotein complexes that sequester enzymes
responsible for cAMP generation (adenylyl cyclases) and destruction (phosphodiesterases, PDEs), as well
as distinct signal transducers, in specific cellular locations. Key orchestrators of these “signaling islands”
are A-kinase anchoring proteins (AKAPs) that, by definition, anchor PKA and its substrates and regulators

2
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to definite subcellular compartments [2]. Perturbations of this fine control of cAMP compartmentalization
underlies different pathologies, including cardiovascular and pulmonary diseases, cancer, neurological
disorders, and inflammation. On these grounds, pharmacological manipulation of specific cAMP
signalosomes with molecules blocking the interaction of AKAPs with either PKA or other components of
the cAMP signaling pathway has been attempted and proven effective in preclinical models [2, 3].
Previous work identified the AKAP phosphoinositide 3-kinase y (PI3Ky) as the core of a multiprotein
complex which is central to smooth muscle contraction, immune cell activation, and epithelial fluid
secretion in the airways [4]. In the lungs, PI3Ky-bound PKA activates PDE4, ultimately restricting cAMP
responses triggered by stimulation of B2-adrenergic receptors, the major GPCR mediating cAMP elevation
in the airways. In agreement, inhibition of the PI3Ky/PKA interaction promotes local cAMP elevation,
eventually resulting in airway smooth muscle relaxation and reduced neutrophil infiltration in a murine
model of asthma. In bronchial epithelial cells, targeting the PI3Ky AKAP function enhances cAMP in the
vicinity of the cystic fibrosis transmembrane conductance regulator (CFTR), the ion channel that regulates
mucus hydration, thereby driving the opening of the wild-type channel, while synergizing with CFTR
modulators in reinstating the function of F508del-CFTR, the most prevalent mutant in cystic fibrosis (CF)
[4].

Here, we report the design of a non-naturally occurring peptide, named DRI-Pep #20, that acted as a
potent disruptor of the PI3Ky/PKA complex by mimicking the core of the native interaction of PI3Ky with
PKA, and that was characterized by nanomolar affinity for PKA, high resistance to protease degradation
and high permeability to the pulmonary mucus barrier. Peptide-based inhibition of the PI3Ky/PKA
interaction triggered cAMP elevation both in vitro in bronchial epithelial cells and in vivo in the airway
tract of mice after intratracheal administration. Finally, the cAMP elevation elicited by DRI-Pep #20
rescued the defective function of the cAMP-operated channel CFTR in in vitro models of CF.

Material and Methods

Peptides and reagents

Peptides were synthesized by GenScript (Piscataway, NJ) at >95% purity. The sequences of all peptides
are listed in Tables S2 and S3.

Recombinant human PKA regulatory subunit RIlo. (PKA-RIIa) and PI3KY catalytic subunit (p110y) were
purchased by Biaffin GmbH & Co KG (Kassel, DE) and Origene Technologies (TP307790, Rockville,
US), respectively.

Human neutrophil elastase was purchased from Sigma-Aldrich (CAS 9004-06-2, Sigma-Aldrich, Saint
Louis, MO) and reconstituted in 50 mM sodium acetate, pH 5.5, with 200 mM NaCl. VX-809
(Lumacaftor), VX-770 (Ivacaftor), VX-661 (Tezacaftor) and VX-445 (Elexacaftor) were purchased from
MedChemExpress LLC (Princeton, USA). Forskolin and CFTRiu-172 were purchased from Sigma-
Aldrich (CAS 66575-29-9, Sigma-Aldrich, Saint Louis, MO).

Cell lines

Immortalized normal human bronchial epithelial cells (16HBE140-) were kindly provided by Dr.
Gruenert (University of California San Francisco, San Francisco, CA). Cystic fibrosis bronchial epithelial
(CFBE410-) cells stably expressing F508del-CFTR (F508del-CFTR-CFBE410-) were kindly provided
by L. Fu from the UAB Research Foundation (Birmingham, AL). Cells were grown in Minimum Essential
Medium (MEM) supplemented with 10% FBS, 5 mM L-Glutamine, 100 U/ml penicillin and 100 pg/ml
streptomycin (Thermo Fisher Scientific, Waltham, MA) on culture dishes pre-coated with human
fibronectin (1 mg/ml; Sigma-Aldrich, Saint Louis, MO), bovine collagen I (3 mg/ml; Sigma- Aldrich,
Saint Louis, MO) and bovine serum albumin (0.1%; Sigma-Aldrich, Saint Louis, MO) diluted in LHC-8
basal medium (Invitrogen, Waltham, MA). Cells up to passage 15 were used for experiments. All cells
were cultured at 37°C and under a 5% CO, atmosphere.

Animals
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PI3Ky-deficient mice (PI3Ky”") were described previously [4]. Mutant mice were back-crossed with
C57Bl/6j mice for 15 generations to inbreed the genetic background and C57Bl/6j were used as controls
(WT). Mice used in all experiments were 8 to 12 weeks of age. Mice were group-housed, provided free-
access to standard chow and water in a controlled facility providing a 12-hour light/dark cycle and were
used according to institutional animal welfare guidelines and legislation, approved by the local Animal
Ethics Committee. All animal experiments were approved by the animal ethical committee of the
University of Torino and by the Italian Ministry of Health (Authorization n°757/2016-PR).

Isolation of murine peritoneal macrophages

Peritoneal macrophages were prepared from 8- to 12-week- old wild-type (WT) and PI3Ky”" mice, as
described previously [4]. Briefly, cells were collected from euthanized animals by peritoneal lavage with
5 mL of PBS, supplemented with 5 mM EDTA. Cells were centrifuged for 3 min at 300 g and the pellet
was resuspended in culture media including Roswell Park Memorial Institute (RPMI) media, 100 U/ml
penicillin and 100 pg/ml streptomycin, and 10% heat-inactivated FBS (Thermo Fisher Scientific,
Waltham, MA). Macrophages were seeded in 96-well plates (1*10° cells/well) and maintained at 37°C
with 5% CO; for at least 16/18 h before treatment with the peptide and cAMP quantification.

cAMP measurements

From cells: cAMP content was measured in 16HBE14o0- cells at the indicated time points after treatment
with the indicated doses of peptides using the Promega cAMP-Glo™ Assay kit (Promega, Milano, IT),
according to the manufacturer’s protocol.

From tissues: lungs, tracheas and hearts were collected from euthanized mice 24 h after intratracheal
instillation of different doses of the peptide (0 to 750 mg/kg in a final volume of 50 pl of PBS). Snap-
frozen tissues were powdered in liquid nitrogen and extracted with cold 6% trichloroacetic acid. Samples
were sonicated for 10 sec, incubated at 4°C under gentle agitation for 10 min and then centrifuged at
13000 rpm at 4°C for 10 min. Supernatants were washed four times with five volumes of water saturated
with diethyl ether and lyophilized. cAMP content was detected with Cyclic AMP ELISA Kit (Cayman
Chemical, Michigan, USA), according to the manufacturer's protocol.

Cell viability assay

Human bronchial epithelial cells (16HBE140-) were seeded in 96-well plates (2*10* cells/well) and
incubated for at least 16/18 hours at 37°C with 5% CO. before experiments. Non-adherent cells were
eliminated by washing with PBS and cells were then stimulated with 8 different doses of the indicated
peptide (0 uM — 1 mM range) for 24h. ATP levels were evaluated as an indicator of viable cells using the
Cell Titer-Glo® Luminescent Cell Viability Assay (Promega, Milano, IT), according to the
manufacturer's protocol. The lethal dose (LDso) was calculated with respect to untreated control cells,
whose viability was set to 100%.

CFTR activity measurements

CFTR-mediated anion transport was measured by using the Premo™ Halide Sensor (Thermo Fisher
Scientific, Waltham, MA) which allows assessment of CFTR activity by measuring the rate of YFP
fluorescence quenching caused by iodide/chloride exchange across the plasma membrane. Briefly, the
halide-sensitive yellow fluorescent protein (HS-YFP) was expressed in 16HBE140- and F508del-CFTR-
CFBE41o- cells through the BacMam technology, according to the manufacturer's protocol. Cells
expressing the HS-YFP were cultured on 96-well plates and treated with the indicated
peptides/compounds for the indicated time. Fluorescence was evaluated in a plate reader immediately
after addition of 150 pl of Halide stimulus buffer (an Nal-containing solution) leading to a final Nal
concentration in the wells of 75 mM. Fluorescence was continuously read (1 point per second) starting at
1 s before Halide stimulus buffer addition and up to 120 s. CFTR activity was expressed as AF/Fo where
AF was obtained by subtracting the background fluorescence (fluorescence of cells not expressing HS-
YFP) to the fluorescence measured at the specific time point after addition of Nal. AF was then normalized

4
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to the initial fluorescence Fo (fluorescence of HS-YFP-expressing cells immediately after addition of Nal)
to obtain a measure of relative fluorescence AF/Fy.

CF sputum samples

Spontaneous expectorated sputum samples from CF patients in stable clinical conditions were collected
at the Bronchiectasis and Cystic Fibrosis Programs of the Respiratory Department of Fondazione IRCCS
Ca’ Granda Ospedale Maggiore Policlinico in Milan (Italy) and processed as previously described [5].
The study protocol was approved by local institutional review boards (594 2016bis) and all participants
provided written informed consent to the collection and use of their biological samples. Briefly, samples
were first processed by eliminating saliva, then sputum plugs were selected and weighted. Samples were
diluted 8X in PBS, vortexed until sputum dissolution and centrifuged for 15 min at 3000 g. Supernatants
were recovered and stored at —80 °C, thawed overnight at 4 °C, and all subsequent experiments were
undertaken within 24h from thawing. Neutrophil elastase was quantified as described previously [5] and
sputum samples containing 20 pg/mL of active neutrophil elastase were used to assess the activity of
peptides in 16HBE14o0- cells in the presence of CF sputum. Briefly, cells were seeded in 96-well plates
(2*10* cells/well) and incubated for at least 16/18 h at 37°C with 5% CO. before experiments.
Subsequently, peptides were diluted in PBS at a final concentration of 25 uM and a PBS:sputum mixture
(1:1) was added on the top of adherent cells (100 pl/well). cAMP levels were quantified at the indicated
time points using the Promega cAMP-Glo™ Assay kit (Promega, Milano, IT), according to the
manufacturer’s protocol.

PAMPA assay

To assess the permeability of peptides through a CF sputum layer, a parallel artificial membrane
permeability system (PAMPA) (Corning Gentest Pre-coated PAMPA, 353015, USA plates) that allows
to measure the ability of drugs to diffuse from a donor compartment, through an artificial membrane, into
an acceptor compartment, was used as described previously [6]. The bottom wells of the PAMPA system
(“acceptor” wells) were filled with 300 uL of PBS (10mM, 150 mM NaCl, pH 7.4), while “donor” wells
were filled with 200 pL of the peptide solution (2 mg/mL in 10mM PBS, 150 mM NacCl, pH 7.4), in the
absence or presence of CF sputum. In the latter case, 40 pL of CF sputum was first deposited over the
PAMPA membrane, and the peptide solution was subsequently added over the CF sputum layer.
Afterwards, the two wells were coupled and incubated for Sh at RT. At the end of the incubation, the
plates were split, and the amount of peptide diffused into the acceptor well was quantified by fluorescence
spectroscopy using a Horiba Jobin Yvon Fluorolog 3 TCSPC fluorimeter (Horiba, Kyoto, Japan) equipped
with a 450-W xenon lamp and a R928 photomultiplier (Hamamatsu Photonics, Hamamatsu, Japan).
Excitation was performed at 280nm while emission was recorded in the spectral region of 290-500 nm
(maximum of emission at 362 nm). Excitation and emission slits were set at 4 and 5 nm, respectively. The
concentration of the peptide was calculated using a 6-points calibration curve. The apparent permeability
coefficient (Papp) was expressed according to this relationship:

dQ/dt

CoxA

derived from Fick’s law for steady-state conditions[7], where dQ is the quantity of drug expressed as
moles permeated into the acceptor compartment at time t (18000 sec), Co is the initial concentration of
the peptide in the donor well, and A is the area of the well membrane (0.3 cm?).

Papp=

PKA-RIIa bioconjugation and fluorescence spectroscopy

Recombinant PKA-RIla was bio-conjugated to fluorescein 5-maleimide (F5M), as described previously
[8], using 75 ug of PKA-RIla and a 50-fold excess of FSM. After bioconjugation, the derivative was
immediately purified using a Sephadex® G-25 desalting column and phosphate-buffered saline solution
(PBS) (20 mM, 150 mM NaCl, pH 7.2) as eluent. To evaluate FSM labelling efficiency, the dye/protein
ratio (D/P) of the conjugates was determined by the absorption spectra of the labelled proteins in PBS (20
mM, 150 mM NaCl, pH 7.2), according to the following equation:
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2 _ Amax €prot

p (A280 - CAmax) edye
where Ajgo is the absorption of the conjugate at 280 nm; Amax is the absorption of the conjugate at the
absorption maximum of the corresponding F5M; c is a correction factor (¢ = 0.29); eprot (25,169 M lem™)
and edye (63,096 M cm™) are the molar extinction coefficients of PKA and F5M, respectively. PKA-RIla
presents six cysteine residues, and the final D/P value was 0.2.
UV-visible absorption spectra were measured with a UH5300 spectrophotometer (Hitachi, Tokyo, Japan)
at RT, using 1 cm pathway length quartz cuvette. Fluorescence emission spectra in steady-state mode
were acquired at RT using a Jobin Yvon Fluorolog 3 TCSPC fluorimeter (Horiba, Kyoto, Japan) equipped
with a 450-W Xenon lamp and a R928 photomultiplier (Hamamatsu Photonics, Hamamatsu, Japan).
Steady-state fluorescence spectra were recorded in the 500-600 nm range. The excitation wavelength was
set on 490 nm and the excitation and emission slits were set on 2 and 4, respectively. Equilibrium binding
constants (Kp and Ka) were obtained from steady-state data.
Fluorescence kinetics were measured using an Applied Photophysics SX20 stopped-flow
spectrophotometer (Applied Photophysics, North Carolina, US) fitted with a 495 nm cut-off filter between
the cell and the fluorescence detector, and equipped with a thermostat bath set at 25+0.2°C. Association
and dissociation rate constants (kon and kof) were calculated from stopped-flow kinetics data. Data
acquisition, visualization and analysis were performed with Pro-Data software from Applied
Photophysics Ltd (Applied Photophysics, North Carolina, US).
To assess the ability of DRI-Pep #20 to displace the binding between PI3Ky and PKA-F5M, steady-state
emission spectra of the PI3Ky/PKA-F5M complex in the presence of increasing concentrations of the
peptide were acquired. Briefly, 50 nM of recombinant PI3Ky was added to 100 nM F5M-bounded PKA-
RIla in a total volume of 100 uL PBS. The concentration of the PI3Ky/PKA-F5M complex was kept
constant while gradually titrated with increasing concentrations of the peptide from 0 to 5 uM. The
complex was excited at 490 nm and emission spectra were recorded in the 500-600 nm spectral range, as
described above. The degree of displacement of the PKA-RIla-PI3Ky complex was expressed as the
percentage of fluorescence quenching after addition of the peptide.

Circular dichroism

Circular dichroism (CD) measurements were performed on a Jasco-810 Dichrograph equipped with a
Peltier thermoelectric controller (Jasco Inc., Easton, US). The spectra of peptides were recorded in the
continuous mode between 260 and 180 nm at 25 °C in 0.1 cm path length quartz cuvette (Hellma GmbH,
Miillheim, DE) with a total peptide concentration of 0.2 mg/mL dissolved in 2 mM PBS (0.6 mM KH3POa4,
1.6 mM K>HPO4), pH 7.4. The CD spectrum in the 190-240 nm range was used to predict the secondary
structural content of the peptide using the K2D3 web server [9].

Transmission Electron Microscopy (TEM) and Dynamic Light Scattering (DLS)

Self-assembled peptide nanostructures were analyzed by Transmission Electron Microscopy (TEM)
analysis. Transmission electron micrographs were obtained with a JEOL 3010-UHR TEM operating at an
accelerating voltage of 300.00 £V (JEOL, Tokyo, Japan). TEM samples were prepared by dissolving the
peptides at 0.1 mg/mL in water and drying them on a carbon-coated copper grid. The nominal
magnification used to record nanostructures were x500000 and x800000.

The size distribution profile of the self-assembled peptide was determined by dynamic light scattering
(DLS, Malvern Zetasizer, Worcestershire, UK). Samples were prepared at 4 mg/mL in 2 mM PBS (0.6
mM KH;POys, 1.6 mM K;HPOy4), pH 7.4. Measurements were performed after an equilibration time of 60
s which allowed samples to reach the temperature of 25°C.

Peptide mutagenesis
Systematic amino acid substitutions were performed using an in-house Python script. To identify which
variant could mimic the characteristics of DRI-Pep #20, we compared the ability of each peptide to adopt

6
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the same spatial arrangement and exhibit a similar surface charge distribution. The peptides from the
library were subsequently processed using Omega2 (OMEGA, version 4.1.0.2; OpenEye Scientific
Software: Santa Fe, NM) [10, 11], a software that creates a multi-conformer structure database capable of
reproducing biologically active conformations. The ROCS software (ROCS, version 3.4.1.2; OpenEye
Scientific Software: Santa Fe, NM) [12] was employed to conduct a shape-based overlay method, in which
molecules were aligned through a solid-body optimization process aimed at maximizing the volume
overlap between them. Subsequently, the peptides were re-ranked for similarity to DRI-Pep #20 based on
electrostatic properties using the EON program (EON, version 2.3.4.2; OpenEye Scientific Software:
Santa Fe, NM) [13]. The final score assigned to each peptide was based on a dual Tanimoto score, ranging
from 0 to 2, where a score of 2 signifies an exact match in both shape and electrostatics between the two
molecules. Peptides with the highest scores were considered for further analysis.

Protein structure prediction

The 3D structure of residues 1-45 of PKA-RIla was predicted using the Iterative Threading ASSEmbly
Refinement (I-TASSER) web server [14], an on-line platform that implements I-TASSER-based
algorithms for predictions of protein structure and function. Briefly, starting from the FASTA amino acid
sequence [-TASSER ran a three steps simulation, first threading it through a representative PDB structure
library to search for possible template folds or supersecondary-structure fragments, using a profile—profile
alignment-based threading algorithm. In the second step, the continuous fragments excised from the PDB
templates were reassembled into full-length models, while the unaligned regions were built by ab initio
modeling. Finally, the structure trajectories were clustered, and the lowest-energy structures selected, and
an all-atom model was constructed by REMO41 through optimization of the hydrogen-bonding network.
The five best models obtained by I-TASSER were subsequently evaluated based on their threading
template and predicted C-score. The model with the highest C-score of -0.22 and predicted using the NMR
structure of PKA-RIla as a threading template (PDB ID 2KYG) [15] was selected.

The 3D structure of PI3Ky was downloaded by AlphaFold [16] and validated by Root-Mean Square
Deviation (RMSD) alignment of all the atoms with the cryo—electron microscopy structure of the
heterodimeric PI3Ky complex, p110y-p101 (PDB ID 7MEZ) [17].

Peptide Structure Prediction

The structure of the peptides was predicted with PEP-FOLD3.5 [18], a de novo approach that predicts
peptide structures from amino acid sequences. Briefly, starting from the amino acid sequence, first a series
of 200 simulations was run, each one sampling a different region of the conformational space using the
Generator taboo-sampling 5 (ts5), recommended for peptides longer than 10 amino acids. The output was
an archive of clusters of all the models sorted out using the TM score followed by performing the Model
Quality assessment using Apollo [19]. The first five models, representing the five best conformation of
each cluster with the best scores defined according to the lowest SOPEP energy and the highest TM-score
value, were selected and further supported by RMSD. The RMDS of each model was compared to the
RMDS of residues 126-150 of the p110y structure, both the protein structure predicted by AlphaFold and
the crystal structure (PDB ID 7mez, RCSB database). Finally, the best structure of the peptide was
validated by visual analysis on PYMOL.

Docking studies

Docking studies were performed with the High Ambiguity Driven Biomolecular DOCKing (HADDOCK)
software. Briefly, starting from the PKA-RIla and peptide structures, the HADDOCK docking ran three
consecutive steps, first the molecules were randomly oriented, and a rigid-body search was performed
(it0). The output was an archive of 1000 models, among them the top 200 ranked structures were selected
based on the energy function and addressed to the semi-flexible simulated annealing stage performed in
torsion angle space (itl). In the third stage, the structures were refined in Cartesian space with explicit
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solvent layer (water) and subjected to a short molecular dynamic simulation at 300K. During the
refinement, both the side chain and backbone of interface residues were progressively allowed to move.
The final models were automatically clustered based on the positional interface ligand RMSD (iL-RMSD)
by fitting the conformational changes on the interface of the receptor (PKA-RIla) and on the interface of
the smaller partner (the peptides). Finally, the binding poses were assessed by the HADDOCK report and
the binding affinity was evaluated by the Optimal Hydrogen Bonding Network. The resulting best binding
pose was validated by visual analysis on PYMOL.

Statistical analysis

Data are presented as scatter plots with bars (means = SEM). Prism software (GraphPad Software Inc.)
was used for statistical analysis. Raw data were first analyzed to confirm their normal distribution via the
Shapiro-Wilk test and then analyzed by unpaired Student’s t test, one-way analysis of variance (ANOVA),
or two-way ANOVA. Bonferroni correction (one-way and two-way ANOVA) was applied to correct for
multiple comparisons. P<(0.05 was considered significant.

Results

DRI-Pep #20 is a PI3Ky/PKA disruptor with high binding affinity for PKA.

DRI-Pep #20 was obtained by synthesizing the all-D-retroinverso (DRI) form of a peptide linking the cell
penetrating peptide Penetratin 1 (P1) to the non-natural 5 amino acids sequence RHQGK, by means of a
glycine (G) linker (Fig. 1a). First, we determined the ability of DRI-Pep #20 to directly bind the PKA
regulatory subunit RIla (PKA-RIla), the PKA isoform that we previously demonstrated being specifically
bound by PI3Ky [20]. In vitro steady-state fluorescence spectroscopy experiments revealed that the
peptide could associate recombinant PKA-RIIa with high affinity, being the equilibrium dissociation
constant (Kp) in the nanomolar range (76 nM; Fig. 1b-c). Further fast kinetic studies showed that DRI-
Pep #20 rapidly associates to PKA-RIIa forming a relatively stable complex. The association rate constant
(Kon) in the order of 10 M!s™! indicated a quick assembly of the DRI-Pep #20/PKA-RIlo. complex, while
the moderate dissociation rate (Kofr) suggested a certain level of stability in the bound state (Fig. 1d and
Table 1). In agreement with the high affinity of DRI-Pep #20 to PKA-RIla, the peptide inhibited the
interaction between recombinant PI3Ky and PKA-RIIa up to 74%, and with an ICsp of 0.16 uM (Fig. le-
f). Next, we tested whether DRI-Pep #20 could disturb the anchoring of PKA by AKAPs other than PI3KYy.
The ability of the peptide to raise cAMP levels in PI3Ky-deficient cells was used as a proxy of its capacity
to interfere with other AKAP-based signalosomes [4]. We found that DRI-Pep #20 failed to raise cAMP
in cells that did not express its target PI3Ky, demonstrating that the peptide retained the selectivity for the
PI3Ky-directed pool of PKA, despite the high binding affinity for PKA-RIla (Fig. 1g). Overall, these data
identify DRI-Pep #20 as a potent and selective disruptor of the PI3Ky/PKA complex.

DRI-Pep #20 mimics the native interaction between PI3Ky and PKA-RIla.

Next, we sought to elucidate the determinants of the high-affinity interaction of DRI-Pep#20 with PKA-
RlIla. Predictions of the tridimensional structure of DRI-Pep #20 suggested the presence of an a-helix,
flanked by two uncoiled regions (Fig. 2a). The helical propensity of the peptide was confirmed by circular
dichroism analyses showing a double-peak signal, with a maximum at 200 nm which is typical for a-helix
structures, and a minimum in the 220-240 nm region which is characteristic for random-coil domains [21]
(Fig. 2b). In silico simulations of the binding of DRI-Pep #20 to the typical binding surface for AKAPs
(amino acids 1-45 of PKA-RIla) [2], revealed that 4 out of the 5 amino acids of the RHQGK sequence
(R-1, H-2, Q-3 and K-5) could form hydrogen bonds with partners in the PK A-RIla subunit (Fig. 2c, Fig.
Sla and Table S1). Systematic amino acid substitutions within the RHQGK sequence confirmed the
importance of positively charged and polar amino acids in position 3 and 4 for the interaction of DRI-Pep
#20 with PKA-RIIa. Indeed, peptide variants bearing hydrophobic residues in those positions had reduced
ability to disrupt the PI3Ky/PKA interaction, and thus to elevate cAMP in human bronchial epithelial cells
(16HBE140-), as compared to the parent sequence (Fig. S2a and Table S2). These observations suggested
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that a short amino acid sequence enriched in hydrophilic residues could form the backbone for the
anchoring of PKA by PI3Ky and prompted us to better characterize the native interaction between the N-
terminal domain of PI3Ky, which encompasses the putative PKA-binding motif [4, 20], and PKA-RIla.
In silico simulations of the binding between 120-160 PI3Ky and 1-45 PKA-RIla identified a region
enriched in hydrophilic amino acids, spanning from K-126 to R-130 (KATHR), that could maximally
interact with PKA. K-126, H-129 and R-130 were consistently found at the core of the interaction in all
of the possible binding poses between the two proteins (Fig. 3a and Fig. S3a) and were shown to form
hydrogen bonds mainly with T-18 and the Q-25 of PKA-RIla (Fig. 3a and Fig. S3b). Intriguingly, the
KATHR sequence phenocopied the complete PKA-binding motif of PI3Ky in raising cAMP in
16HBE14o0- cells (Fig. S4a and Table S3), indicating that the core of the interaction between PI3Ky and
PKA-RIla could reside within this region. In agreement, structural predictions and molecular docking
studies revealed that the KATHR peptide folded in an almost complete a-helical structure (Fig. 3b),
allowing the formation of hydrogen bonds between K-126, H-129 and R-130 and partners within 1-45
PKA-RIIa (Fig. 3c, Fig. S5 and Table S4).

Taken together, these results demonstrate that the non-natural peptide DRI-Pep #20 acts as a potent
PI3Ky/PKA disruptor by mimicking the core of the native interaction of PI3Ky with PKA-RIIa.

DRI-Pep #20 has favorable mucus permeability and protease resistance.

Next, we sought to determine to what extent DRI-Pep #20 could be used for targeting the native
PI3Ky/PKA complex in the lungs to modulate cAMP for therapeutic purposes. First, we assessed the
suitability for local delivery to the airways. Following intratracheal instillation (Fig. 4a), DRI-Pep #20
induced a dose-dependent increase in cAMP levels in the trachea and in the lungs of treated mice, with
an ECso of 8.06 ng/Kg and 11.78 ug/Kg, respectively (Fig. 4b-c). Of note, cardiac cAMP concentrations
were unchanged (Fig. 4d), suggesting that the peptide locally increased airway cAMP without systemic
effects at the tested dose.

Since the efficacy of inhaled therapies can be hampered by extracellular barriers imposed by diseased
lungs, including a thick layer of protease-rich mucus [22], we next sought to determine to what extent
DRI-Pep #20 could penetrate mucus layers and resist to protease degradation. DRI-Pep #20 penetrated
the phospholipid membrane in the PAMPA system (Fig. 5a) with an apparent permeability (Papp) of 1.88
x 107% cm s7! (Fig. 5b). Of note, the addition of pathological CF sputum on top of the phospholipid layer
(Fig. 5a) did not significantly affect the Papp of the peptide (Papp 2.55 x 10°¢ cm s™)(Fig. 5b). To verify
whether the favorable mucus permeability of DRI-Pep #20 could be ascribed to molecular dimensions
compatible with the mesh size of CF mucus [23], Transmission Electron Microscopy (TEM) and Dynamic
Light Scattering (DLS) assays were performed. TEM images showed that DRI-Pep #20 formed irregular
aggregates of 5-40 nm in size (Fig. 5¢), in agreement with the particle diameter of 10-20 nm retrieved by
DLS analysis (Fig. 5d).

Next, we tested whether DRI-Pep #20 retained the ability to elevate cAMP in pulmonary cells in the
presence of neutrophil elastase, the most abundant protease in the lungs of patients with neutrophilic
airway diseases, including but not limited to chronic obstructive pulmonary disease (COPD) and CF [24].
The ability of the peptide to raise cAMP in 16HBE410- cells was completely unaltered by the presence
of 3 pg/ml of recombinant human neutrophil elastase (HNE) (Fig. Se), a dose which was previously shown
to inactivate other therapeutic peptides [25]. Conversely, the cAMP elevating activity of the non-DRI
isoform, Pep #20, was reduced by 26% by means of HNE (Fig. 5e). Notably, the activity of the DRI
isoform was entirely preserved even in the presence of a 10-fold higher concentration of HNE (Fig. 5f),
an amount that is typically detected in the lungs of patients with severe bronchiectasis [24], which was in
line with the absence of any predicted cleavage sites by HNE (Fig. S4a). The observed resistance of DRI-
Pep #20 to degradation was confirmed in the presence of a more complex biological matrix containing
other proteases that could potentially cleave the peptide (Fig. S4b), that is CF sputum, where the DRI-Pep
#20 retained 72% of its biological activity (Fig. 5g).
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Taken together, these data demonstrate the ability of DRI-Pep #20 to elevate lung cell cAMP in the
presence of a hostile extracellular environment composed of a mucus barrier enriched in proteases, which
is typical of diseased lungs.

DRI-Pep #20 promotes cAMP-dependent activation of wild-type and F508del-CFTR in human
bronchial epithelial cells.

Next, we aimed to assess the extent to which DRI-Pep #20 could effectively restore cAMP levels and
consequently reactivate the function of CFTR, a cAMP-dependent chloride channel impaired in a range
of respiratory disease, including but not limited to COPD and CF [26]. First, we assessed the ability of
the peptide to stimulate the activity of the wild-type channel in 16HBE1410- cells expressing the halide-
sensitive yellow fluorescent protein (HS-YFP) (Fig. 6b), which allows quantifying CFTR activity based
on the fluorescence quenching rate elicited by an iodide influx [27]. DRI-Pep #20 induced a 60%
reduction in YFP fluorescence, which was completely prevented by co-application of the CFTR inhibitor,
CFTRinn-172 (Fig. 6b), demonstrating selective activation of CFTR channels. Dose-response experiments
revealed an ECso of 20 pM (Fig. 6¢) and demonstrated that 25 pM DRI-Pep #20 was as effective as 10
uM forskolin, the adenylyl cyclase activator, in triggering CFTR gating in 16HBE1410- cells (Fig. 6d).
Further, we evaluated to what degree DRI-Pep #20 could reinstate the activity of F508del-CFTR in
combination with the standard of care, including two CFTR correctors (Elexacaftor/Tezacaftor) and one
CFTR potentiator (Ivacaftor), that partially rescue the trafficking and gating defects of the mutant channel,
respectively [28]. In cystic fibrosis bronchial epithelial cells overexpressing the F508del-CFTR mutant
and the HS-YFP, Elexacaftor/Tezacaftor/Ivacaftor (ETI) produced a YFP quenching of 50%, which was
further decreased down to 25% when DRI-Pep #20 was added together with ETI (Fig. 6¢).

Hence, these data support the use of DRI-Pep #20 as a single agent or as an-add on to CFTR modulators,
to therapeutically stimulate the activity of wild-type and F508del-CFTR, respectively.

Discussion

Our study identifies a non-natural peptide that functions as a selective and potent disruptor of the
PI3Ky/PKA-RIIa complex. This peptide, named DRI-Pep #20, serves as an effective tool to study PKA
anchoring and manipulate cAMP/PKA signaling for therapeutic purposes.

Our structural predictions and molecular docking studies indicate that DRI-Pep #20 operates similarly to
other AKAP disruptor peptides by mimicking the typical a-helical structure through which AKAPs bind
PKA [29]. In addition, our results support previous research showing that, within this a-helix, the presence
of polar and positively charged amino acids is crucial for the binding between the scaffold and the kinase
[29]. In contrast to other AKAP disruptors, DRI-Pep #20 uniquely interferes with the binding between
PKA and PI3KYy, without affecting PKA pools anchored by other AKAPs. This specificity is attributed to
our earlier observation that the PKA-anchoring sequence of PI3Ky diverges from that of classical AKAPs
[4, 20]. While our previous report pinpointed amino acids 126-150 as the PKA-anchoring sequence of
PI3Ky [4, 20], the critical residues for the interaction remained elusive, partly due to the lack of the
crystallographic structure of the PI3Ky N-terminal domain. In this study, our ir silico characterization of
the high-affinity interaction of DRI-Pep #20 with PKA-RIla sheds light on the native association between
PI3Ky and PKA. Our computational modeling demonstrates that the KATHR sequence, encompassing
amino acids 126-130 of the N-terminal of PI3KYy, plays a central role in guiding the interaction with PKA.
Like DRI-Pep #20, the KATHR peptide can adopt an a-helical conformation, establishing hydrogen bonds
with partner amino acids within PKA-RIla, mainly through K-126, H-129 and R-130. Despite structural
similarities, DRI-Pep #20 exhibits a significantly higher affinity for PKA compared to the native PKA-
docking domain of PI3Ky, with a Kp value that is 100 folds lower than that obtained with the 126-150
region [20]. This discrepancy raises questions about why nature selected a PI3Ky sequence with low
affinity for PKA. It is plausible that, in physiological conditions, the binding between the two proteins
needs to be sufficiently weak to allow PI3Ky to easily leave the complex, thereby interrupting PKA-
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mediated activation of PDEs, when necessary. This could serve as a protective mechanism against an
excessive reduction of cellular cAMP below a critical level.

While the high binding affinity of DRI-Pep #20 to PKA-RIla can be attributed to the numerous hydrogen
bonds that this non-natural sequence can form with the kinase, its high proteolytic stability is a direct
consequence of the presence of D-amino acids, which are not recognized by proteases [30]. The
incorporation of non-natural D-amino acids in a retro-reversed sequence, as in DRI-Pep #20, aims to
obtain molecules with the same structure as the parent L-peptides, but with new chemical properties, such
as increased half-life and resistance to proteolytic degradation, which potentially improve their in vivo
potency [31]. These chemical features, and above all the high stability and target affinity, position DRI-
Pep #20 as an ideal candidate for therapeutic cAMP modulation in vivo. Chronic respiratory diseases,
where the PI3Ky-PKA complex serves as a central signaling hub to multiple airway cell functions, like
smooth muscle relaxation, epithelial ion transport and neutrophil infiltration [4], could significantly
benefit from a treatment with DRI-Pep #20. We provide evidence that DRI-Pep #20 preserves its
biological activity in the presence of human neutrophil elastase and after local delivery in the airways in
mice. These observations support the potential use of this peptide for achieving therapeutically relevant
cAMP elevation in highly inflamed lungs. This is of particular relevance in a range of airway diseases,
including COPD, certain forms of asthma, non-CF bronchiectasis (NCFB), and even in patients with CF
who may still experience airway inflammation despite highly effective modulator therapies (HEMT)
targeting the basic genetic defect of the disease [32, 33].

In addition to proteases associated with inflammation, another challenge posed by diseased lungs is the
thick mucus layer covering respiratory epithelia [22]. Especially in patients with CF and NCFB, mucus
may reduce the bioavailability of inhaled therapeutics decreasing their overall efficacy. Our assays
exploiting patient-derived sputum as a proxy of CF mucus revealed that DRI-Pep #20 is not significantly
affected by the barrier activity of mucus. Moreover, in spite of being a relatively large molecule (i.e., MW
> 2000 g/mol), DRI-Pep #20 is well below the mesh size of the pathological mucus. TEM and DLS
analyses indicate that the peptide can form aggregates of 20 nm in size, which could freely diffuse through
the 100-1000 nm meshes of the network of bundled fibers that are typically formed by biopolymers in the
CF mucus and that are filled with a low viscosity fluid [34].

These observations imply that, in diseased lungs, relevant doses of DRI-Pep #20 could reach the
underlying epithelial cells wherein targeting the PI3Ky/PKA complex is anticipated to boost CFTR
activity [4]. Our data indicates that in CF bronchial epithelial cells DRI-Pep #20 enhances the effects of
the standard combination of CFTR modulators, Elexacaftor/Tezacaftor/Ivacaftor, in rescuing the activity
of the most common CFTR mutant, F508del. These findings carry significant clinical implications,
especially in light of recent studies demonstrating that CFTR potentiators and correctors only partially
restore the function of mutant channels, achieving up to 60% the wild-type CFTR levels [35-37].
Consequently, CF patients treated with HEMT may still experience residual mucus dysfunction, airway
infection and inflammation [32, 33, 38] and could significantly benefit from the ability of DRI-Pep #20
to maximize the clinical efficacy of the standard-of-care. In addition, our observation that the peptide
itself activates the wild-type form of the CFTR channel supports the prospect of extending the use of DRI-
Pep #20 to treat a range of non-genetic conditions characterized by acquired CFTR dysfunction, including
COPD, non-atopic asthma, and NCFB [26].

In summary, our study identified a non-natural peptide that targets the AKAP function of PI3Ky, with
unprecedented target binding affinity and potency. Due to its resistance to proteases and its ability to
penetrate airway mucus, DRI-Pep #20 holds promise for achieving therapeutic cAMP elevation in chronic
respiratory disorders where mucus accumulation and inflammatory remodeling still result in a highly
unmet medical need. Although DRI peptides have been shown to be well tolerated and therapeutically
effective in clinical trials [39], further preclinical testing in rodents and non-rodents is necessary to
establish the feasibility of an inhaled therapy based on DRI-Pep #20 for human use.

References

11



O J oy U b WN

AUV IO IUTUITUTUTD D DSBS ESEDEDWWWWWWWWWWNNNRNNNNOMNNOMNNREERRRERBP R PR
O WNRPRPOWOJINUEWNRP,OWO-JIAUBEWNRFR,OWVWOJIANTBEWNRPR,OWO-JIANUTEWNRE OW®D-Jo U WN P O W

>

10.

11.

12.

13.

14.

15.

16.

17.

Zaccolo, M., A. Zerio and M.J. Lobo, Subcellular Organization of the cAMP Signaling Pathway.
Pharmacol Rev, (2021). 73: 278-309.10.1124/pharmrev.120.000086

Omar, M.H. and J.D. Scott, AKAP Signaling Islands: Venues for Precision Pharmacology. Trends
Pharmacol Sci, (2020). 41: 933-946.10.1016/j.tips.2020.09.007

Murabito, A., S. Cnudde, E. Hirsch and A. Ghigo, Potential therapeutic applications of AKAP
disrupting peptides. CLINICAL SCIENCE, (2020). 134.10.1042/cs20201244

Ghigo, A., A. Murabito, V. Sala, A.R. Pisano, S. Bertolini, A. Gianotti, E. Caci, A. Montresor, A.
Premchandar, F. Pirozzi, K. Ren, A. Della Sala, M. Mergiotti, W. Richter, E. de Poel, M. Matthey,
S. Caldrer, R.A. Cardone, F. Civiletti, et al., 4 PI3Kgamma mimetic peptide triggers CFTR gating,
bronchodilation, and reduced inflammation in obstructive airway diseases. Sci Transl Med,
(2022). 14: eabl6328.10.1126/scitranslmed.abl6328

Oriano, M., L. Terranova, G. Sotgiu, L. Saderi, A. Bellofiore, M. Retucci, C. Marotta, A.
Gramegna, D. Miglietta, C. Carnini, P. Marchisio, J.D. Chalmers, S. Aliberti, and F. Blasi,
Evaluation of active neutrophil elastase in sputum of bronchiectasis and cystic fibrosis patients:
A comparison among different techniques. Pulm Pharmacol Ther, (2019). 59:
101856.10.1016/j.pupt.2019.101856

Butnarasu, C., G. Caron, D.P. Pacheco, P. Petrini and S. Visentin, Cystic Fibrosis Mucus Model
to Design More Efficient Drug Therapies. Mol Pharm, (2022). 19: 520-
531.10.1021/acs.molpharmaceut.1c00644

Sharifian Gh, M., Recent Experimental Developments in Studying Passive Membrane Transport
of Drug Molecules. Mol Pharm, (2021). 18: 2122-2141.10.1021/acs.molpharmaceut.1c00009
Hermanson, G.T., Bioconjugate Techniques. 2008.

Louis-Jeune, C., M.A. Andrade-Navarro and C. Perez-Iratxeta, Prediction of protein secondary
structure from circular dichroism using theoretically derived spectra. Proteins, (2012). 80: 374-
81.10.1002/prot.23188

Hawkins, P.C. and A. Nicholls, Conformer generation with OMEGA: learning from the data set
and the analysis of failures. ] Chem Inf Model, (2012). 52: 2919-36.10.1021/ci3003 14k
Hawkins, P.C., A.G. Skillman, G.L. Warren, B.A. Ellingson and M.T. Stahl, Conformer
generation with OMEGA: algorithm and validation using high quality structures from the Protein
Databank and Cambridge Structural Database. J Chem Inf Model, (2010). 50: 572-
84.10.1021/ci100031x

Hawkins, P.C., A.G. Skillman and A. Nicholls, Comparison of shape-matching and docking as
virtual screening tools. ] Med Chem, (2007). 50: 74-82.10.1021/jm0603365

Muchmore, S.W., A.J. Souers and I. Akritopoulou-Zanze, The use of three-dimensional shape and
electrostatic similarity searching in the identification of a melanin-concentrating hormone
receptor 1 antagonist. Chem Biol Drug Des, (2006). 67: 174-6.10.1111/1.1747-
0285.2006.00341.x

Yang, J., R. Yan, A. Roy, D. Xu, J. Poisson and Y. Zhang, The I-TASSER Suite: protein structure
and function prediction. Nat Methods, (2015). 12: 7-8.10.1038/nmeth.3213

Corpora, T., L. Roudaia, Z.M. Oo, W. Chen, E. Manuylova, X. Cai, M.J. Chen, T. Cierpicki, N.A.
Speck, and J.H. Bushweller, Structure of the AMLI-ETO NHR3-PKA(RIlalpha) complex and its
contribution to AMLI-ETO activity. ] Mol Biol, (2010). 402: 560-77.10.1016/j.jmb.2010.08.007
Jumper, J., R. Evans, A. Pritzel, T. Green, M. Figurnov, O. Ronneberger, K. Tunyasuvunakool,
R. Bates, A. Zidek, A. Potapenko, A. Bridgland, C. Meyer, S.A.A. Kohl, A.J. Ballard, A. Cowie,
B. Romera-Paredes, S. Nikolov, R. Jain, J. Adler, et al., Highly accurate protein structure
prediction with AlphaFold. Nature, (2021). 596: 583-589.10.1038/s41586-021-03819-2
Rathinaswamy, M.K., U. Dalwadi, K.D. Fleming, C. Adams, J.T.B. Stariha, E. Pardon, M. Baek,
O. Vadas, F. DiMaio, J. Steyaert, S.D. Hansen, C.K. Yip, and J.E. Burke, Structure of the
phosphoinositide 3-kinase (PI3K) pl10gamma-pl01 complex reveals molecular mechanism of
GPCR activation. Sci Adv, (2021). 7.10.1126/sciadv.abj4282

12



O J oy U b WN

AUV IO IUTUITUTUTD D DSBS ESEDEDWWWWWWWWWWNNNRNNNNOMNNOMNNREERRRERBP R PR
O WNRPRPOWOJINUEWNRP,OWO-JIAUBEWNRFR,OWVWOJIANTBEWNRPR,OWO-JIANUTEWNRE OW®D-Jo U WN P O W

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Lamiable, A., P. Thevenet, J. Rey, M. Vavrusa, P. Derreumaux and P. Tuffery, PEP-FOLD3:
faster de novo structure prediction for linear peptides in solution and in complex. Nucleic Acids
Res, (2016). 44: W449-54.10.1093/nar/gkw329

Wang, Z., J. Eickholt and J. Cheng, APOLLO: a quality assessment service for single and multiple
protein models. Bioinformatics, (2011). 27: 1715-6.10.1093/bioinformatics/btr268

Perino, A., A. Ghigo, E. Ferrero, F. Morello, G. Santulli, G. Baillie, F. Damilano, A. Dunlop, C.
Pawson, R. Walser, R. Levi, F. Altruda, L. Silengo, L. Langeberg, G. Neubauer, S. Heymans, G.
Lembo, M. Wymann, R. Wetzker, et al., Integrating Cardiac PIP(3) and cAMP Signaling through
a PKA  Anchoring  Function of pll0y. MOLECULAR  CELL, (2011).
42.10.1016/j.molcel.2011.01.030

Lopes, J.L., A.J. Miles, L. Whitmore and B.A. Wallace, Distinct circular dichroism spectroscopic
signatures of polyproline Il and unorvdered secondary structures: applications in secondary
structure analyses. Protein Sci, (2014). 23: 1765-72.10.1002/pro.2558

d'Angelo, 1., C. Conte, M.I. La Rotonda, A. Miro, F. Quaglia and F. Ungaro, Improving the efficacy
of inhaled drugs in cystic fibrosis: challenges and emerging drug delivery strategies. Adv Drug
Deliv Rev, (2014). 75: 92-111.10.1016/j.addr.2014.05.008

Boegh, M. and H.M. Nielsen, Mucus as a barrier to drug delivery - understanding and mimicking
the barrier properties. Basic Clin Pharmacol Toxicol, (2015). 116: 179-86.10.1111/bcpt.12342
Gramegna, A., F. Amati, L. Terranova, G. Sotgiu, P. Tarsia, D. Miglietta, M.A. Calderazzo, S.
Aliberti, and F. Blasi, Neutrophil elastase in bronchiectasis. Respir Res, (2017). 18:
211.10.1186/s12931-017-0691-x

Hobbs, C.A., M.G. Blanchard, O. Alijevic, C.D. Tan, S. Kellenberger, S. Bencharit, R. Cao, M.
Kesimer, W.G. Walton, A.G. Henderson, M.R. Redinbo, M.J. Stutts, and R. Tarran, Identification
of the SPLUNC1 ENaC-inhibitory domain yields novel strategies to treat sodium hyperabsorption
in cystic fibrosis airway epithelial cultures. Am J Physiol Lung Cell Mol Physiol, (2013). 305:
L990-L.1001.10.1152/ajplung.00103.2013

Mall, M.A., G.J. Criner, M. Miravitlles, S.M. Rowe, C.F. Vogelmeier, D.J. Rowlands, M.
Schoenberger, and P. Altman, Cystic fibrosis transmembrane conductance regulator in COPD: a
role in respiratory epithelium and beyond. Eur Respir J, (2023). 61.10.1183/13993003.01307-
2022

Parodi, A., G. Righetti, E. Pesce, A. Salis, V. Tomati, C. Pastorino, B. Tasso, M. Benvenuti, G.
Damonte, N. Pedemonte, E. Cichero, and E. Millo, Journey on VX-809-Based Hybrid Derivatives
towards Drug-like F508del-CFTR Correctors: From Molecular Modeling to Chemical Synthesis
and Biological Assays. Pharmaceuticals (Basel), (2022). 15.10.3390/ph15030274

Mall, M.A., N. Mayer-Hamblett and S.M. Rowe, Cystic Fibrosis: Emergence of Highly Effective
Targeted Therapeutics and Potential Clinical Implications. Am J Respir Crit Care Med, (2020).
201: 1193-1208.10.1164/rccm.201910-1943SO

Byrne, D.P., M.H. Omar, E.J. Kennedy, P.A. Eyers and J.D. Scott, Biochemical Analysis of AKAP-
Anchored PKA Signaling Complexes. Methods Mol Biol, (2022). 2483: 297-317.10.1007/978-1-
0716-2245-2 19

Veine, D.M., H. Yao, D.R. Stafford, K.S. Fay and D.L. Livant, 4 D-amino acid containing peptide
as a potent, noncovalent inhibitor of alpha5betal integrin in human prostate cancer invasion and
lung colonization. Clin Exp Metastasis, (2014). 31: 379-93.10.1007/s10585-013-9634-1

Garton, M., S. Nim, T.A. Stone, K.E. Wang, C.M. Deber and P.M. Kim, Method to generate highly
stable D-amino acid analogs of bioactive helical peptides using a mirror image of the entire PDB.
Proc Natl Acad Sci U S A, (2018). 115: 1505-1510.10.1073/pnas. 1711837115

Casey, M., C. Gabillard-Lefort, O.F. McElvaney, O.J. McElvaney, T. Carroll, R.C. Heeney, C.
Gunaratnam, E.P. Reeves, M.P. Murphy, and N.G. McElvaney, Effect of
elexacaftor/tezacaftor/ivacaftor on airway and systemic inflammation in cystic fibrosis. Thorax,
(2023). 78: 835-839.10.1136/thorax-2022-219943

13



O J oy U b WN

AUV IO IUTUITUTUTD D DSBS ESEDEDWWWWWWWWWWNNNRNNNNOMNNOMNNREERRRERBP R PR
O WNRPRPOWOJINUEWNRP,OWO-JIAUBEWNRFR,OWVWOJIANTBEWNRPR,OWO-JIANUTEWNRE OW®D-Jo U WN P O W

33. Schaupp, L., A. Addante, M. Voller, K. Fentker, A. Kuppe, M. Bardua, J. Duerr, L. Pichler, J.
Rohmel, S. Thee, M. Kirchner, M. Ziehm, D. Lauster, R. Haag, M. Gradzielski, M. Stahl, P.
Mertins, S. Boutin, S.Y. Graeber, et al., Longitudinal effects of elexacaftor/tezacaftor/ivacaftor on
sputum viscoelastic properties, airway infection and inflammation in patients with cystic fibrosis.
Eur Respir J, (2023). 62.10.1183/13993003.02153-2022

34.  Ibrahim, B.M., S. Park, B. Han and Y. Yeo, 4 strategy to deliver genes to cystic fibrosis lungs.: a
battle with environment. J Control Release, (2011). 155: 289-95.10.1016/j.jconrel.2011.07.039

35. Capurro, V., V. Tomati, E. Sondo, M. Renda, A. Borrelli, C. Pastorino, D. Guidone, A. Venturini,
A. Giraudo, S. Mandrup Bertozzi, I. Musante, F. Bertozzi, T. Bandiera, F. Zara, L.J.V. Galietta,
and N. Pedemonte, Partial Rescue of F508del-CFTR Stability and Trafficking Defects by Double
Corrector Treatment. Int J Mol Sci, (2021). 22.10.3390/ijms22105262

36. Graeber, S.Y., C. Vitzthum, S.T. Pallenberg, L. Naehrlich, M. Stahl, A. Rohrbach, M. Drescher,
R. Minso, F.C. Ringshausen, C. Rueckes-Nilges, J. Klajda, J. Berges, Y. Yu, H. Scheuermann, S.
Hirtz, O. Sommerburg, A.M. Dittrich, B. Tummler, and M.A. Mall, Effects of
Elexacafior/Tezacaftor/Ivacaftor Therapy on CFTR Function in Patients with Cystic Fibrosis and
One or Two F508del Alleles. Am J Respir Crit Care Med, (2022). 205: 540-
549.10.1164/rccm.202110-22490C

37. Veit, G., A. Roldan, M.A. Hancock, D.F. Da Fonte, H. Xu, M. Hussein, S. Frenkiel, E. Matouk,
T. Velkov, and G.L. Lukacs, Allosteric folding correction of F508del and rare CFTR mutants by
elexacaftor-tezacaftor-ivacaftor (Trikafta) combination. JCI Insight, (2020).
5.10.1172/jci.insight.139983

38. Nichols, D.P., S.J. Morgan, M. Skalland, A.T. Vo, J.M. Van Dalfsen, S.B. Singh, W. Ni, L.R.
Hoffman, K. McGeer, S.L. Heltshe, J.P. Clancy, S.M. Rowe, P. Jorth, P.K. Singh, and P.R.-M.S.
Group, Pharmacologic improvement of CFTR function rapidly decreases sputum pathogen
density, but lung infections generally persist. J Clin Invest, (2023). 133.10.1172/JCI167957

39. Wang, L., N. Wang, W. Zhang, X. Cheng, Z. Yan, G. Shao, X. Wang, R. Wang, and C. Fu,
Therapeutic peptides: current applications and future directions. Signal Transduct Target Ther,
(2022). 7: 48.10.1038/s41392-022-00904-4

Statements and Declarations

Funding

This work was supported by research grants from Cariplo Foundation (#2018-0498 to E.H.), Roche
Foundation (Bando Roche per la Ricerca 2019 to A.G.), Compagnia di San Paolo (CSTO161109 to E.H.),
Telethon Foundation (GGP20079 to A.G.), Research Grant Ministero della Salute, Italy (RC 2023/260-
01 to F.B.), Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico Milano, Regione Lombardia
Cystic Fibrosis Funding 2022 (Cod. 18563 Capitolo 13.01.1 to F.B.) and PRIN 2022 (2022WHSCL3 to
S.A., F.B. and E.H.).

Competing Interests
Alessandra Ghigo and Emilio Hisch are cofounders and shareholders of Kither Biotech Srl. Valentina
Sala and Laura Tasca are employees of Kither Biotech Srl. All other authors report no conflict.

Author Contributions

Alessandra Ghigo and Angela Della Sala conceived and designed the overall study. Angela Della Sala.
carried out the core of the experiments and analyzed the data. Laura Tasca performed structure prediction
and docking studies. Cosmin Stefan Butnarasu measured peptides binding kinetic constants and
permeability in PAMPA assays. Alberto Massarotti designed DRI-Pep #20 peptide variants. Valentina
Sala, Giulia Prono, Alessandra Murabito, Enrico Millo, Leonardo Terranova, Francesco Blasi, Andrea
Gramegna, Stefano Aliberti, Sonja Visentin, Emilio Hirsch provided advice on the interpretation of data.

14



O J oy U b WN

WwWwwwwwdhhhNdNDNDNdNDNdNNNNNRERFRRRRERRR P
ONUIT D WNREPOWO-JOU D WNRE OWOJoU W EFE O W

37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

Angela Della Sala and Alessandra Ghigo wrote the manuscript with input from coauthors. All authors
reviewed and approved the final manuscript.

Data Availability
All data associated with this study are available in the paper or the Supplementary Information.

Ethics approval

All animal experiments conducted in this study were approved by the animal ethical committee of the
University of Torino and by the Italian Ministry of Health (Authorization n°757/2016-PR). Spontaneous
expectorated sputum samples from CF patients in stable clinical conditions were collected at the
Bronchiectasis and Cystic Fibrosis Programs of the Respiratory Department of Fondazione IRCCS Ca’
Granda Ospedale Maggiore Policlinico in Milan (Italy). The patients signed an express, free and informed,
consent to the collection and use of their biological samples. The study protocol was approved by local
institutional review boards (594 2016bis).

Tables
Table 1. Binding kinetics of the interaction between DRI-Pep #20 and PKA-RIla.

Steady- state Kinetic
experiment experiment
kon (10°M1 s - 1.5
Kofr (1072 s71) - 7.2
Ka (10"M™) 1.3 2.0
Kp (108 M) 7.6 4.9
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Legends

Figure 1. DRI-Pep #20 is a potent PI3Ky/PKA disruptor peptide.

a) Chemical structure of DRI-Pep #20. The amino acid sequence of DRI-Pep #20 comprises the cell
penetrating peptide Penetratin 1 (P1), a glycine (G) linker and the non-natural sequence RHQGK, wherein
each amino acid is a D-amino acid. b) Schematic representation of the fluorescence spectroscopy assays
for the characterization of the interaction between DRI-Pep #20 and the recombinant fluorescein 5-
maleimide—labeled PKA-RIlo (PKA-F5M). ¢) Steady-state emission spectra of PKA-F5M in the presence
of increasing concentrations of DRI-Pep #20 (0 to 20 uM). Kp: dissociation constant. AU, arbitrary units.
Inset, non-linear fitting of the fluorescence intensity maxima obtained at various concentrations of DRI-
Pep #20 for the monitoring of bio-labeled PKA. Ka: association constant. d) For kinetic analysis,
fluorescence spectra of PKA-F5M in the presence of increasing concentrations of DRI-Pep #20 (0 to 5
uM) were analyzed and fitted to a single exponential function to obtain the observed rate constant (kpps).
The binding of DRI-Pep #20 to bio-labeled PKA was investigated under pseudo-first-order conditions,
and the kinetic constants, k,,, and kq; were determined. e) Schematic representation of the displacement

assay between DRI-Pep #20 and the PI3Ky/PKA-F5M complex. f) Percentage displacement of the
PI3Ky/PKA-RIla. complex by DRI-Pep #20, calculated from steady-state emission spectra of the
PI3Ky/PKA-F5M complex in the presence of increasing concentrations of DRI-Pep #20 (0 to 5 uM). The
displacement efficiency was expressed as percentage of the binding between PI3Ky and PKA-F5M
relative to that in the absence of DRI-Pep #20. g) cAMP concentrations in peritoneal macrophages from
wild-type (WT, in green) and PI3Ky” mice (in grey) treated with 10-25 uM DRI-Pep #20 for 30 min. The
amount of cAMP was expressed as percentage of cCAMP accumulation observed in untreated PI3Ky™
cells. n>6 technical replicates from N>3 independent experiments. ***P<0.001 WT versus PI3Ky”" by
one-way ANOVA, followed by Bonferroni’s post hoc test. Data are means + SEM.

Figure 2. Structural prediction of the binding between DRI-Pep #20 and PKA-RIla.

a) DRI-Pep #20 structure prediction by PEP-FOLD?3.5. P1-G and RHQGK domains are shown as cartoons
in grey and red, respectively. R-1, H-2, Q-3 and K-5 residues are indicated and shown as sticks. b) Circular
dichroism spectra of DRI-Pep #20 showing a peak at 190-240 nm. The percentage of a-helical and [3-
sheet secondary structures calculated by the K2D3 software are indicated. ¢) Molecular docking
simulation of the interaction between DRI-Pep #20 and PKA by HADDOCK 2.4. The docked pose of
DRI-Pep #20 in complex with residues 1-45 of PKA-RIla (cartoon in green) is shown. The key residues
involved in the binding are indicated and shown as sticks, with DRI-Pep #20 residues in bold. Hydrogen
bonds between DRI-Pep #20 and PKA-RIla are indicated by yellow dashed lines. In a and ¢, the structural
models were developed using PyMOL.

Figure 3. Structural prediction of the native binding between the N-terminal domain of PI3Ky and
PKA-RIla.

a) Molecular docking simulation of the interaction between PI3Ky and PKA-RIla by HADDOCK 2.4.
The docked pose of residues 120-160 of PI3Ky (cyan cartoon) in complex with residues 1-45 of PKA-
RlIla (green cartoon) is shown. The amino acids critical for the binding between the two proteins are
shown and indicated as sticks, with the residues of PI3Ky in bold. The region of PI3KYy at the core of the
interaction (KATHR) is shown in orange. Hydrogen bonds between PI3Ky and PKA-RIIa are indicated
by yellow dashed lines. b) Structural prediction of the KATHR sequence by PEP-FOLD3.5. KATHR and
P1-G domains are shown as cartoons in orange and grey, respectively. K-1, H-4 and R-5 residues of PI3Ky
are indicated and shown as sticks. ¢) Molecular docking simulation of the interaction between KATHR
and PKA by HADDOCK 2.4. The docked pose of KATHR in complex with residues 1-45 of PKA Rlla
(cartoon in green) is shown. Yellow dashed lines indicate hydrogen bonds between KATHR and 1-45
PKA-RIIo. The amino acids critical for the binding are indicated and shown as sticks, with KATHR
residues in bold. Throughout, the structural models were developed using PyMOL.
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Figure 4. DRI-Pep #20 increases cAMP levels locally in vivo in the airway tract of mice.

a) Schematic representation of the treatment schedule. BALB/c mice received DRI-Pep #20 through
intratracheal (i.t.) instillation. (b-d) cAMP concentrations in tracheas (b), lungs (¢) and hearts (d) from
BALB/c mice 24 hours after i.t. instillation of different doses of DRI-Pep #20 (0 to 750 mg/kg). Values
in brackets indicate the dose of DRI-Pep #20 expressed as mg/kg. The number of mice (n) ranged from 3
to 6 per group. ECso, median effective concentration. In a) and b), *P< 0.05, **P < 0.01, and ***P <
0.001 by one-way ANOVA, followed by Bonferroni’s post hoc test. Throughout, data are means = SEM.

Figure 5. DRI-Pep #20 can penetrate pathological mucus and resist protease degradation.

a) Schematic representation of the Parallel Artificial Membrane Permeability Assay (PAMPA) with and
without cystic fibrosis (CF) sputum deposition on top of the artificial lipid membrane (PM). b) Apparent
permeability (Papp) measurements of DRI-Pep #20 (2 mg/mL), in the absence (green box) and in the
presence (blue box) of CF sputum. The green dashed line indicates the threshold Papyp for high-medium
permeable compounds (4x10° cm s), while the red dashed line defines the limit for medium-low
permeable molecules (1x10° cm sT). ns: non-significant by Student’s t test. ¢) Representative
Transmission Electron Microscopy (TEM) images of DRI-Pep #20 (0.1 mg/mL in water). Scale bar: 20
nm. d) Size distribution profile of DRI-Pep #20 (4 mg/mL in 2 mM PBS) obtained by dynamic light
scattering (DLS) analysis. e-f) cAMP concentrations in 16HBE140- cells treated with the DRI-Pep #20
and Pep #20 (25 pM for 30 min) in the absence (green bars) and in the presence (gray bars) of either 3
pg/ml (d) or 20 pg/ml (e) human neutrophil elastase (HNE). The amount of cAMP was expressed as
percentage of cAMP accumulation elicited by Pep #20 without HNE. Dashed lines indicate the amount
of cAMP (%) induced by Pep #20 with HNE as a reference. n>6 technical replicates from N>3
independent experiments. ¥*P<0.05 and **P<0.01 by one-way ANOVA, followed by Bonferroni’s post
hoc test. ns: non-significant. g) cAMP elevation in 16HBE140- cells covered with a layer of CF sputum
and then treated with 25 pM DRI-Pep #20 for 30 min and 1 hour. The amount of cAMP was expressed as
percentage of cAMP accumulation elicited by DRI-Pep #20 in the absence of sputum at 30 min. **P<0.01
and ***P<(.001 versus DRI-Pep #20 without sputum by two-way ANOVA test, followed by Bonferroni's
post-hoc analysis. n>6 technical replicates from N>3 independent experiments. Throughout, data are
means + SEM.

Figure 6. DRI-Pep #20 modulates wild-type and F508del-CFTR activity.

a) Schematic representation of CFTR activity measurement through the Premo™ Halide Sensor assay. b)
Average fluorescence quenching traces of 16HBE140- cells expressing the halide-sensitive yellow
fluorescent protein (HS-YFP) and treated with either 25 uM DRI-Pep #20 or equimolar amount of the
control peptide P1 for 30 min before addition of Premo Halide stimulus buffer. Fluorescence was
continuously read (1 point per second) starting at 1 s before addition of the buffer and up to 120 s. The
CFTR inhibitor CFTRim-172 (10 uM for 5 min) was used to evaluate the selective activation of the CFTR
channel. ¢) CFTR activity (expressed as the change in fluorescence AF/F0) in response to 30-min
stimulation with increasing concentrations of DRI-Pep #20 (31.6 nM to 316 mM) in 16HBE14o0- cells
expressing HS-YFP. To determine the ECso, nonlinear regression analysis was used. d) CFTR activity
(expressed as the change in fluorescence AF/F0) in 16HBE14o0- cells expressing HS-YFP and treated with
10-25 uM DRI-Pep #20 for 30 min in the absence or in the presence of the CFTR inhibitor CFTRnn-172
(10 uM for 5 min). The adenylyl cyclase activator, forskolin (FSK), was used as a positive control (100
nM for 5 min), while P1 was used as a negative control (25 uM for 30 min). UT: untreated cells. €) CFTR
activity in  F508del-CFTR-CFBE41o- cells expressing HS-YFP and treated with
Elexacaftor/Tezacaftor/Ivacaftor alone (ETI) or together with DRI-Pep #20. Cells were corrected with
Elexacaftor (3 uM) and Tezacaftor (10 uM) for 24 hours and then exposed acutely to Ivacaftor (1 uM)
for 30 min, alone (ETI) or together with 25 pM DRI-Pep #20. The CFTR inhibitor CFTRisn-172 was used
as in (b). UT: untreated cells. In (b) and (e), n>3 technical replicates from N>3 independent experiments.
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LUNG DISEASE

A PI3Ky mimetic peptide triggers CFTR gating,
bronchodilation, and reduced inflammation
in obstructive airway diseases
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Cyclic adenosine 3',5-monophosphate (cAMP)-elevating agents, such as B,-adrenergic receptor (,-AR) agonists
and phosphodiesterase (PDE) inhibitors, remain a mainstay in the treatment of obstructive respiratory diseases,
conditions characterized by airway constriction, inflammation, and mucus hypersecretion. However, their clinical
use is limited by unwanted side effects because of unrestricted cAMP elevation in the airways and in distant organs.
Here, we identified the A-kinase anchoring protein phosphoinositide 3-kinase vy (PI3Ky) as a critical regulator of a
discrete cAMP signaling microdomain activated by B,-ARs in airway structural and inflammatory cells. Displace-
ment of the PI3Ky-anchored pool of protein kinase A (PKA) by an inhaled, cell-permeable, PI3Ky mimetic peptide
(P13Ky MP) inhibited a pool of subcortical PDE4B and PDE4D and safely increased cAMP in the lungs, leading to
airway smooth muscle relaxation and reduced neutrophil infiltration in a murine model of asthma. In human bronchial
epithelial cells, PI3Ky MP induced unexpected cAMP and PKA elevations restricted to the vicinity of the cystic fibrosis
transmembrane conductance regulator (CFTR), the ion channel controlling mucus hydration that is mutated in cystic
fibrosis (CF). PI3Ky MP promoted the phosphorylation of wild-type CFTR on serine-737, triggering channel gating,
and rescued the function of F508del-CFTR, the most prevalent CF mutant, by enhancing the effects of existing
CFTR modulators. These results unveil PI3Ky as the regulator of a $2-AR/cAMP microdomain central to smooth
muscle contraction, immune cell activation, and epithelial fluid secretion in the airways, suggesting the use of a
PI3Ky MP for compartment-restricted, therapeutic CcAMP elevation in chronic obstructive respiratory diseases.

INTRODUCTION long-term care, because survival is progressively improving due to

Obstructive airway diseases, including asthma, chronic obstructive
pulmonary disease (COPD) and the genetic disorder cystic fibrosis
(CF), represent a major health burden worldwide. Over the next decade,
prevalence of asthma and COPD is predicted to rise in developing
countries (I) and so is the number of patients with CF requiring

better treatments and intensive follow-up (2). Despite the diversity
in etiology, pathogenetic mechanisms, and clinical manifestations,
these conditions share common features such as chronic airway
inflammation, mucus hypersecretion, and airflow obstruction due to
airway hyperreactivity and/or mucus plugging (I, 2). Conventional
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medications, especially for asthma, include inhaled corticosteroids
and B,-adrenergic receptor (B,-AR) agonists, which reduce airway
inflammation and reverse airway constriction, respectively (I).
Whereas the primary effect of B,- AR agonists is relaxation of airway
smooth muscle, these drugs can also engage this receptor in infil-
trating leukocytes, eventually contributing to the resolution of in-
flammation through the cyclic adenosine 3’,5'-monophosphate
(cAMP) pathway (3). Furthermore, B,-AR agonists are potent in-
ducers of the CF transmembrane conductance regulator (CFTR)
(4), the epithelial anion channel that drives airway surface fluid hy-
dration. CFTR dysfunction is a major cause of mucus hyperconcen-
tration that leads to impaired mucociliary clearance and mucus
plugging not only in patients with the genetic disorder CF (2) but
also in COPD (5) and asthma (6). Although B,-AR agonists could
be beneficial in these chronic obstructive diseases, their efficacy is
still limited, primarily because of tachyphylaxis and adverse events,
such as tachyarrhythmias, stemming from systemic drug exposure.
Similarly, inhibition of cAMP breakdown by drugs targeting phos-
phodiesterase 4 (PDE4) (7), the major cAMP-hydrolyzing enzyme
in the airways, is clinically effective but exhibits unwanted side ef-
fects, such as emesis, diarrhea, and weight loss, likely due to system-
ic PDE4 blockade (8). Thus, safer approaches for the manipulation
of the B,-AR/cAMP signaling axis for the treatment of chronic air-
way diseases are desirable.

Previous work from our group identified phosphoinositide
3-kinase y (PI3Ky) as a negative regulator of B,-AR/cAMP signal-
ing in the heart. In this tissue, PI3Ky serves as an A-kinase anchoring
protein (AKAP) that tethers protein kinase A (PKA) to PDE3 and
PDE4, favoring their PKA-mediated phosphorylation and activation.
This mechanism of localized PDE stimulation eventually allows re-
stricting B,-AR/cAMP responses to discrete subcellular compartments
(9, 10). Accordingly, disruption of the scaffold but not the kinase
activity of PI3Ky results in ,-AR/cAMP signaling amplification in
cardiomyocytes (9). Because PI3Ky is also found in pulmonary cells
(11), we speculated that PI3Ky could contribute to the compartmen-
talization of B,-AR/cAMP responses in the lungs and that pharma-
cological targeting of PI3Ky scaffold activity could achieve therapeutic
cAMP elevation in the airways.

Here, we described a cell-permeable PI3Ky-derived mimetic
peptide (PI3Ky MP) that, by interrupting the interaction between
PI3Ky and PKA, inhibited PI3Ky-associated PDE4B and PDE4D
and, in turn, enhanced B,-AR/cAMP responses in human bronchial
smooth muscle, epithelial, and immune cells. Intratracheal instilla-
tion of PI3Ky MP limited bronchoconstriction and lung neutrophil
infiltration in a mouse model of asthma. In human airway epithelial
cells, PI3Ky MP promoted gating of wild-type (wt) CFTR and re-
stored the function of the most prevalent CFTR mutant in CF
(F508del) by potentiating the effects of approved CFTR modulators.

RESULTS

A PI3Ky MP enhances airway p,-AR/cAMP signaling

To assess the role of PI3Ky scaffold activity in the regulation of air-
way cAMP, we compared PI3Ky knockout mice (PI3Ky_/ "), lacking
both the anchoring and the catalytic function of the p110y subunit
of PI3Ky, with animals expressing a kinase-inactive IEI 10y that
retains the scaffold activity [PI3Ky kinase-dead (PI3Ky D/KDy] (9),
The amount of cAMP was twofold higher in PI3Ky ™'~ than in wt
(PI3Ky*"*) and PI3KY PP tracheas (Fig. 1A), suggesting a kinase-

Ghigo et al., Sci. Transl. Med. 14, eabl6328 (2022) 30 March 2022

independent control of airway cAMP by PI3Ky. Similar to previous
findings in the heart (9), the increased cAMP concentration detected
in PI3Ky ™'~ tracheas correlated with reduced activity of PDE4B and
PDE4D, whereas their function was normal in PI3KYKD/KD tissues
(Fig. 1B). Modulation of PDE4B and PDE4D by PI3Ky was also de-
tected in isolated murine tracheal smooth muscle cells (mTSMCs)
(Fig. 1C), where PI3Ky was found to be highly abundant (Fig. 1D).
As shown in Fig. 1D, the canonical p110y doublet was detectable in
peripheral blood mononuclear cells and tracheas, whereas mTSMCs
and human bronchial smooth muscle cells (hBSMCs) displayed the
low-molecular weight isoform only. These PI3Ky forms were found
to organize multiprotein complexes containing both PDEs and their
activator PKA (Fig. 1, E and F). Down-regulation of the PIK3CG
gene (encoding p110y) in hBSMCs increased B,-AR-activated
cAMP responses by 30% (Fig. 1G), thus supporting a PI3Ky kinase-
independent activation of PDE4, restraining airway cAMP down-
stream of B,-ARs.

These findings prompted us to design a molecule interfering
with the scaffold function of PI3Ky and enhancing B,-AR/cAMP
signaling in the airways. To disrupt the PKA-anchoring function of
PI3Ky in vivo, a peptide encompassing the PKA-binding motif of
PI3Ky (10) was fused to the cell-penetrating sequence penetratin-1
(P1) (Fig. 2A) (12). A fluorescein isothiocyanate (FITC)-labeled
version of this PI3Ky MP was detectable in hBSMCs within 30 min
of administration (Fig. 2A). PI3Ky MP associated the recombinant
RIlo subunit of PKA with a dissociation constant of 7.5 pM (Fig. 2B)
and dose-dependently disrupted the PKA-RII/p110y interaction
(Fig. 2C). Conversely, PI3Ky MP did not alter C5a-mediated Akt
phosphorylation (fig. S1A), indicating that it did not interfere with
the kinase function of PI3Ky (9). In line with the ability to disturb
PKA/p110y association, PI3Ky MP reduced PDE4B and PDE4D ac-
tivity by 30% in primary wt mTSMCs, whereas no significant effect
of the peptide was observed in PI3Ky-deficient cells (P > 0.9999)
(Fig. 2D). Similarly, PI3Ky MP failed to increase cAMP in PI3Ky ™~
macrophages (fig. S1B), confirming that PI3Ky MP specifically
inhibited PI3Ky-associated PDEs but not PDEs anchored to other
AKAPs (7). In hBSMCs, PI3Ky MP, but not a control peptide (CP)
containing P1 only, increased B,-AR-evoked cAMP responses by
35% (Fig. 2E). Furthermore, PI3Ky MP induced cAMP elevation in
human airway epithelial cells (16HBE140-) with a maximal effec-
tive concentration of 21.66 uM (Fig. 2F), whereas a CP containing
P1 fused to a scrambled sequence of the PKA-binding site of p110y
failed to affect cAMP abundance (fig. S1C).

To assess whether PI3Ky MP could enhance airway B,-AR/cAMP
signaling in vivo, the peptide was instilled intratracheally in mice
and found to induce a dose-dependent increase in cAMP, with 80
ug/kg as the lowest dose eliciting a significant increase in cAMP
concentration in both tracheas (P < 0.0001) and lungs (P = 0.0288)
(Fig. 3A). Mice receiving FITC-labeled PI3Ky MP (80 pug/kg) showed
fluorescence in the airways as soon as 30 min after a single intratra-
cheal administration (fig. S2A) when the amount of cAMP was al-
ready 30% higher than in tissues from animals receiving either saline
or CP (fig. S2B). Moreover, PI3Ky MP persisted in the airways up to
24 hours after a single-dose instillation (Fig. 3B) when maximal
cAMP accumulation was detected (Fig. 3C). Direct intrapulmonary
application prevented PI3Ky MP from diffusing outside of the
respiratory tract and from altering cAMP homeostasis in the heart
(Fig. 3, A to C). No systemic side effects were observed after chronic
exposure to PI3Ky MP, as evidenced by histopathological examination
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Fig. 1. PI3Ky decreases airway cCAMP through kinase-dependent activation of PDE4B and PDE4D. (A) cAMP concentration in tracheas from PI3Ky"* (n=5), PI3KyC/*C
(n=5),and PI3Ky‘/‘ (n=4) mice. (B) Phosphodiesterase activity in PDE4B and PDE4D immunoprecipitates from PI3K«{+/+ (n=5and n=6), PI3K1(KD/KD (n=4andn=4),and
PI3K~{"' (n=5 and n=5) tracheas. (C) Phosphodiesterase activity in PDE4B and PDE4D IP from PI3Ky+/+ (n=8andn=5), PI3K1(KD/KD (n=4andn=5),and PI3Ky'/‘(n =6and
n=>5) independent cultures of murine tracheal smooth muscle cells (nTSMCs). Western blots (WBs) of representative IPs are shown. (D) Western blot of PI3Ky expression
in mTSMCs, human bronchial smooth muscle cells (hBSMCs), and murine trachea. Peripheral blood mononuclear cells (PBMCs) are used as positive control. (E) Coimmu-
noprecipitation of PI3Ky catalytic subunit (p110y) with its relative adaptors (p101 and p84/87) and PKA catalytic subunit (PKA-C) in hBSMCs. (F) Coimmunoprecipitation
of PI3Ky with PDE4B and PDE4D in hBSMCs. Immunoglobulin G (IgG) immunoprecipitation was used as control. In (D) to (F), representative Western blot images of n=4
independent experiments are shown. (G) Representative fluorescence resonance energy transfer (FRET) (left) traces and (right) maximal FRET changes (max AFRET) of
hBSMCs transfected with a FRET-based sensor for cytosolic cAMP (Epac2-cAMPs), together with either a short hairpin RNA (shRNA) against the PIK3CG gene encoding
PI3Ky (P13Ky shRNA; n =7) or a scrambled shRNA (scr shRNA; n = 9) vector. B,-ARs were selectively activated by isoproterenol (Iso; 100 nM for 15 s) and the B;1-AR-selective
antagonist CGP-20712A (CGP; 100 nM). Insets: Representative cyan and yellow fluorescence protein images of hBSMCs expressing Epac2-cAMPs. n indicates the number
of cells analyzed in n =3 independent experiments. Representative Western blot of PI3Ky expression in hBSMCs 48 hours after transfection with the PI3Ky shRNA and scr
shRNA is shown below the graph. In (A) to (C), *P < 0.05 and **P < 0.01 by one-way ANOVA, followed by Bonferroni’s post hoc test. In (G), **P < 0.01 by Mann-Whitney test.
Throughout, data are means + SEM.

of major organs (fig. S3A), body weight monitoring (fig. S3B), blood
biochemical tests, and cardiac function analysis (tables S1 and S2).
Furthermore, negligible immunogenicity was observed only after
repeated systemic administration of the peptide in the presence of
adjuvants (fig. S3C), whereas PI3Ky MP did not elicit any antibody
response when applied locally (fig. S3D). Thus, inhalation of PI3Ky
MP might be safely used to boost airway p,-AR/cAMP signaling
in vivo.

PI3Ky MP induces airway relaxation in a mouse

model of asthma

Next, we assessed ex vivo in mouse tracheal rings if the PI3Ky scaf-
fold activity affected cAMP-dependent airway smooth muscle relax-
ation. Acetylcholine-induced contraction was lower in PI3Ky ™~ tracheas
than in PI3Ky+/ * controls, whereas PI3KYKD/ KD rings exhibited nor-
mal tone (Fig. 4A). Similarly, carbachol-dependent contractility was
35% lower in PI3Ky™'~ than in PI3Ky*’* and PI3Ky*P’*P samples

Ghigo et al., Sci. Transl. Med. 14, eabl6328 (2022) 30 March 2022

(Fig. 4B). Next, PI3Ky*"* and PI3Ky ™"~ rings were pretreated with
the selective PDE4 inhibitor roflumilast before exposure to carbachol.
PDE4 inhibition decreased the contraction of PI3Ky** rings to the
values observed in PI3Ky ™'~ samples where the inhibitor was inef-
fective (Fig. 4C), thus confirming that the decreased contraction of
PI3Ky ™' airways is causally linked to a reduction in PDE4 activity.
We then determined whether PI3Ky MP could phenocopy the
reduced contractility observed in PI3Ky ™ airways. Lung resistance
was assessed in healthy wt mice pretreated with an aerosol of PI3Ky
MP, CP, or saline before exposure to increasing doses of the contract-
ing agent methacholine (MCh). MCh triggered a dose-dependent
increase in airway resistance that was lower in mice treated with
PI3Ky MP than in animals exposed to CP (Fig. 4D). Next, we tested
the ability of the peptide to promote airway relaxation in ovalbumin
(OVA)-sensitized mice, a well-established model of asthma. Single-
dose inhalation of PI3Ky MP significantly increased the amount of
cAMP in lungs (P = 0.0065) and tracheas (P = 0.0137) (Fig. 4E) and
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Fig. 2. PI3Ky MP enhances airway B,-AR/cAMP signaling in vitro. (A) Top: Schematic representation of the cell-permeable PI3Ky MP. The 126-150 region of PI3Ky was
fused to the cell-penetrating peptide penetratin-1 (P1). Bottom: Intracellular fluorescence of hBSMCs after 1-hour incubation with a FITC-labeled version of PI3Ky MP (50 uM)
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(€) Coimmunoprecipitation of the catalytic subunit of PI3Ky (p110y) and PKA-RIl from human embryonic kidney 293T (HEK293T) cells expressing p110y and exposed to
increasing doses of PI3Ky MP for 2 hours. Representative immunoblots (left) and relative quantification (right) of n=3 independent experiments are shown. (D) PDE4B
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(Iso + CGP) (100 nM each). Insets show representative intensity-modulated pseudocolor images at t =0 and 500 s after the addition of Iso + CGP. n indicates the number
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experiments. In (C) to (E), *P < 0.05, **P < 0.01, and ***P < 0.001 by one-way ANOVA, followed by Bonferroni’s post hoc test. In (F), nonlinear regression analysis was used.

Throughout, data are means + SEM.

reduced MCh-induced bronchoconstriction, as evidenced by mea-
surements of both tidal volume (Fig. 4F) and lung resistance (Fig. 4G).
Thus, PI3Ky MP could alleviate bronchoconstriction associated with
asthma via elevation of cAMP.

PI3Ky MP limits neutrophilic inflammation in a mouse

model of asthma

Because cAMP-elevating agents have anti-inflammatory actions
(3), we tested whether PI3Ky MP could relieve airway inflammation
in OV A-sensitized mice. Peribronchial inflammation and mucin
production were dampened in animals repeatedly exposed to PI3Ky
MP (Fig. 5, A and B). Moreover, a significantly lower number of
neutrophils was detected in the bronchoalveolar lavage fluid of PI3Ky
MP-treated mice than in controls (P = 0.0437) (Fig. 5C), indicating
that PI3Ky MP inhibits the neutrophilic inflammation associated
with asthma. PI3Ky MP also inhibited chemoattractant-induced
adhesion of human neutrophils to intercellular adhesion molecule-1
(ICAM-1) and ICAM-2 (fig. S4, A and B) by reducing lymphocyte

Ghigo et al., Sci. Transl. Med. 14, eabl6328 (2022) 30 March 2022

function-associated antigen 1 (LFA-1) activation (fig. S4C). PKA inhi-
bition rescued neutrophil adhesion to ICAM-1, ICAM-2, and fibrinogen
(Fig. 5, D to F) in the presence of PI3Ky MP, indicating that the
impaired adhesion was dependent on PKA hyperactivation. In line
with ICAM-1 controlling neutrophil recruitment to the airways, PI3Ky
MP significantly reduced neutrophil chemotaxis to N-formyl-Met-
Leu-Phe (fMLP) (P < 0.0001) via PKA activation (Fig. 5G) and the
consequent inhibition of RhoA-mediated (Fig. 5H) LFA-1 triggering
(13). Thus, PI3Ky MP could limit neutrophilic inflammation in asthma
by dampening neutrophil adhesion and transmigration.

PI3Ky MP promotes cAMP-dependent activation of CFTR

and chloride efflux in airway epithelial cells

Next, we tested whether PI3Ky MP could promote chloride (Cl")
secretion via the cAMP-gated CFTR channel. PI3Ky was enriched
at the apical membrane of 16HBE14o- cells (fig. S5A) and coimmu-
noprecipitated with CFTR (fig. S5B). Fluorescence resonance energy
transfer (FRET) analysis showed that, in response to forskolin (Fsk),
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PI3Ky MP induced threefold higher subcortical membrane cAMP
concentration than either CP or saline (Fig. 6A) while not affecting
cytosolic cAMP responses (Fig. 6A).

To test whether PI3Ky MP could trigger CFTR gating, PKA-me-
diated phosphorylation of the channel was assessed by Western blot
and found to be fivefold higher in 16HBE140- cells treated with PI3Ky
MP than in cells exposed to either vehicle or CP (Fig. 6B). PI3Ky MP
increased CFTR phosphorylation to a similar extent as rolipram, im-
plying that PI3Ky MP affects the PDE4-mediated regulation of CFTR
(14). To further characterize the CFTR phosphorylation elicited by
PI3Ky MP, the phospho-occupancy of known PKA sites in the reg-
ulatory domain of the channel was analyzed by liquid chromatography-
coupled tandem mass spectrometry in CF human bronchial epithelial
(HBE) cells expressing a wt CFIR (wt-CFTR-CFBE41o-) (15), treated
with PI3Ky MP, CP, Fsk, or vehicle. Whereas Fsk-mediated adeny-
lyl cyclase activation triggered the phosphorylation of most PKA sites,
PI3Ky MP selectively increased the phospho-occupancy of S737 and,
to alesser extent, of S753 (Fig. 6C and fig. S6, A to C). In agreement
with mass spectrometry results, the CFTR phosphorylation elicited
by PI3Ky MP was completely abolished in cells expressing a CFTR
mutant where the serine was replaced by alanine (Fig. 6D).

Because phosphorylation of S737 can lead to a ~25% increase in
the open probability of CFTR (16), we anticipated that PI3Ky MP
could activate Cl” secretion. Measurement of short-circuit cur-
rents (Isc) showed that acute application of PI3Ky MP to polarized
wt-CFTR-CFBE410- monolayers induced a dose-dependent increase
in CFTR conductance (fig. S7A), reaching up to either 30 or 45% of
the maximal channel activation when applied either alone or in as-
sociation with nanomolar doses of Fsk, respectively (fig. S7, A to C).
Addition of the adenylate cyclase inhibitor SQ22536 and the PKA
blocker H89 after treatment with PI3Ky MP inhibited the increase
in CFTR conductance elicited by the peptide (fig. S7D), confirming
that PI3Ky MP activated CFTR through PKA.

Isc measurements in primary HBE cells showed that PI3Ky MP,
but not CP, induced a dose-dependent increase in CFTR currents

Ghigo et al., Sci. Transl. Med. 14, eabl6328 (2022) 30 March 2022

are means + SEM.

(Fig. 6E). No further elevation in Isc was observed when rolipram
was added to PI3Ky MP (Fig. 6E), confirming that the peptide in-
hibited the PDE4 pool associated to CFTR regulation (14). Boosting
cAMP production with Fsk produced an additional increment of Isc
that was blocked by the CFTR inhibitor 172 (CFTR;yp-172) (Fig. 6E).
Similarly, the nonhydrolysable cAMP analog CPT-cAMP further
increased Isc in addition to PI3Ky MP (fig. S8, A and B) but blocked
the effect of the peptide on CFTR currents when applied as a pre-
treatment (fig. S8, A to C), providing further evidence that PI3Ky
MP activated the channel through cAMP and PKA.

Primary HBE cells express other cAMP/PKA-dependent ion
channels and transporters that can indirectly influence CFTR activity
by increasing the electrochemical driving force (17). In the presence
of CFTRnp-172, PI3Ky MP retained the ability to induce a transient
increase in Isc (fig. S8D), indicating the opening of Ca**-activated
CI” channels (CaCCs). Furthermore, the current decreased to base-
line after application of clotrimazole (fig. S8D), an inhibitor of ba-
solateral Ca**-activated K* channels, and bumetanide, an inhibitor
of the Na-K-Cl cotransporter NKCCl (fig. S8D), suggesting that the
peptide could also promote luminal CI™ secretion indirectly via these
channels. To further evaluate the direct action of PI3Ky MP on CFTR
currents, Ca®" stores were first depleted with thapsigargin (fig. S8, E
and F), and then, CaCCs were blocked using either a general CaCC
inhibitor (fig. S8E) or an inhibitor targeting TMEMI16A (fig. S8F),
the major CaCC isoform in HBE cells. Without functional CaCCs,
PI3Ky MP elicited a response that was fully abolished by CFTRyp-
172, confirming a direct activation of CFTR (fig. S8E). This obser-
vation was corroborated in rectal organoids, where CaCCs are not
consistently expressed, and organoid swelling in response to Fsk
[Fsk-induced swelling (FIS)] is CFTR dependent (18). PI3Ky MP
potentiated by twofold the swelling of wt organoids elicited by a low
dose of Fsk (2 uM) priming cAMP production (Fig. 6F). As CFTR
activation triggers water secretion, essential for proper mucus hydra-
tion and clearance (2), PI3Ky MP, but not CP, decreased intracellular
water residence time, indicative of rapid water efflux, in cells expressing
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Fig. 4. PI3Ky MP promotes airway relaxation ex vivo and in vivo in a mouse model of asthma. (A and B) Cumulative contractile response of PI3K~{+/+, PI3KYKD/KD, and

PI3Ky ™" tracheal rings to increasing concentrations of acetylcholine (A) and carbachol (B). The developed tension is expressed as a percentage of the resting tone. In (A),
PI3Ky*"*, n=7; PI3Ky*’*C, n = 6; and PI3Ky™~, n =5 mice. In (B), PI3Ky"’*, n = 9; PI3Ky**’, n = 6; and PI3Ky ™", n = 5 mice. (C) Cumulative contractile response to carbachol
of PI3Ky** and PI3Ky ™~ tracheal rings pretreated with either vehicle (Veh) or the PDE4 inhibitor roflumilast (Ro) (10 uM) for 30 min. PI3Ky*"* + vehicle, n = 10; PI3Ky*'* +
Ro, n=5; PI3Ky™~ +vehicle, n=13, and PI3Ky™~ +Ro, n =9 mice. (D) Average lung resistance in healthy mice treated with vehicle (n=4), 1.5 ug of PI3Ky MP (n=4), or
equimolar amount of control peptide (CP) (n = 5) directly before exposure to increasing doses of the bronchoconstrictor methacholine (MCh). (E) cAMP concentrations in
lungs and tracheas of ovalbumin (OVA)-sensitized mice at the indicated time points after intratracheal administration of PI3Ky MP (15 ug). The number of mice (n) ranged
from three to eight per group. (F) Tidal volume (V7) of OVA-sensitized mice pretreated with Veh (n=5), PI3Ky MP (15 ug; n=6), and CP (equimolar amounts; n=5) and
exposed to MCh (500 ng/kg). (G) Average lung resistance (expressed as % of basal) in OVA-sensitized mice treated with 15 ug of PI3Ky MP (n = 9) or equimolar amount of
CP (n=10) 30 min before MCh challenge. In (A) and (B), *P < 0.05, **P < 0.01, and ***P < 0.001 versus PI3Ky*'* and #P < 0.05 and ##P < 0.01 versus PI3Ky*®’*C by two-way
ANOVA, followed by Bonferroni’s multiple comparisons test. In (C), **P < 0.01 and ***P < 0.001 for PI3Ky*'*+ vehicle versus all other groups by two-way ANOVA, followed
by Bonferroni’s multiple comparisons test. In (D), **P < 0.01 and ***P < 0.001 versus vehicle and ###P < 0.001 versus CP by two-way ANOVA, followed by Bonferroni’s post
hoc test. In (E) and (F), *P < 0.05 and **P < 0.01 by one-way ANOVA, followed by Bonferroni’s post hoc test. In (G), *P < 0.05 and **P <0.01 between groups by two-way
ANOVA, followed by Bonferroni’s post hoc test. Throughout, data are means + SEM.

wt-CFTR (Fig. 6G). Hence, PI3Ky MP could induce Cl” and conse-  F508del/F508del HBE cells from a second donor, with the exception
quent water secretion in bronchial epithelial cells through a cAMP-  that in these cells, PI3Ky MP, added in addition to VX-770, stimu-
dependent mechanism, coordinating direct CFTR gating with the lated a biphasic response, with a first Isc peak that indicated CaCC

elevation of the electrochemical driving force. activation, followed by a plateau phase corresponding to CFTRiyp-

172-sensitive CFTR-mediated currents (Fig. 7C and fig. S9, A to D).
PI3Ky MP enhances the therapeutic effects of CFTR In agreement with a coordinated action of the peptide on CFTR
modulators in CF in vitro models currents and the electrochemical driving force, Isc was completely

Next, we tested whether PI3Ky MP could rescue the function of the  abolished by sequential application of CFTR;yp-172, clotrimazole,
most common CF-causing CFTR mutant (F508del-CFTR). F508del-  and bumetanide (fig. S9, A to C). The synergy between the CFTR
CFTR exhibits multiple molecular defects that require the com-  potentiator VX-770 and PI3Ky MP was further supported by FIS
bined use of correctors (VX-809/lumacaftor, VX-661/tezacaftor, or  assays in intestinal organoids. The effect of the peptide was first as-
VX-445/elexacaftor) and a potentiator (VX-770/ivacaftor) to re-  sessed in organoids derived from compound heterozygotes bearing
store the plasma membrane localization and channel gating, respec-  the F508del allele and the residual function mutation D1152H. After
tively (2). In the presence of the corrector VX-809, PI3Ky MP  correction with VX-809, organoid size was increased by 50% in the
enhanced subcortical cAMP concentrations by 35% in F508del-CFTR-  group pretreated with PI3Ky MP before stimulation with VX-770
CFBE41o- cells (Fig. 7A). Furthermore, primary HBE cells from a  and Fsk (Fig. 7D), and CFTRjh-172 prevented this effect (Fig. 7D).
patient homozygous for the F508del mutation, treated with the In F508del/F508del organoids under chronic treatment with VX-809
first-generation combination of VX-809 and VX-770, showed a  and VX-770, where their interaction reduces correction efficacy (19),
fivefold increase in Isc when PI3Ky MP was given after acute ad-  PI3Ky MP dose-dependently increased organoid size up to 6.5-fold
ministration of VX-770 (Fig. 7B). Similar results were obtained in  the volume of controls (Fig. 7E). The maximal synergy between the

Ghigo et al., Sci. Transl. Med. 14, eabl6328 (2022) 30 March 2022 60f13

$70¢ ‘87 Arenue[ uo 510°90UT0s" MMM//:Sd1IY WO} PIPRO[UMO(]



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

A B [ONaive C O Naive
OVAY EOVA+CP EOVA + CP
-~.$A~+P\: o PISKYMP EOVA + PI3Ky MP EOVA + PI3Ky MP
. ek dek 100+ o
H&E | 53 a ok
(0]
£
£
% 24 @
©
£
>
PAS ¥ 21 o
£
£
©
€
£,
D Adhesion E Adhesion F Adhesion G . -
ICAM-1 ICAM-2 fibrinogen Chemotaxis RhoA activity
7 b EEEDS 1.5 ~.0.57
350 200 *kk R o _ e
Jedek dedkk c = E
3 3007 T o & 300+ 5 Soad LT
Z150- 2 £ g0 o] 1%
Q 5 1.0 a
g el 2004 ; go_s_
5100- bt o .5
g o Z0s §0.2-
® 504 5 100 g™ g o
g 8 k) £0.1
| : : I
0- 0 0- 50

NS >

N
OVehicle COCP MPI3KyMP NH89 [H89 + PI3Ky MP

MLP MLP MLP

Fig. 5. PI3Ky MP limits neutrophilic lung inflammation in asthmatic mice. (A) Representative images of hematoxylin-eosin (H&E) (top) and periodic acid-Schiff's reagent
(PAS) (bottom) staining of lung sections of naive and OVA-sensitized mice, pretreated with PI3Ky MP (25 ug) or CP (equimolar amount), before each intranasal OVA administra-
tion (days 14, 25, 26, and 27 of the OVA-sensitization protocol). Scale bars, 50 um. (B) Semiquantitative analysis of peribronchial inflammation in lung sections as shown in (A).
Naive, n=6; OVA + CP, n=8; and OVA + PI3Ky MP, n =5 mice. (C) Number of neutrophils (N®), eosinophils (ED), lymphocytes (L®D), and macrophages (M®) in the bronchoalveolar
lavage fluid of mice treated as in (A). Naive, n=3; OVA + CP, n=8; and OVA + PI3Ky MP, n=5 animals. (D to F) fMLP-induced adhesion to ICAM-1 (D), ICAM-2 (E), and fibrinogen
(F) of human neutrophils pretreated or not with the PKA inhibitor H89 (200 nM for 30 min) before exposure to vehicle or PI3Ky MP (50 uM for 1 hour). Static adhesion was induced
with 25 nM fMLP for 1 min. Average numbers of adherent cells/0.2 mm? are shown. In (D) and (F), n=3in all groups; in (E), n=4in all groups. (G) fMLP-triggered chemotaxis of
human neutrophils treated with vehicle, CP (50 uM), or PI3Ky MP (50 uM) for 1 hour, without or with pretreatment with the PKA inhibitor H89 (200 nM for 30 min). n=4in all
groups. (H) AMLP-induced RhoA activity in human neutrophils treated with vehicle, CP (50 uM), or PI3Ky MP (50 uM). n=3in all groups. In (B), **P<0.01 and ***P <0.001 by
Kruskal-Wallis test, followed by Dunn’s multiple comparison test. In (C) to (H), *P < 0.05, **P < 0.01, and ***P <0.001 by one-way ANOVA, followed by Bonferroni’s post hoc test.

0.D,, optical density. ns, not significant; Ut, untreated.

peptide and CFTR modulators was observed at a low nonsaturating
dose of Fsk (0.051 uM), which was expected to minimally increase
the amount of cAMP and which was almost ineffective in inducing
swelling in the control VX-770 + VX-809 group.

Last, we assessed the ability of PI3Ky MP to enhance the thera-
peutic effects of the recent triple combination elexacaftor/tezacaftor/
ivacaftor (ETI) (VX-445 + VX-661 + VX-770) in F508del/F508del
HBE cells from two different donors with CF. VX-770-mediated CI”
currents were 40% higher in cells treated chronically with VX-661 +
VX-445 together with PI3Ky MP than in controls exposed to correctors
alone (Fig. 8, A to C, and fig. S9E). In both cases, CPT-cAMP further
increased Cl~ currents, which were inhibited by CFTRip-172, further
demonstrating that Cl” secretion was CFTR dependent. These data thus
suggest the use of PI3Ky MP to increase the efficacy of CFTR modulators
and to provide bronchodilator and anti-inflammatory activities, poten-
tially beneficial to CF and other diseases like COPD and asthma.

DISCUSSION
Our results establish that targeting the PKA-anchoring function of
PI3Ky with an MP allows therapeutic manipulation of B,-AR/cAMP

Ghigo et al., Sci. Transl. Med. 14, eabl6328 (2022) 30 March 2022

signaling in multiple cell types participating to the pathogenesis of
chronic obstructive airway diseases (fig. S10). These findings are con-
sistent with a model where PI3Ky acts as a scaffold protein for PKA
(AKAP) in a complex containing the PKA-dependent phosphodies-
terase PDE4 (7). The pharmacological actions of PI3Ky MP stem from
its ability to displace PKA from the PI3Ky complex, thereby prevent-
ing PKA-mediated stimulation of a pool of PDE4 that is respon-
sible for lowering the amount of cAMP close to neighboring distinct
PKA-containing complexes, including those regulating CFTR
gating (14).

Our finding that PI3Ky MP fails to increase cAMP in PI3Ky-
deficient cells demonstrates that the peptide inhibits uniquely PI3Ky-
dependent PDEs and does so without disturbing other AKAP-PKA
complexes. This is supported by our previous findings showing that
the PKA-binding sequence of the peptide diverges from that of clas-
sical AKAPs (10).

Although the AKAP function of PI3Ky has been previously
linked to cAMP modulation in the heart (9, 10) and in vascular
smooth muscles (20), the role and the pathophysiological relevance
of PI3Ky noncatalytic activity outside the cardiovascular system has
remained elusive. The present study identified the scaffold function
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Fig. 6. PI3Ky MP promotes cAMP-dependent gating of CFTR. (A) Representative FRET traces (left) and maximal FRET changes (right) in HBE cells (16HBE140-) express- §

ing the FRET probe for either plasma membrane (pm cAMP) or cytosolic cAMP (cyt cAMP). Cells were preincubated with vehicle, PI3Ky MP (25 uM), or control peptide (CP)
(25 uM) before treatment with 1 uM forskolin (Fsk). R is the normalized 480 nm/545 nm emission ratio calculated at indicated time points. n indicates the number of cells
from n =3 independent experiments. vehicle, n=10and n=12; PI3Ky MP, n=22 and n=11;and CP n=3 and n =7 for pm cAMP and cyt cAMP, respectively. (B) Represen-
tative Western blot (left) and relative quantification (right) of PKA-mediated phosphorylation of CFTR in 16HBE140- cells treated with vehicle, CP (25 uM), PI3Ky MP
(25 uM), and the PDE4 inhibitor rolipram (PDE4i) (10 uM) for 30 min. CFTR was immunoprecipitated, and PKA-dependent phosphorylation was detected in IP pellets by
immunoblotting with a PKA substrate antibody. n =4 independent experiments. (C) Relative phosphorylation (%) or phospho-occupancy of identified PKA sites of CFTR
in wt-CFTR-CFBE410- expressing HBH-CFTR-3HA treated with vehicle [dimethyl sulfoxide (DMSO); n=7], PI3Ky MP (25 uM for 1 hour, n=3), and Fsk (10 uM for 10 min, n=7).
n is the number of biological replicates from n = 3 independent experiments. The phospho-occupancy or the percent of relative phosphorylation of each site was calcu-
lated as a ratio of all phosphorylated and unphosphorylated peptides that contained a given phosphorylation site [% phosphorylation of site A = (area of peptides phos-
phorylated at site A/sum of areas of all peptides carrying site A) as described in Materials and Methods]. Representative fragmentation spectra from each identified
phosphorylation site and representative chromatograms from S737-containing peptides in their unphosphorylated and phosphorylated form are provided in fig. S6.
(D) Representative Western blot (left) and relative quantification (right) of PKA-mediated phosphorylation of CFTR in HEK293T cells expressing either wt- or S737A-CFTR
and exposed to vehicle, PI3Ky MP (25 uM, 1 hour), or Fsk (10 uM, 10 min). n =4 independent experiments. (E) Left: Representative trace of short-circuit currents (Isc) mea-
sured in Ussing chambers in primary normal HBE cells cultured at the air-liquid interface (ALI). The following treatments were applied at the indicated times: epithelial
sodium channel inhibitor amiloride (10 uM), CP (30 uM), PI3Ky MP (10 to 30 uM), PDE4 inhibitor rolipram (PDE4i) (10 uM), Fsk (10 uM), and CFTR inhibitor 172 (CFTRizn-172)
(20 uM). Right: Average current variations in response to the indicated treatments. n =3 biological replicates from the same donor. (F) Normalized swelling curves (left)
and representative confocal images (right) of Fsk-stimulated calcein green-labeled wt organoids pre-incubated with PI3Ky MP (25 uM) or vehicle for 20 min. Fsk was used
at 2 uM. Scale bar, 100 um. Vehicle, n =25 and PI3Ky MP, n =28 organoids from n = 3 independent experiments. (G) Water residence time (t,) determined by 'H nuclear
magnetic resonance relaxometry (as described in the Supplementary Materials) in HEK293T cells transfected with wt-CFTR and treated with vehicle (DMSO; n=8), CP
(25 uM; n=3), and PI3Ky MP (25 uM; n = 11). n indicates the number of biological replicates in n = 3 independent experiments. In (A), (B), (D), (E), and (G), *P < 0.05, **P < 0.01,
and ***P < 0.001 by one-way ANOVA ,followed by Bonferroni’s post hoc test. In (C), unpaired t tests, followed by Holm-Sidak’s multiple comparisons test were performed
on each phosphorylation site between two different treatment conditions. #P < 0.05, ##P < 0.01, and ###P < 0.001 Fsk versus vehicle and *P < 0.05 PI3Ky MP versus vehicle.
(F) *P < 0.05 and ***P < 0.001 by two-way ANOVA followed by Bonferroni's multiple comparisons test. Throughout, data are means + SEM.
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Fig. 7. PI3Ky MP potentiates the therapeutic effects of CFTR modulators in CF in vitro models. (A) Representative FRET traces (left) and maximal FRET changes (right)
in CFBE410- cells overexpressing F508del-CFTR and the plasma membrane-targeted FRET probe for cAMP (pm cAMP). Cells were preincubated with vehicle, the CFTR
corrector VX-809 (5 uM) alone, or together with PI3Ky MP (25 uM) before treatment with 1 uM Fsk. R is the normalized 480 nm/545 nm emission ratio calculated at indi-
cated time points. Vehicle, n = 12; VX-809, n = 22; and VX-809 + PI3Ky MP, n = 16, where n is the number of cells from n =3 independent experiments. (B) Left: Representa-
tive trace of short-circuit currents (Is¢c) in primary HBE cells from a donor with CF (patient #1) homozygous for the F508del mutation (F508del/F508del HBE) and grown at
the ALL. Cells were corrected with VX-809 for 48 hours (5 uM) and then exposed to the following drugs at the indicated times: amiloride (100 uM), CP (10 uM), PI3Ky MP
(10 uM), Fsk (10 uM), VX-770 (1 uM), and CFTRjnh-172 (10 uM). Right: Average total current variation in response to VX-770 (1 uM), CP (10 uM), PI3Ky MP (10 uM), and Fsk
(10 uM) of n=4 technical replicates of the same donor. (C) Average total current variation in response to VX-770 (1 uM), CP (25 uM), and PI3Ky MP (25 uM) in F508del/
F508del HBE cells from a second donor with CF (patient #2) grown at ALl and precorrected with VX-809 for 48 hours (5 uM). n = 4 technical replicates of the same donor.
Representative Isc traces are provided in fig. S9 (A to C). (D) Representative confocal images and quantification of Fsk-induced swelling (FIS) of calcein green-labeled
rectal organoids from a patient carrying compound CF F508del and D1152H mutations (F508del/D1152H). Organoids were corrected with VX-809 (3 uM) for 24 hours,
incubated with calcein green (3 uM) for 30 min, and exposed to either PI3Ky MP or CP (both 25 uM) for 30 min before stimulation with Fsk (2 uM). Organoid response was
measured as a percentage change in volume at different time points after addition of Fsk (t=30, t=60, and t=120 min) compared to the volume at t=0.n=15 to 34 organoids
from one donor in n=2 independent experiments. Scale bar, 200 um. (E) FIS responses (right) and representative confocal images (left) of calcein green-labeled rectal
organoids from a CF patient homozygous for the F508del mutation (F508del/F508del). Organoids were preincubated with the CFTR corrector VX-809 (3 uM) and the CFTR
potentiator VX-770 (3 uM) for 24 hours before exposure to two different concentrations of Fsk (0.51 and 0.128 uM) and PI3Ky MP (10 and 5 uM). The peptide was added to
the organoids together with Fsk. Organoid response was measured as area under the curve of relative size increase of organoids after 60 min Fsk stimulation, t =0 min:
baseline of 100%. n = 12 organoids per group analyzed in n = 2 independent cultures from n = 2 different donors. Scale bar, 200 um. In (A) to (C), **P < 0.01 and ***P < 0.001
by one-way ANOVA, followed by Bonferroni’s post hoc test. In (D), *P < 0.05 and ***P < 0.001 by two-way ANOVA, followed by Bonferroni’s post hoc test. In (E), ***P < 0.001 by
Kruskal-Wallis test, followed by Dunn’s multiple comparisons test. Throughout, data are means + SEM.

of PI3Ky as a key negative regulator of a discrete cAMP/PKA
microdomain in different cell subsets of the airways, including epi-
thelial, smooth muscle, and immune cells. Like in cardiomyocytes
(9), in airway cells PI3Ky-mediated reduction of cAMP is spatially
confined to compartments that contain $,-ARs, key pharmacological
targets for respiratory diseases. Although the effects of PI3Ky MP
might be attained with the use of B,-AR agonists, these drugs suffer
from efficacy and tolerability concerns linked to tachyphylaxis and
unwanted pharmacological effects outside the lungs. Unlike ,-AR
agonists, PI3Ky MP acts through a distinct mechanism with at least
two advantages. First, PI3Ky MP amplifies ,- AR/cAMP responses
by impinging on cAMP degradation rather than on B,-AR activation,
thus avoiding receptor desensitization, which, in the long run, is a

Ghigo et al., Sci. Transl. Med. 14, eabl6328 (2022) 30 March 2022

major cause of reduced efficacy. Second, being an inhaled peptide
of 5 kDa, PI3Ky MP boosts lung cAMP without reaching other tis-
sues where cAMP elevation would not be desirable, such as in the
heart (9).

In addition, the local action of the peptide provides an added value
over other cAMP-elevating agents, such as the classical small-molecule
PDE4 inhibitors, like roflumilast, that easily diffuse outside the lungs
and trigger undesired brain and cardiac effects (8). In addition, small-
molecule PDE4 inhibitors lead to indiscriminate inhibition of all four
different PDE4 subtypes (PDE4A, PDE4B, PDE4C, and PDE4D),
potentially causing further side effects. PI3Ky MP blocked selective
PDE4 subtypes with a prominent role in the lungs, such as PDE4B
and PDE4D (21), with high isoform and compartment selectivity.
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Fig. 8. PI3Ky MP enhances the effect of ETI in primary F508del/F508del HBE cells. (A) Representative traces of Isc in primary HBE from a donor with CF (patient BE93)
homozygous for the F508del mutation (F508del/F508del HBE) and grown at the ALI. Cells were corrected for 24 hours with VX-661 and VX-445 alone (10 uM + 3 uM)
or together with PI3Ky MP (10 uM) before exposure at the indicated time to the following drugs: amiloride (100 uM), VX-770 (1 uM), CPT-cAMP (100 uM), and CFTRi,p-172
(10 uM). (B) Average total current variation in response to VX-770 (1 uM) from n =5 to 8 technical replicates of donor BE93. (C) Average total current variation in response
to VX-770 (1 uM) from n =5 technical replicates of a second F508del/F508del donor (patient BE91). Representative Isc traces are provided in fig. S9E. Throughout, *P < 0.05

and **P < 0.001 and by Student’s t test. Data are means + SEM.

Consistent with the prorelaxing action of cAMP, PI3Ky MP
demonstrated prominent bronchodilator effects in vivo in healthy
and asthmatic mice, which could be explained by enhanced B,-AR/
cAMP signaling, secondary to PDE4 inhibition in airway smooth muscle
cells. Although the bronchorelaxant action of B,-AR agonists, such
as salbutamol and formoterol, is well established, conflicting find-
ings have been reported for PDE4 inhibitors (21). Our observation
that roflumilast blunts PI3Ky-dependent contractility of tracheal rings
confirms a role for PDE4 in regulating airway smooth muscle tone.
This view agrees with previous reports of reduced airway smooth
muscle contractility in Pde4d knockout mice (22) and of enhanced
B,-AR-stimulated cAMP accumulation in PDE4D5 knockdown human
smooth muscle cells (23).

PDE4 is also enriched in immune cells, and PDE4 inhibitors
have demonstrated anti-inflammatory properties (7, 21). The find-
ing that PI3Ky MP specifically inhibited neutrophil recruitment
suggests that this peptide might be effective in hard-to-treat chron-
ic airway disease subtypes with neutrophilic inflammation, such as
corticosteroid-insensitive neutrophilic asthma (24), as well as COPD
and CF (2, 25). Similar to standard anti-inflammatory drugs, such
as inhaled corticosteroids, PI3Ky MP might increase the risk of
respiratory infections, requiring antibiotic therapy. This is particularly
relevant to patients with CF who already suffer from infections caus-
ing lung function decline and, ultimately, mortality (2). A limitation
of our study is that the effects of PI3Ky MP were not tested in infec-
tion models. Hence, although genetic and pharmacologic PDE4 in-
hibition appear safe in pulmonary infections (26), future studies are
required to define whether PI3Ky MP affects host defense.

Another effect of targeting PDE4 is the cAMP/PKA-dependent
gating of the CFTR channel, increasing airway surface liquid and
facilitating mucus clearance (27). CFTR functional defects and mu-
cus stasis can be observed in patients with COPD and certain forms
of asthma (28) but are critical in CF (2). Previous reports identified
PDEA4D as a negative regulator of the cAMP/PKA-dependent acti-
vation of wt-CFTR in bronchial epithelial cells, highlighting the po-
tential of PDE4 inhibitors to stimulate the channel (14, 29). Our
study pinpoints PI3Ky as a key AKAP orchestrating cAMP-mediat-
ed signal transduction in a microdomain involving B,-ARs, PDE4D,
and CFTR. Accordingly, whereas a generalized cAMP elevation in-
duced by Fsk correlated with the phosphorylation of most of CFTR
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phospho-sites, PI3Ky MP triggered local cAMP elevation, resulting
in the selective phosphorylation of S737. Although S737 phosphor-
ylation might have contrasting effects on CFTR gating (16, 30), this
likely depends on contextual modifications of other phosphorylation
sites (31), and our observations indicate that PI3Ky MP-mediated
phosphorylation of S737 triggers the same activity observed after
reintroduction of S737 in a PKA-insensitive CFTR mutant (16). PI3Ky
MP contributes to Cl™ secretion not only through a direct action on
CFTR but also by engaging Ca**-activated Cl~ channels and baso-
lateral, clotrimazole-sensitive Ca>"-activated K* channels increasing the
electrochemical driving force (17). Hence, PI3Ky MP coordinates
different mechanisms culminating in CI” secretion, provided that suffi-
cient functional CFTR is appropriately located at the plasma membrane.

In CF, the most common CFTR mutation (F508del) leads to the
intracellular retention of the channel (2). The function of F508del-
CFTR can be improved by the combined administration of correc-
tors and potentiators, which enable the plasma membrane exposure
and facilitate PKA-dependent gating of the mutant channel, respec-
tively (2, 32). In agreement, the efficacy of the potentiator VX-770
depends on concomitant cAMP/PKA phosphorylation of the chan-
nel (33). Although Fsk has been extensively used to elevate cAMP in
the preclinical testing of all CFTR modulators, PI3Ky MP ensured a
more physiological and compartment-restricted increase in cAMP
in the vicinity of CFTR that maximized the action of all combina-
tions, including both lumacaftor/ivacaftor and ETI. Despite the im-
provement in lung function achieved with ETT (2), rescue of CFTR
activity does not reach more than 60% of physiological values (34, 35).
Our observation that the peptide can almost double the gating of the
F508del-CFTR mutant after correction and potentiation with ETI
suggests that enhancing PKA-mediated CFTR phosphorylation might
represent an avenue for reinstating F508del-CFTR activity close to
100% of wt function, a condition potentially matching that of healthy
carriers of CF mutations (34). Our initial preclinical toxicology studies
in mice have shown that the inhaled PI3Ky MP remains confined in
the lungs and is tolerable, but additional investigations in other an-
imal models are awaited to corroborate the ability of the aerosolized
peptide to overcome the mucus barrier imposed by CF (36). Nonetheless,
treatment with ETI is associated with a substantial improvement in
mucus mobilization (37) and could thus facilitate the combined ac-
tion of PI3Ky MP.
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Together, this study highlights the therapeutic potential of increas-
ing cAMP concentrations in a compartmentalized manner. With its
pharmacological properties, PI3Ky MP might be useful for the
treatment of airway diseases including asthma and COPD, where
cAMP-elevating agents with broncho-relaxant properties are highly
desirable. In addition, by inhibiting PDE4, PI3Ky MP may exert a
selective activity on neutrophil adhesion and pulmonary recruitment.
Last, PI3Ky MP might be used in CF where, despite the success of
currently approved modulators, treatments allowing patients a nor-
mal life span are still lacking.

MATERIALS AND METHODS

Study design

We tested the hypothesis that targeting the scaffold function of
PI3Ky could trigger local cAMP elevation in the lungs and could
reduce airway smooth constriction, pulmonary inflammation, and
mucus stasis in chronic respiratory diseases without incurring un-
wanted systemic side effects. We devised a cell-penetrating peptide
disturbing the AKAP function of PI3Ky (PI3Ky MP), and we tested
its ability to induce compartmentalized cAMP responses in vitro
in hBSMCs and epithelial (16HBE140-) cells, as well as in vivo after
intratracheal instillation in mice. Bronchodilator and anti-inflammatory
activities of PI3Ky MP were studied in vivo in a mouse model of
asthma (OVA-sensitized mice). Effects on CFTR activity were studied
in primary HBE cells and intestinal organoids from healthy controls
and donors with CF through I;. measurements and FIS assays,
respectively.

The sample size for each experiment is included in the figure
legends. For mouse studies, females and males of 8 to 12 weeks of
age were used and randomly assigned to the experimental groups.
Experiments were approved by the animal ethical committee of the
University of Torino and by the Italian Ministry of Health (authori-
zation no. 757/2016-PR). The number of mice in each group was
determined by power calculations based on previous experience
with the model system and is defined in the respective figure leg-
ends. For in vitro experiments using immortalized cell lines, at least
three independent experiments were performed. For in vitro stud-
ies in cells and organoids derived from human subjects, the results
of at least n = 2 independent cultures from »n = 2 different donors
are provided. Informed consent was obtained from all participating
subjects, and all studies were ethically approved. All experiments
were conducted by blinded researchers. When outliers were identi-
fied, they were excluded from analysis if justified based on con-
firmed technical failure in parameter acquisition. Further details
can be found in relevant sections within the Supplementary Materials
and Methods.

Animals

PI3Ky-deficient mice (PI3Ky '") and knock-in mice with catalytically
inactive PI3Ky (PI3K7KD/KD) were described previously (38, 39).
Mutant mice were back-crossed with C57Bl/6j mice for 15 genera-
tions to inbreed the genetic background, and C57Bl/6j mice were
used as controls (PI3Ky+/+). For asthma studies, wt BALB/c females
were used. Mice used in all experiments were 8 to 12 weeks of age.
Mice were group-housed, provided free access to standard chow
and water in a controlled facility providing a 12-hour light/12-hour
dark cycle, and were used according to institutional animal welfare
guidelines and legislation, approved by the local Animal Ethics
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Committee. All animal experiments were approved by the animal
ethical committee of the University of Torino and by the Italian
Ministry of Health (authorization no. 757/2016-PR).

Human material

Approval for primary bronchial epithelial cells and organoids cul-
tures was obtained by the different local ethics committees (University of
California San Francisco, Istituto Giannina Gaslini, the University of
North Carolina at Chapel Hill, University of Verona, and University
Medical Center Utrecht), and informed consent was obtained from
all participating subjects.

Statistical analysis

Prism software (GraphPad Software Inc.) was used for statistical
analysis. Data are presented as scatter plots with bars (means + SEM).
Raw data were first analyzed to confirm their normal distribution
via the Shapiro-Wilk test and then analyzed by unpaired Student’s
t test, one-way analysis of variance (ANOVA), or two-way ANOVA.
Bonferroni correction (one-way and two-way ANOVA) was applied
to correct for multiple comparisons. In the absence of a normal dis-
tribution, nonparametric Kruskal-Wallis or Mann-Whitney tests were
used, followed by Dunn’s correction for multiple comparisons if ap-
propriate. P < 0.05 was considered significant.
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Cystic fibrosis transmembrane conductance regulator (CFTR) is an anion channel
expressed on the apical membrane of epithelial cells, where it plays a pivotal role in chloride
transport and overall tissue homeostasis. CFTR constitutes a unique member of the
ATP-binding cassette transporter superfamily, due to its distinctive cytosolic regulatory
(R) domain carrying multiple phosphorylation sites that allow the tight regulation of channel
activity and gating. Mutations in the CFTR gene cause cystic fibrosis, the most common
lethal autosomal genetic disease in the Caucasian population. In recent years, major
efforts have led to the development of CFTR modulators, small molecules targeting the
underlying genetic defect of CF and ultimately rescuing the function of the mutant channel.
Recent evidence has highlighted that this class of drugs could also impact on the
phosphorylation of the R domain of the channel by protein kinase A (PKA), a key regulatory
mechanism that is altered in various CFTR mutants. Therefore, the aim of this review is
to summarize the current knowledge on the regulation of the CFTR by PKA-mediated
phosphorylation and to provide insights into the different factors that modulate this
essential CFTR modification. Finally, the discussion will focus on the impact of CF mutations
on PKA-mediated CFTR regulation, as well as on how small molecule CFTR regulators
and PKA interact to rescue dysfunctional channels.

Keywords: cystic fibrosis transmembrane conductance regulator, protein kinase A, phosphorylation, cystic
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INTRODUCTION

The cystic fibrosis transmembrane conductance regulator (CFTR) is a cAMP-activated chloride
and bicarbonate channel expressed at the apical surface of secretory epithelia, including the
airways, sweat glands, gastrointestinal tract, and other tissues (Riordan et al., 1989; Rommens
et al, 1989; Riordan, 2008). The CFTR has a critical role in transepithelial ion and fluid
secretion and homeostasis, and mutations in this gene have been implied in the pathogenesis
of cystic fibrosis (CF; Li and Naren, 2005). CF, the most common life-shortening rare disease
among Caucasians, is an autosomal recessive genetic disease affecting around 32,000 individuals
in Europe and about 85,000 individuals worldwide (Zolin et al., 2020). The absence of a
functional CFTR leads to a decrease in chloride ion secretion that, together with the consequent
alteration of water homeostasis, results in the accumulation of dehydrated mucus, recurrent
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bacterial infection, and ultimately organ failure. Although CFTR
mutations cause a multiorgan disease, respiratory failure is the
major cause of morbidity and mortality for CF patients (Ratjen
et al,, 2015). Although CF nowadays remains an incurable
disease, the identification of the defective CFTR gene in 1989
(Riordan et al, 1989; Rommens et al., 1989) has prompted
significant advances in the development of molecular therapies
aimed at addressing the underlying cellular defect (De Boeck
and Amaral, 2016; Veit et al., 2016).

The CFTR gene, expressed on the long arm of chromosome
7 (Kerem et al., 1989), encodes for a unique member of the
large protein superfamily of ATP-binding cassette (ABC)
transporters (Klein et al., 1999), which carries a cytosolic
regulatory domain that is actively phosphorylated (Collins,
1992; Serohijos et al, 2008). Whereas most of the ABC
transporters are active pumps using ATP as the energy source
for the transport of small molecules, CFTR is an ATP-gated
ion channel where ATP hydrolysis controls channel opening
(Dean et al., 2001). Cystic fibrosis transmembrane conductance
regulator, like other ABC transporters, is composed of two
nucleotide-binding domains (NBDs), involved in channel
regulation through ATP binding and hydrolysis, and two
transmembrane domains (TMDs), containing six helices that
span the plasma membrane to form the ion channel pore
(Riordan et al.,, 1989; Callebaut et al., 2018). In the CFTR,
however, the NDBI1 domain is linked to the NDB2 one by
an additional structural region, a distinctive cytoplasmic
regulatory (R) domain with many charged residues and multiple
phosphorylation sites that allow the tight regulation of channel
activity and gating.

Importantly, the gating of the channel is strictly coupled
to the phosphorylation of the R domain by protein kinase A
(PKA; Egan et al, 1992; Vergani et al, 2005a,b) and protein
kinase C (Chappe et al, 2003; Seavilleklein et al, 2008).
PKA-dependent phosphorylation triggers large conformational
changes that remove the R region from its position and allow
NBDs dimerization to occur. Consequently, ATP binds to the
CFTR leading to the opening and activation of the channel,
while ATP hydrolysis closes it (Gunderson and Kopito, 1995;
Figure 1). In addition to regulating the gating of the channel,
PKA-mediated phosphorylation is involved in the regulation
of multiple processes, such as CFTR trafficking and stability
at the plasma membrane (Chin et al., 2017a).

This review will discuss the role of PKA in CFTR activity
regulation, and how this physiological mechanism of channel
activation is disrupted by CF mutations. Furthermore, in light
of the recent advances in the development of CFTR modulators,
we will discuss the impact of these novel molecules on the
PKA-mediated regulation of mutant channels.

CFTR GATING REQUIRES
PKA-MEDIATED PHOSPHORYLATION

Although the molecular mechanisms underlying CFTR activation
have been studied for years, several questions remain unanswered.
This section discusses how channel gating strictly depends on
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FIGURE 1 | The impact of PKA-mediated phosphorylation on CFTR channel.
The cystic fibrosis transmembrane conductance regulator (CFTR) structure
consists of two membrane spanning domains, two nucleotide-binding domains
(NBD1 and NBD2), and the unique cytoplasmic regulatory (R) domain. Among
these, the latter represents a critical site of channel regulation due to its
enrichment in protein kinase A (PKA) consensus motifs, with multiple serines
and threonines as phosphorylation targets. Moreover, there is an additional
phosphorylation site in the regulatory insertion (RI) segment of NBD1. In the
closed CFTR state (left channel), the NBD1 interacts with the R domain creating
steric hindrances which prevent it from dimerization with NBD2. Upon PKA-
dependent phosphorylation (right channel), large conformational changes occur
that decrease this interaction leading to the release of the R region from its
inhibitory position and allow NBDs dimerization, ultimately ATP binding and
CFTR-mediated chloride secretion. Thus, the open probability of the channel is
dependent on the access of PKA to the main phospho-sites (S422, S660,
S737, S768, S795, and S813). Phospho-sites critical for CFTR channel
activation are shown in red. Phosphoserines S737 and S768 are shown in
yellow since they have been shown to either activate or inhibit CFTR gating.
The role of the major PKA consensus sites in the regulation of CFTR function is
detailed in Table 1.

the intrinsic structure of the CFIR protein and several
posttranslational modifications, primarily phosphorylation.
One of the major challenges to the understanding of the
regulation by the R region of the opening and the gating of
CFTR has been the resolution of the CFTR structure. A crucial
breakthrough has been represented by the construction of
medium-high-resolution models of the 3D structures of the
full-length CFTR, first from zebrafish (Zhang and Chen, 2016)
and then from humans (Liu et al, 2017). These molecular
structures of the CFTR, determined using cryo-electron
microscopy, provide insights into a dephosphorylated, ATP-free
conformation, which represents a closed and inactive state of
the channel (Zhang and Chen, 2016; Liu et al.,, 2017). Of note,
Liu and colleagues with the resolution of the human CFIR
structure reveal a previously unresolved helix belonging to the
R region docked in an inward-facing conformation between the
two halves of CFTR, where it acts as a steric block precluding
channel opening (Liu et al., 2017). On the other hand, activation
of the CFTR channel is strictly coupled to the formation of a
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TABLE 1 | PKA phospho-sites in CFTR and their role in channel activity regulation.

PKA consensus site Domain

Mechanisms involved in PKA-mediated phosphorylation

References

Phosphorylation disrupts the interaction with S660 in the R domain promoting
NBDs dimerization, formation of the two ATP-binding pockets and CFTR

Phosphorylation leads to CFTR channel opening in the 15SA CFTR variant
insensitive to PKA. In contrast, phosphorylation by AMPK of these sites

Phosphorylation leads to CFTR binding to the 14-3-3b isoform in the ER and

Hudson et al., 2012;
Dawson et al., 2013

Hegedus et al., 2009;
Kongsuphol et al., 2009

Liang et al., 2012

Serine-422 RI-domain of NBD1
activation
Serine-737, 768 R-domain
maintains CFTR in a closed state
Serine-768, 795, 813 R-domain
promotes its forward trafficking to the cell surface
Serine-660, 700, 795, 813 R-domain

Phosphorylation leads to conformational change and release of the R domain
from its inhibitory position, promoting NBDs dimerization and CFTR gating

Rich et al., 1993;
Vais et al., 2004;
Chen, 2020

closed NBD dimer, and thereby to the initial conformational
changes driven by the PKA-dependent phosphorylation of the
R domain (Liu et al, 2017; Mihalyi et al, 2020).

Thus, the open probability of the channel is dependent on
the access of PKA to the multiple consensus sites in the R
domain (Liu et al., 2017), including 18 potential phosphorylation
sites (12 serines and 8 threonines) on a 200 residues long
domain. Specifically, in the fully phosphorylated protein, eight
phosphoserines (residue positions 660, 700, 712, 737, 753,
768, 795, and 813) and partial phosphorylation of serine at
position 670 (Baker et al., 2007) have been detected by mass
spectrometry (Townsend et al., 1996; Neville et al., 1997) and
NMR (Baker et al, 2007). Recently, Lucaks and colleagues
implemented a novel CFTR affinity enrichment method, followed
by an advanced mass spectrometry technique, to establish the
phospho-occupancy of CFTR upon PKA phosphorylation
(Schnur et al, 2019). Among the previously described 15
PKA consensus sites, they identified 10 PKA phospho-sites
in the R and NBD1 domain of CFTR (serine 422, 660, 670,
686, 700, 712, 737, 753, 768, and 795; Schnur et al, 2019).
Table 1 provides a comprehensive description of the major
phospho-sites and their effect on CFTR channel activity
regulation. The role of each phosphoserine in the modulation
of CFTR activity is quite complex and multiple experiments
have been attempted to address this problem by site-direct
mutagenesis, where the putative phosphorylation sites in the
R region were substituted with alanines (Kanelis et al., 2010;
Marasini et al., 2012, 2013). Of note, among such studies,
the replacement of serine at position 700, 795, and 813 revealed
a decrease in channel open probability (Rich et al., 1993;
Vais et al., 2004; Chen, 2020), whereas mutations of serine
737 and 768 increased the activity, thus implying a phospho-
dependent inhibitory effect of these residues on the CFTR
channel function (Wilkinson et al., 1997; Kongsuphol et al.,
2009). Accordingly, phosphorylation of these inhibitory sites
by AMPK inhibits CFTR-mediated chloride secretion by
maintaining the channel in a closed state (Kongsuphol et al.,
2009). These findings appear to be in apparent contrast with
the results of the work by Riordan and colleagues aimed at
investigating whether individual PKA phospho-sites act
cooperatively or distinctly in the regulation of channel activity.
This study investigated the impact of the reintroduction of

§737 and S768 in a CFTR variant insensitive to PKA, namely,
the 15SA mutant, in which the 15 PKA consensus sites were
replaced by alanines (Hegedus et al, 2009). Reintroduction
of S737 or S768 or both restored a significant level of channel
activation by PKA, thus indicating that phosphorylation of
these sites stimulates CFTR channel activity. Furthermore, a
mutant CFTR in which all phosphorylation sites have been
removed, completely eliminates the PKA-dependent regulation
of the channel activity (Xie et al,, 2002). In line with this
finding, a CFTR mutant containing six or more serine-to-
aspartate substitutions mimicking the effect of phosphorylation
results in channel opening even in the absence of PKA
(Rich et al., 1993).

Overall, these experiments highlight that the effects of
PKA-dependent phosphorylation of the R domain are correlated
to conformational changes triggered by the negative charges
of the phosphate group introduced on phosphoserines
(Zhang et al,, 2017, 2018; Schnur et al., 2019).

As a confirmation, circular dichroism, X-ray scattering, and
NMR experiments showed a reduced density of the
phosphorylated structure, suggesting that upon phosphorylation
the R domain becomes entirely disordered and less compact
(Baker et al.,, 2007; Bozoky et al.,, 2013). Further evidence of
the structure of phosphorylated CFTR, in its ATP-bound
conformation, comes from cryo-electron microscopy (Zhang
et al,, 2017, 2018). These images, comparing the conformation
in a phosphorylated and ATP-bound state (Zhang and Chen,
2016; Liu et al., 2017) with the dephosphorylated and ATP-free
conformation (Zhang et al., 2017, 2018), define the structural
changes of the two human and zebrafish CFTR orthologs.
These structures further reveal the clearly distinct position of
the R domain after phosphorylation. Upon PKA binding,
phosphorylation promotes the release of the R domain from
its inhibitory position, causing NBDs dimerization and flipping
of the TMDs into an outward-facing conformation, ultimately
leading to channel opening and activation of its ATPase function
(Sorum et al., 2015; Figure 1).

On the other hand, how phosphorylation triggers the ATPase
activity of CFTR has remained unclear. Whereas PKA-mediated
phosphorylation of the R domain is absolutely required (Chang
et al, 1993; Winter and Welsh, 1997; Seibert et al., 1999),
whether ATP binding is essential for CFTR gating is still
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controversial. In the following paragraph, we will describe how
phosphorylated CFTR channels are gated through ATP-dependent
and independent mechanisms.

EFFECTS OF PKA-MEDIATED
PHOSPHORYLATION ON ATP BINDING

The widely accepted model of CFTR activation establishes that
phosphorylated CFTR channels are gated through an ATP-dependent
mechanism that is based on conformational changes (Sorum et al,
2015). In these models, the ATP molecule powers the gating
cycle by inducing the opening through NBD1:NBD2 dimerization
as well as the closing through its hydrolysis (Higgins and Linton,
2004). While PKA phosphorylation promotes the release of the
R domain from its position, the binding of ATP triggers the
dimerization of the NBDs that, in turn, leads to channel opening
and activation (Vergani et al., 2003, 2005b; Csanady et al., 2010).
Therefore, the phosphorylation of the R domain increases the rate of
channel opening by stimulating conformational changes that
enhance the affinity for ATP (Winter and Welsh, 1997).

Following this obligatory modification, the ATP generally
bound only to NBD1 is released, and it binds to the two sites
at the NBD1:NBD2 interface (Aleksandrov et al., 2018). Recent
studies by Csana and colleagues support a model wherein ATP
binding to both NBDs enhances their dimerization and
consequently channel opening (Mihalyi et al., 2016). Instead,
the ATPase activity at NBD2 subsequently promotes destabilization
of the NBD dimer, leading to channel closure (Mihalyi et al.,
2016). Additionally, Lewis and colleagues have found that in
the CFTR closed state, the NBDs dimer is prevented, due to
the inhibitory interaction of the R domain with the regulatory
insertion (RI) domain of NDB1 (Lewis et al., 2004). Although
the majority of the canonical phosphorylation sites are located
within the R domain of CFTR, an additional residue (S5422)
in the RI region plays a key regulatory function (Lewis et al.,
2004). In particular, S422 of the RI domain interacts with
S660 in the R domain, creating steric hindrances on NBDI,
which prevent it from dimerization with NBD2 (Hudson et al.,
2012; Dawson et al., 2013). Upon phosphorylation by PKA of
these two serines, the alpha-helical content of both the RI and
the R regions decreases (Hudson et al, 2012; Dawson et al.,
2013). Therefore, phosphorylation by PKA weakens the interaction
between the R domain and NBDI, ultimately allowing the
formation of the NBD1:NBD2 dimer (Aleksandrov et al., 2018).

Different from the wild-type CFTR channel, where the gating
is dependent on ATP binding, in gating mutants where ATP
binding is impaired, the introduction of a second mutation,
like the K978C or the NBD2 deletion, restores the open
conformation of the channel, but PKA-mediated phosphorylation
of the R domain is still required for full channel activation
(Eckford et al., 2012). These examples of ATP-independent CFTR
channel appear to be regulated by phosphorylation, via allosteric
interactions between the R domain and the NBD1 region (Eckford
etal, 2012). Nonetheless, further studies are required to understand
the molecular basis for such ATP-independent gating and
CFTR regulation.

Overall, phosphorylation represents an additional level of
control of CFTR activity besides ATP binding and hydrolysis.
Given that the ATP concentrations within a cell are high enough
for constant activation of the channel, phosphorylation is essential
for the prevention of futile cycling of the channel between the
open and closed conformations (Higgins and Linton, 2004).

EFFECTS OF CF-CAUSING MUTATIONS
ON PKA-MEDIATED PHOSPHORYLATION
OF CFTR

Considering the essential role of PKA-dependent phosphorylation
of the intrinsically disordered R domain in modulating CFTR
gating (Hallows et al., 2003; Billet et al., 2015, 2016), it is plausible
that CF-causing mutations may disturb this mechanism of channel
regulation. The most common CFTR mutation, consisting of the
deletion of phenylalanine (F508del) located at the interface between
NBDI1 and the intracellular loop 4, interferes with the correct
R domain folding and assembly (Riordan, 2005; Hwang et al,
2018). As a consequence, the aberrant channel is targeted to
early ER-associated degradation (Farinha and Amaral, 2005).
Moreover, the resulting thermal instability of this mutant form
further contributes to its removal from the plasma membrane
(Okiyoneda et al., 2010), which has been shown to contain only
2% of mature F508del-CFTR compared to the normal wild-type
(WT) channel amount (Van Goor et al.,, 2011). Importantly, Wang
and colleagues demonstrated that the phosphorylation rate of
F508del-CFTR by PKA is significantly lower than that of WT-CFTR,
suggesting that the abnormal protein does not constitute a good
substrate for the kinase (Wang et al, 2000). The same results
were obtained from the analysis of the other two disease-causing
CFTR mutations, R170G and A1067T, both occurring in coupling
helices that allow the correct channel activation by phosphorylation
(Chin et al.,, 2017b).

Furthermore, a relevant study by Pasyk et al. exploited
mass spectrometry to quantitatively assess PKA-mediated
phosphorylation of serine 660 of F508del-CFTR at the ER
and reported a drastic reduction of phosphorylation upon
forskolin stimulation in comparison with the WT form
(Pasyk et al., 2009). Interestingly, COPI-mediated retrograde
trafficking from the Golgi to the ER, which prevents misfolded
F508del-CFTR from successfully reaching the apical cell
membrane (Rennolds et al.,, 2008; Okiyoneda et al., 2010),
has been linked to phosphorylation-dependent interactions
between the channel and 14-3-3 proteins (Liang et al., 2012).
In particular, selective binding of 14-3-3 protein isoforms to
specific PKA-phosphorylated sites within the R region decreases
this retrograde retrieval, ultimately resulting in augmented
CFTR biogenesis. Unfortunately, whether the impaired
phosphorylation caused by the deletion of F508 negatively
impacts this protein-protein interaction has yet to be elucidated.

Another relevant process that contributes to the maintenance
of channel density at the plasma membrane is the endosomal
trafficking of the CFTR, which ensures the internalization and
recycling of abundant or misfolded proteins (Moore et al., 2007).
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Notably, Holleran and collaborators revealed that cell surface
F508del-CFTR is targeted to lysosomes and displays defective
PKA-regulated exocytosis, consisting of significantly slower rates
of translocation to the plasma membrane from the Rabll+/
EHD1+ endosomal recycling compartment upon PKA challenge
(Holleran et al., 2013). Therefore, these data suggest that the
abnormal phosphorylation of the mutant CFTR by PKA could,
at least partly, account for the defective peripheral trafficking
of the channel. Moreover, it has been shown that the excision
of the RI polypeptide from the NBD1 of F508del protein, which
contains the additional PKA consensus site 422, may be beneficial
for the life cycle of the mutant channel (Aleksandrov et al,
2010). Specifically, removal of this region was found to promote
the escape of F508del-CFTR from the ER quality control machinery
and thus the increased apical surface stability. In addition, recent
evidence confirmed that the amount of phosphorylated S422,
which represents a minor PKA target site, is decreased in the
aberrant F508del protein (Pankow et al., 2019). However, further
analyses are required to clarify whether the presence of the RI
hampers the F508del-CFTR stability independently of its
phosphorylation state and to evaluate the biological consequence
of its reduced phosphorylation in the mutant CFTR.

Another important CFTR genetic defect that could potentially
interfere with PKA-mediated phosphorylation of the channel
is the G551D mutation, a class IIT mutation with a worldwide
frequency of ~4% (CFF patient registry, 2019). The disease-
causing substitution occurs in the NDB1 domain and strongly
impairs the ATP-dependent channel gating, without hindering
channel trafficking to the plasma membrane (Gregory et al,
1991; Bompadre et al., 2007). Interestingly, Chang and colleagues
demonstrated that the R domain of this mutant form undergoes
normal phosphorylation despite its lack of ATP binding (Chang
et al, 1993). In contrast, a very recent study showed that
G551D-CFTR  exhibits defective phosphorylation-dependent
activation as a result of a decreased sensitivity to PKA-mediated
phosphorylation. Stimulation of mutant channels with high
doses of PKA induced a remarkable increase in their activity,
thus suggesting that the intrinsic phosphorylation defect of
G551D-CFTR might be one of the major causes of low basal
functionality. Moreover, phosphorylation of the serine residue
737 of G551D occurred at a lesser extent compared to WT-CFTR,
highlighting a possible causative factor of the slower activation
rate of the aberrant protein (Wang et al., 2020).

Taken together, abnormal PKA-mediated phosphorylation
underlies multiple molecular defects observed in mutant CFTR
channels and represents a promising therapeutic target for the
treatment of CE Therefore, the following paragraph will focus
on how currently available CFTR modulators impact on the
phosphorylation of the channel by PKA.

EFFECTS OF CFTR MODULATORS ON
PKA-DEPENDENT REGULATION OF CFTR

In recent years, major advances have been made in the field
of precision therapy against the underlying cause of CE A variety
of small molecules, designed to target specific channel defects

and collectively known as CFTR modulators, have been developed
to improve or even restore the expression, activity, and stability
of defective CFTR variants (Lopes-Pacheco, 2016). Of outmost
relevance are CFTR correctors, which rescue the misprocessing
of mutant CFTRs, and potentiators, that are intended to restore
the defective cAMP-dependent chloride channel activity at the
cell surface (Lopes-Pacheco, 2016). Nonetheless, how these
therapeutic agents act on the PKA-mediated phosphorylation
of CFTR mutants is still largely unaddressed.

Importantly, there are some paradigmatic exceptions of CFTR
modulating drugs whose relationship with PKA-dependent
phosphorylation has been investigated and will be now discussed.
The potentiator VX-770 (ivacaftor) is approved both as a single
therapy for G551D mutants and as a combination with either
the corrector VX-809 (lumacaftor; Connett, 2019) or VX-445
and VX-661 for F508del carriers (Bear, 2020). Importantly,
ivacaftor was found to enhance channel activity in an
ATP-independent manner (Eckford et al, 2012). However,
non-phosphorylated CFTR does not exhibit any significant ion
current increase upon VX-770 stimulation, suggesting that its
potentiating action is strictly dependent on the phosphorylation
state of the channel (Eckford et al.,, 2012). Conversely, Jih and
collaborators demonstrated that this potentiator can increase
the activity of a CFTR lacking the R domain, thus arguing
with the previous hypotheses of a phosphorylation-dependent
mechanism (Jih and Hwang, 2013). Recently, a study by Uliyakina
et al. revealed that the absence of the RI domain strongly
emphasizes VX-809-mediated rescue of F508del-CFTR but
negatively impacts the channel currents stimulated by VX-770
(Uliyakina et al., 2020). Therefore, these two modulators display
a contradictory behavior in the absence of the unique region
containing the PKA phosphorylation site, S422, but future
analyses are needed to dissect the role of RI in mutant CFTR.
Additionally, another molecule, VRT-532, which had been
formerly identified as a potentiator (Van Goor et al.,, 2006),
showed to significantly amplify the activity of G551D-CFTR
mutants. Despite its direct interaction with the aberrant channel
(Pasyk et al, 2009), VRT-532 did not induce an increase in
CFTR phosphorylation, suggesting that its mechanism of action
occurs at stages that are downstream of the PKA kinase activity
(Pyle et al., 2011).

Conversely, correctors based on 3-(2-benzyloxy-phenyl)-5-
chloromethyl-isoxazoles, like UCCF-152, were found to stimulate
potent and rapid phosphorylation of the R domain of WT,
temperature-rescued F508del-CFTR and G551D-CFTR, while
also increasing iodide currents, leading to their classification
as CFTR activators (Pyle et al., 2011). The specific residues
phosphorylated upon the interaction with UCCF-152 have not
been yet identified, but this isoxazole neither raises cellular
cAMP levels nor directly activates PKA, suggesting a possible
enhancement of the propensity of the R domain to
be phosphorylated by releasing steric hindrances (Sammelson
etal,, 2003). To date, no additional analyses have been performed
to further characterize UCCF-152 as a candidate CF-treating
agent. The impact of CF-causing mutations on PKA
phosphorylation of CFTR, and the effect of CFTR modulators
on the activity of mutant channels is summarized in Table 2.

Frontiers in Physiology | www.frontiersin.org

June 2021 | Volume 12 | Article 690247



Della Sala et al.

PKA-Mediated Phosphorylation in CFTR Regulation

TABLE 2 | Effects of CFTR modulators on PKA-dependent regulation of CFTR mutants.

CFTR mutant Impact on PKA-mediated phosphorylation

Effects of CFTR modulators

References

F508del Reduced phosphorylation rate (PKA phospho-sites
S442, S660), altered interaction with 14-3-3 proteins,
increased COPI-mediated retrograde trafficking,
defective PKA-regulated exocytosis

G551D Reduced phosphorylation (PKA phospho-site S737)

and defective phosphorylation-dependent activation

Potentiation by VX-770 shows contrasting results on
phosphorylated and non-phosphorylated mutant CFTR.
VX-770-mediated rescue requires S442, while its deletion
enhances VX-809 correction. The activator UCCF-152
potentiates the phosphorylation of the R domain

VRT-532 potentiates the activity of the channel. The activator
UCCF-152 potentiates the phosphorylation of the R domain

Wang et al., 2000;
Pasyk et al., 2009;
Pyle et al., 2011;
Eckford et al., 2012;
Liang et al., 2012;
Holleran et al., 2013;
Uliyakina et al., 2020

Chang et al., 1993;
Pyle et al., 2011;
Wang et al., 2020

Overall, our current knowledge of how CFTR modulators
interfere or promote PKA-dependent phosphorylation of the
channel remains scarce, and future efforts are needed to allow
a better understanding of their impact on this essential molecular
modification of the channel.

CONCLUSION

In conclusion, PKA-dependent phosphorylation plays a key
role in multiple steps during the life cycle of CFTR. While
interactions resulting in phosphorylation at the CFTR R domain
regulate channel opening and activity, other phosphorylation
events at the C and N terminal ends of CFTR modulate channel
stability and trafficking at the PM. Importantly, CFTR mutations
leading to CF impair different steps of CFTR biogenesis that
are regulated by these phosphorylation events. Targeting
PKA-mediated phosphorylation thus represents a promising
strategy to rescue the activity of different CF-causing CFTR
variants. Nonetheless, how correctors and potentiators, including
their highly effective combinations, like the recently approved
Trikafta, impact on the PKA-mediated phosphorylation of CFTR
still needs to be thoroughly investigated. Future studies in this
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ABSTRACT Phosphatidyl inositol 3 kinase gamma (PI3Ky) is
expressed in all the cell types that are involved in airway
inflammation and disease, including not only leukocytes, but
also structural cells, where it is expressed at very low levels
under physiological conditions, while is significantly upregu-
lated after stress. In the airways, PI3Ky behaves as a trigger
or a controller, depending on the pathological context. In
this review, the contribution of PI3Ky in a plethora of respir-
atory diseases, spanning from acute lung injury, pulmonary
fibrosis, asthma, cystic fibrosis and response to both bacteri-
al and viral pathogens, will be commented.

INTRODUCTION

Phosphatidyl inositol 3 kinases (P13Ks) are a family of lipid
kinases that play key roles in a plethora of processes, in-
cluding cell growth, proliferation and differentiation, tissue
morphogenesis, metabolism, and immune function. The
PI3K family is divided into three classes with distinct func-
tions, among which the best characterized is class I, which
phosphorylates phosphatidylinositol 4,5 bisphosphate in
the third position to generate the second messenger phos-
phatidylinositide 3,4,5 trisphosphate. Class | PI3K subfamily
is further divided into two classes: class IA, which is com-
posed of a, B and & isoforms, and class IB, whose only
member is PI3Ky [1]. Class | PI3K isoforms display different
expression patterns: while PI3Ka and PI3Kp are ubiquitous-
ly expressed, PI3K& and PI3Ky have a more restricted ex-
pression pattern. Accordingly, deficiency in PI3Ka or PI3KB
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Abbreviatons:

AHR — airway hyperresponsiveness; ASM — airway smooth
muscle; cAMP — cyclic adenosine monophosphate; CF —
cystic fibrosis;, CFTR — CF transmembrane conductance
regulator; GPCR — G-protein coupled receptor; COPD —
chronic obstructive pulmonary disease; IAV — influenza A;
IFN — interferon; IL — interleukin; IPF — idiopathic
pulmonary fibrosis; KD — knockdown,; KO — knockout; LPS —
lipopolysaccharide; MIF — migration inhibitory factor; NK —
natural killer; PI3K — phosphatidyl inositol 3 kinase; PLY —
pneumolysin; SNP - single-nucleotide polymorphisms; TLR
— Toll-like receptor; VILI — ventilation-induced lung injury.

is embryonic lethal in murine models, whereas PI3Ky or
PI3K& knockout (KO) mice are viable and fertile [2].

In particular, PI3Ky is expressed, at very low levels un-
der physiological conditions, in cell types including cardio-
myocytes [3-9], vascular smooth muscle cells [10], and the
microglia [11], where it is significantly upregulated after
stress.

On the contrary, PI3Ky is constitutively enriched in leu-
kocytes (neutrophils, eosinophils, macrophages, T cells and
mast cells) [12]. Consistently, PI3Ky KO mice exposed to
natural pathogens/microbiota display altered immune
traits that closely mirror the human Inactivated PI3Ky Syn-
drome (IPGS) [13]. Intriguingly, clinical signs related to loss
of PIK3y include autoimmune cytopenia and infections, as
well as pathological infiltration of T cells in barrier organs,
including the lungs, that are hyper-responsive to microbial
products [13].
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Of utmost relevance for respiratory homeostasis and
disease, PI3Ky is also expressed in all the other cell types
that are involved in airway disease, like endothelial cells
[14], fibroblasts [15], and epithelial cells [16, 17].

Besides such diverse expression patterns, class | PI3Ks
own non-redundant roles in the response to a variety of
stimuli. Class IA PI3Ks, exception done for PI3KB that can
be also activated by G-protein Coupled Receptors (GPCRs)
[18], are recruited to receptor tyrosine kinases through the
SH2 domains of p85-like regulatory subunits. Class IB PI3Ky
is composed of the pl10y catalytic subunit, and of the
p101 and p84/p87 subunits. These two adapter compan-
ions have important non-redundant roles in coupling PI3Ky
to upstream Ras/GPCRs signaling pathways [19]. While p84
is a component of a constitutively- expressed PI3K complex,
p101 is part of an inducible PI3K complex [20]. Moreover,
the p110y/p84 heterodimer is less sensitive to the activa-
tion promoted by GBy subunits and depends on Ras part-
nership, while activation of the p110y/p101 variant by GBy
subunits is more favorable and Ras-independent [21]. Im-
portantly, p110y acts as an A-kinase anchoring protein
(AKAP), being engaged in a functional and physical interac-
tion with PKA that does not involve its kinase activity [7, 8].
Thus, PI3Ky is not only a kinase but also a scaffold protein
for PKA in a complex containing type 3 and 4 phos-
phodiesterases (PDEs). This complex acts in a negative
feedback loop, suppressing cyclic adenosine monophos-
phate (cAMP) levels in the vicinity of the B2-adrenergic
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receptor, through PKA-mediated activation of PDEs [7, 8].

Therefore, acting at the crossroads of multiple path-
ways [1, 22], PI3Ky is a hub of intracellular signaling. As an
example, PI3Ky is activated downstream of GPCRs by both
metabolic signals acting on B-adrenergic receptors, and
immune signals like chemokines and complement frag-
ments. Moreover, PI3Ky can be activated by pathogen- and
damage-associated molecular patterns downstream of
Toll-like receptors (TLRs) in myeloid cells [23-25] and cardi-
omyocytes [5], functioning as a master regulator at the
interface between metabolic and immune homeostasis.
The relevance of the PI3Ky hub as a regulator and amplifier
for diverse and converging signaling pathways is evident in
mast cells, where the FceRI receptor mediates PI3Ky activa-
tion. Yet, the FceRl receptor has no direct link to GPCRs,
but degranulation relies on PI3Ky [26]. Intriguingly, the
combinatorial regulation of PI3Ky heterodimer variants can
lead to a remarkable level of signaling specificity, which
depends on both the tissue and the physio-pathological
context [27].

Moreover, studies demonstrating the effects of knock-
ing out PI3Ky in murine disease models (Table 1) led to
great interest in the immunological functions and in the
potential of PI3Ky as a therapeutic target in inflammatory-
driven diseases [15], including those affecting the airways.
Within this review, we intend to highlight the relevance of
PI3Ky as a trigger or target in a plethora of respiratory dis-
eases, spanning from acute lung injury, pulmonary fibrosis,

TABLE 1. Differential responses of PI3Ky KO mouse models of respiratory diseases.

Pathology PI3Ky KO phenotype References
Within all studies, PI3Ky-deficient mice are healthy and viable with reduced allergic
AHR, inflammation, and remodelling. In the absence of PI3Ky, the chemokine-induced
Airway inflammation model of airway inflammation displays impaired neutrophils, eosinophils and macro- |[57, 91, 116]
phages chemotaxis, reduced peribronchial fibrosis and TGF-B1+ cells and lower Smad
2/3 signaling.
Lung iniur PI3Ky deficiency confers protection against bleomycin-induced pulmonary injury. PI3Ky
Fibrisisj b KO mice display reduced weight loss, decreased lethality, reduced deposition of lung [51]
collagen and lower expression of profibrogenic and proangiogenic genes.
Lung injury, PI3Ky KO mice display reduced accumulation of neutrophils in an LPS-induced acute
Inflammation lung injury model, and perturbation in E-selectin-mediated adhesion, in response to [117]
TNF-a.
Lung injury, Endotoxemia-induced lung edema, neutrophil accumulation, nuclear translocation of
Endotoxemia NF-kB and production of proinflammatory cytokines (IL-1f and TNF-a) in lung neutro- [118]
phils are reduced in transgenic mice lacking the catalytic subunit of PI13Ky.
In acute lung injury and adult respiratory distress syndrome (ARDS) models, PI3Ky KO
Lung injury, mice display reduced histological evidence of lung injury after high volume ventilation
. . . . [16, 119]
ARDS and reduced PKB phosphorylation compared to wild-type, independently from inhibi-
tory effects on cytokine release.
In a model where lung vascular injury was induced by bacteraemia (i.e. by intraperito-
Lung vascular injury, neal Escherichia coli injection), PI3Ky KO mice present higher levels of leucocyte accu-
Inflammation mulation in the lung, and greater microvascular permeability, resulting in lung edema. [120]
These results point to PI3Ky as a negative regulator of lung vascular injury in gram-
negative sepsis.
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asthma, cystic fibrosis and response to both bacterial and
viral pathogens (Figure 1).

PI3Ky ROLE IN RESPIRATORY DISEASES
Ventilator-induced damage
Mechanical ventilation is a life-saving therapy but can con-

tribute to the progression or even initiate lung injury per se.

Ventilation-induced lung injury (VILI) clinically displays
signs of alveolar edema, including increased vascular per-
meability and accumulation of fluids in the alveoli [28].

In VILI, the mechanical stress induced by ventilation ac-
tivates the inflammasome in macrophages and endothelial
cells, leading to enhanced nitric oxide (NO), oxygen radicals,
and peroxynitrite production, which contributes to the
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increase of alveolar and vascular permeability [28] and
impairs alveolar fluid clearance [29]. In line with these find-
ings, the inhibition of PI3Ky kinase activity specifically in
resident lung cells attenuates VILI through the reduction of
NO release [30].

Besides NO, the intracellular level of cAMP is critical for
the modulation of endothelial permeability [31]. Since
PI3Ky can act as a scaffold, independently of its kinase ac-
tivity, to modulate cAMP levels [7, 8], its role in the for-
mation of edema during VILI has been investigated. Ac-
cordingly, PI3Ky knockout lungs are protected from VILI
[16]. Moreover, pharmacological combined regimens
aimed at blocking PI3Ky kinase activity while increasing
cAMP levels attenuate VILI in PI3Ky wild-type lungs de-
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FIGURE 1: Schematic representation of the biological processes induced or mediated by PI3Ky in the cell types that are relevant for respira-
tory disease. PI3Ky has been involved in almost all target cells shown in the figure using either isoform-selective PI3K inhibitors or genetic
engineering. *Neutrophilic recruitment may be enhanced by either activation or inhibition of PI3Ky, depending on the context. NO: Nitric
Oxide; aSMA: a-smooth muscle actin; VEGF: Vascular endothelial growth factor; IL-13: Interleukin-13.
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prived of circulating leukocytes [30], pointing to the central
role of PI3Ky in lung cell types other than the immune cells.

Nevertheless, PI3Ky is largely expressed in leukocytes,
whose contribution to Vascular endothelial growth factor
(VEGF) production, inflammation and injury in VILI is rec-
ognized [32]. A major player in the control of local and
systemic immune response is TLR4 [33, 34]. Notably, it has
been shown that TLR4 is overexpressed [35], and has a key
role in experimental models of VILI [36-39]. In macrophag-
es, upon TLR4 receptor activation, PI3Ky is recruited by
Rab8, and is required to activate the Akt/mTOR pathway to
bias the cytokine response towards an anti-inflammatory
scenario [24]. Therefore, these findings suggest that the
contribution of the TLR4/PI3Ky axis to VILI pathogenesis
deserves further investigation.

PI3Ky emerged therefore as a possible therapeutic tar-
get in the treatment and/or prevention of VILI and edema.
However, strategies aimed at blocking PI3Ky kinase de-
pendent and independent activities only in resident in-
flammatory and parenchymal lung cells, such as airway
epithelial cells, should be addressed. This could enable to
mitigate potential systemic side effects on the innate im-
mune system on one side, and on different cAMP-
responsive cells, like cardiomyocytes, on the other.

Idiopathic pulmonary fibrosis (IPF)

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive,
fibrotic interstitial lung disease of unknown etiology, which
occurs primarily in older adults (median age at diagnosis is
about 65 years) [40]. Although it is classified as a rare dis-
ease (occurring in less than 5/10,000 persons per year), IPF
is the most common type of idiopathic interstitial pneu-
monia, occurring with a frequency comparable to that of
stomach, brain and testis cancers [41]. Moreover, the
global burden of IPF is extremely high, due to the poor
prognosis, with a median survival time of two to four years
from diagnosis [42].

Historically, IPF was considered a chronic and progres-
sive inflammatory disorder, which gradually leads to estab-
lished fibrosis. However, the failure of anti-inflammatory
therapies [43] caused a profound revision of this concept
[44]. IPF is now thought to result from the concomitance of
repetitive local micro-injuries to the ageing alveolar epithe-
lium, genetic factors [45], and environmental risk factors
(such as cigarette smoke, drugs, lung microbiome, infec-
tions or environmental pollutants) [42, 46]. In turn, intra-
cellular signaling initiated by micro-injuries gives rise to an
aberrant communication between epithelial cells and fi-
broblasts, leading to increased extracellular matrix accu-
mulation, and, ultimately, to lung interstitial remodeling
and loss of function.

Within this context, PI3K signaling emerged as a crucial
pathway in models of pulmonary fibrosis [47, 48]. In par-
ticular, class | PI3Ks play key roles in the homeostasis of all
the cell types that are involved in the pathogenesis of IPF.
Consistently, an inhaled pan-Class | PI13K inhibitor has been
demonstrated to have a protective effect against the rapid,
progressive pulmonary fibrosis induced by instillation of
bleomycin in vivo [48], by reducing the expression of pro-
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fibrotic genes, including transforming growth factor-B
(TGF-B) and connective tissue growth factor (CTGF) [49].
Among class | isoforms, PI3Ky is overexpressed in myofi-
broblasts and bronchiolar basal cells in the lungs of IPF
patients, and, ex vivo, in human IPF primary fibroblasts [50].
Both genetic and pharmacological inhibition of PI3Ky are
able to inhibit proliferation as well as a-smooth muscle
actin (aSMA) expression in IPF fibroblasts in vitro [50]. Ac-
cordingly, mice lacking PI3Ky are protected from the accu-
mulation of matrix and leukocytes in the lungs after bleo-
mycin injury [51], pointing to PI3Ky as a promising thera-
peutic target for IPF.

Recently, the need of pathway-specific biomarkers and
genetic phenotyping has emerged in order to identify pa-
tient subtypes for new combinatorial trials [52]. In fact,
due to its intrinsic complexity, the natural history of IPF is
highly variable and the course of the disease in an individ-
ual patient is somewhat unpredictable, as some patients
experience a rapid lung decline, while others progress
much more slowly. Of note, a rapidly progressive disease
has been associated with the upregulation of several genes,
including TLR9 [53], downstream of which PI3Ky is activat-
ed, at least in cardiomyocytes [5]. Moreover, in the past
two decades, metabolic dysregulation, impaired mito-
chondrial autophagy, and mitochondrial dysfunction have
been observed in cells of IPF lungs [54].

Overall, these results suggest the intriguing hypothesis
that the activation level of PI3Ky might act as a master
controller in the different processes that converge on IPF
pathogenesis and influence the fate of the lung environ-
ment. Whether PI3Ky will be a suitable biomarker or ther-
apeutic target in IPF patients, however, still has to be in-
vestigated.

Asthma

The role of PI3K family members in asthma is well docu-
mented and pan-class | PI3K topical inhibition is effective
against acute and, more importantly, glucocorticoid re-
sistant asthma [49]. Focusing on the specific contribution
of PI3Ky to asthma pathogenesis, KO of PI3Ky or treatment
with an aerosolized dual inhibitor of PI3Ky and & (TG100-
115), is able to reduce eosinophilic airway hyper-
responsiveness (AHR) and inflammation in experimental
models [54-57].

Moreover, the PI3Ky-specific inhibitor AS605240
dampens eosinophilic inflammation induced by the CC
chemokine eotaxin (CCL11), by suppressing signaling path-
ways downstream of CC chemokine receptor 3 (CCR3) [58].
In detail, AS605240 inhibits eotaxin-induced chemotaxis,
adhesion to Intercellular Adhesion Molecule 1 (ICAM-1),
and degranulation of human peripheral blood eosinophils
by inhibiting ERK1/2 phosphorylation, without down-
regulation of surface CCR3 expression [58].

Mechanistically, the pathological role of PI3Ky in asth-
ma implicates the release of inflammatory cell mediators,
including macrophage migration inhibitory factor (MIF) and
the T-helper type Il cytokine Interleukin-13 (IL-13).

MIF participates as a proinflammatory cytokine in both
innate and adaptive immune responses, contributing to the
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pathogenesis of inflammatory, metabolic, autoimmune,
and allergic diseases. Of note, MIF plays a pivotal role in
activating the expression of PI3Ky regulatory (p101) and
catalytic subunits (p110) [59]. In turn, increased PI3Ky ac-
tivity is responsible for IL-13-mediated contraction of air-
way smooth muscle (ASM) cells, the underlying mechanism
of AHR induced by allergen sensitization or cytokines in
asthma [59-63]. IL-13 receptor and PI3Ky are both ex-
pressed in ASM cells, in which they control contractility by
regulating Ca?* oscillations [64]. Notably, IL-13, which is
increased in the airways of asthmatic patients and corre-
lates with AHR [65], is sufficient [66] and required [67] for
the development of allergen-induced AHR. In a translation-
al perspective, targeting PI3Ky, either pharmacologically or
by RNA interference, suppresses IL-13-dependent contrac-
tility of ASM cells, and, more importantly, intranasal ad-
ministration of a PI3Ky inhibitor attenuates IL-13-induced
AHR in mice [64]. Therefore, dampening IL-13 levels by
targeting the upstream PI3Ky signaling might be a feasible
and efficient strategy to reduce Ca?* oscillations and con-
traction in ASMs.

Overall, these data underline the promising therapeutic
potential of PI3Ky inhibition in asthma [68].

Cystic Fibrosis

Cystic fibrosis (CF) is the most common genetic disease in
the Caucasian population, affecting ~1 in 3,500 persons.
The basic defect of CF results from mutations in a single
gene encoding for the CF transmembrane conductance
regulator (CFTR), a 1,480 residues transmembrane glyco-
protein that regulates cAMP-mediated chloride (CI) con-
ductance at the apical surface of secretory epithelia. Im-
paired secretion of Cl- and bicarbonate triggers dehydra-
tion of the airway surface liquid, resulting in increased mu-
cus viscosity and impaired mucociliary clearance. The ac-
cumulated mucus ultimately favors colonization by patho-
gens and resistance to treatments [69]. In turn, airway
mucus obstruction and recurrent/persistent bacterial in-
fections trigger a chronic neutrophilic inflammation, which
are responsible for the release of neutrophilic elastases
and for the ensuing, progressive lung damage and decline
of function in CF patients [70].

In this context, the inflammatory response in CF lungs
is non-resolving and self-perpetuating. In fact, the vicious
cycle of neutrophilic burden and release of noxious media-
tors, further fuels inflammation and infection, and further
contributes to disease progression towards irreversible
lung damage. Notably, albeit chronic bacterial infections
play a prominent role in the progression of CF lung disease,
inflammation was observed in the lungs of asymptomatic
CF infants without any apparent established bacterial in-
fection [71], suggesting that sterile inflammation can pre-
cede, and possibly promote, infection in early-stage CF
lung disease, by favoring the expansion of more pathogenic
strains among the lung microbiota. Consistently, recent
studies suggest that, upon migration to CF airways, neu-
trophils undergo a phenotypic reprogramming, leading to
dysregulated lifespan, metabolism and effector function,
ultimately contributing, together with the epithelium and
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resident microbiota, to the evolution of a pathological mi-
croenvironment [72].

Therefore, anti-inflammatory therapy, eventually com-
bined with antibiotics, is crucial to prevent lung damage.
However, currently used therapeutic strategies show lim-
ited clinical benefit. With the aim of filling this gap, the
possibility to interfere with leukocyte trafficking into CF
airways has been explored. PI3Ky has a key role in this pro-
cess, triggering signaling pathways evoked by binding of
chemotactic factors to GPCRs. Among these, IL-8 repre-
sents the principal neutrophil chemoattractant and its ele-
vated concentration characterizes CF lung inflammation. In
the CF context, the biological efficacy of both genetic dele-
tion and pharmacological inhibition of PI3Ky in reducing
chronic neutrophilic inflammation in the lungs has been
demonstrated in B-ENaC overexpressing CF-like mice [73].

While most research on CF inflammation has focused
on epithelial cells and neutrophils, macrophages play an
important role in the initiation and resolution of pulmo-
nary inflammation. Functional abnormalities have been
observed in CF macrophages from experimental models,
including newborn CF pigs, and from CF patients, and
found to display a constitutive proinflammatory status and
hyper-responsiveness to microbial stimuli, supporting the
presence of a primary defect in CF macrophages, which
seems to be correlated to CFTR channel function [74, 75].

Of note, mucus stasis per se might be responsible for
the pro-inflammatory polarization of airway macrophages
[76], albeit data from CF patients point to a CFTR-
dependent defect in the resolution phase of inflammation,
due to the inability of CF macrophages to re-polarize to the
M2 immunosuppressive phenotype [77]. Notably, blockade
of PI3Ky activity promotes M1 macrophage polarization in
implanted tumors, and inflammation, albeit M2 polariza-
tion has been observed in obese mice lacking PI3Ky [78],
suggesting that the cellular context and activation level of
PI3Ky might be crucial to determine the fate of macro-
phages.

Overall, these data would support the relevance of the
immune response in CF disease, but whether abnormalities
in immune cells, including changes to macrophage polari-
zation, could be corrected using CFTR-directed therapies
remains an open question. Whereas blockade of PI3Ky
activity by small-molecule inhibitors may represent a valid
approach to down-modulate neutrophil recruitment and
burst in inflamed tissues, the resulting increased suscepti-
bility to infection might be a potential side effect. There-
fore, focused therapeutic windows should be defined for
the use of these molecules in CF patients.

PI13Ky IN INFECTIVE DISEASES

Bacterial infections

Streptococcus pneumoniae is the most prevalent gram-
positive bacterium causing community-acquired pneumo-
nia, septic meningitis, and otitis media. The pathogenicity
of S. pneumoniae is largely linked to its ability to produce a
variety of virulence factors, among which the most rele-
vant is pneumococcal virulence factor pneumolysin (PLY).
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In addition to its ability to form pores in cell membranes,
PLY acts as a pathogen-associated molecular pattern by
signaling via TLR4 to induce TLR4-dependent cytotoxicity in
lung resident macrophages, thus further promoting the

bacterial colonization of the lower respiratory tract [35, 79].

Of note, TLR4 activation acts through PI3Ky to shift macro-
phages towards an anti-inflammatory scenario [24]. Mech-
anistically, PI3Ky and Rab8a control cytokine production by
signaling through mTOR [24], which acts as a hub down-
stream of TLR4 to bias cytokine responses, inhibiting NFkB-
dependent transcription of pro-inflammatory cytokines,
like IL-6 and IL-12, while enhancing STAT3-mediated tran-
scription of the anti-inflammatory cytokine IL-10 [80]. Con-
sistently, either genetic deletion or pharmacologic inhibi-
tion of PI3Ky in mice infected with S. pneumoniae causes
an impaired recruitment of macrophages, associated with
a reduced bacterial clearance from the lungs [81]. This, in
turn, results in an impaired resolution/repair process and
in progressive pneumococcal pneumonia [81]. Similar re-
sults have been observed after infection by Staphylococcus
aureus, as a higher bacterial burden is present in PI3Ky KO
mice, due to the reduced recruitment of leukocytes.

On the contrary, PI3Ky deficiency improves the re-
sistance against Mycobacterium tuberculosis in the early
phase of infection, by increasing T helper IL-17+ (Th17)
cells number, production of IL-17, and expression of mole-
cules associated with Th17- cells differentiation and neu-
trophil recruitment [82]. These findings are in accord with
previous data showing increased concentrations of IL-17 in
the bronco alveolar lavage fluid of PI3Ky KO mice chal-
lenged with intranasal instillation of lipopolysaccharide
(LPS) [4].

Moreover, a deficiency in expression of PI3Ky, along
with PI3KS, enhances the IL-17/G-CSF axis and induces
neutrophilia [83].

Of note, the crosstalk between the IL-17 signaling
pathway and neutrophils recruitment seems to be time-
dependent [84]: while higher neutrophil counts are protec-
tive against early tuberculosis infection [85], a pathogenic
role of neutrophils during the late stages of tuberculosis
has been proposed [86]. Thus, whereas pharmacological
inhibition of PI3Ky may be a suitable strategy to inhibit
inflammation and limit lung damage in chronic and early-
stage lung diseases, it might raise concerns in acute and
late-stage infections, where it could result in an impaired
host defense against high bacterial burden.

Influenza

The role of PI3Ky in the context of viral infections has been
studied in Kaposi’s sarcoma-associated herpes virus-
induced tumors, where PI3Ky is required for the viral onco-
genic signaling [87]. On the other hand, PI3Ky is also im-
portant in the regulation of innate immune responses, as
well as establishment and resolution of inflammation upon
influenza infection. Influenza A (IAV) and B viruses are
among the most common causes of acute respiratory dis-
eases of viral origin, accounting for three to five million
cases of severe infection and up to 650,000 deaths/year
worldwide [88]. In particular, the clinical manifestation of
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IAV infection, a highly pathogenic strain, is characterized by
an excessive inflammatory response leading to lung dam-
age [89].

Response to IAV infection can be conceptually divided
in three stages, which however occur simultaneously
through the course of the injury [90]. First, the immune
response against the influenza virus is initiated by release
of type-l and type-lil interferons (IFNs), mainly produced by
epithelial cells, which are primarily targeted by IAV, and by
dendritic cells. Second, the innate immune system (natural
killer (NK) cells, macrophages, and neutrophils), is rapidly
recruited to the airways by cytokines and chemokines.
Finally, specificity and memory are provided by T cells.
PI3Ky plays a crucial role in all these responses, driving
production of type-I and type-lll IFNs, as well as recruit-
ment of NK and CD8+ T cells, and ultimately controlling
viral titers in the infected lungs.

PI3Ky has a pivotal role in the recruitment and survival
of macrophages and neutrophils [91, 92], which, however,
when excessively activated, might be harmful to the host
by leading to lung damage [93, 94]. Recently, PI3Ky has
been shown to be essential after IAV infection for the con-
trol of recruitment and survival of innate immune cells and
for resolution of inflammation [95]. In fact, in PI3Ky KO
mice infected by IAV, the increased production of pro-
inflammatory cytokines and the accumulation of activated
neutrophils in the lungs contribute to lung damage and
enhanced lethality. Moreover, PI3Ky controls leukocyte
survival and resolution of inflammation, as shown by the
reduced number of resolving macrophages and lower IL-10
levels in PI3Ky KO mice infected with IAV. Keeping with
that, during IAV infection, this unbalance towards pro-
inflammatory signals, to the detriment of pro-resolving
signals, finally results in increased lung injury in PI3Ky KO
mice.

Recently, the contribution of PI3Ky in regulating prim-
ing of CD8+ T cells by resident dendritic cells and
NK/lymphocyte migration toward chemokine stimuli in
PI13Ky KD/KD (knockdown) [96] and PI3Ky KO mice [45],
respectively, has been shown to contribute to the en-
hanced susceptibility to IAV infection.

Consistent with these findings, PI3Ky orchestrates the
antiviral immunity and inflammatory magnitude in re-
sponse to IAV by distinct mechanisms. Therefore, targeting
PI3Ky may not be useful to treat IAV infection, possibly
leading to decreased control of the infection, but might be
an important diagnostic marker of disease severity. Never-
theless, the contribution of the scaffold and kinase activity
of PI3Ky have not been dissected in this context, and atten-
tion should be paid to the fact that PI3Ky KO and KD/KD
mice do not necessarily have overlapping phenotypes, as
previously suggested in the heart [8, 97].

Moreover, the analysis of single-nucleotide polymor-
phisms (SNPs) on PIK3CG gene might be exploited for
prognosis. Different genetic polymorphisms on genes en-
coding for host factors have been investigated to explain
the heterogeneity of immune responses to influenza infec-
tion and disease outcomes [98]. SNPs on PIK3CG, or close
to the gene, have been studied in genetic association stud-

Cell Stress | in press



V. Sala et al. (2021)

ies in a number of diseases, like cardiovascular disease [99],
epinephrine-induced  aggregation [100] and HDL-
cholesterol plasma levels [101]. Importantly, SNPs located
in PIK3CG gene (rs17847825 and rs2230460) have been
associated with disease protection in influenza
A(H1IN1)pdmO09-infected patients [95], thus suggesting the
possible use of PI3Ky as a clinical prognostic factor.

CONCLUSIONS

Following the initial characterization of PI3Ky [102, 103]
and the patenting of the first PI3Ky-selective inhibitor by
Novartis in 2003 for the treatment of respiratory diseases
[104], drug discovery efforts in the last decade have vali-
dated the value of PI3Ky as a promising therapeutic target,
especially for inflammatory disease (for a chronological
review of the patented synthetic PI3Ky inhibitor chemo-
types see [15] and [105]).

In particular, pharmacological targeting of PI3Ky may
be effective in the regulation of the immune system, and
therefore in the control of airway diseases driven by an
excessive inflammatory response. On the other hand, pos-
sible side effects can be expected upon long-term treat-
ment or in the co-occurrence of infections, as highlighted
by preclinical work [81]. Similarly, infections have been
observed as a significant side effect of the dual PI3Kyd in-
hibitor Duvelisib [106]. However, whether and how PI3Ky
selective inhibitors predispose to infections is still unknown,
as only one compound selectivity targeting PI3Ky, IPI-549
from Infinity Pharmaceuticals, has initiated clinical devel-
opment so far, though as an anti-cancer agent [105].
Therefore, it cannot be excluded that inhibitors targeting
PI3Ky catalytic activity may have opposite effects in the
lungs, and only clinical trials will define the nature and the
extent of a therapeutic window for these drugs in pulmo-
nary diseases, compared to the more advanced dual
PI3Kyd inhibitors.

Among these, several compounds have reached clinical
trial for respiratory diseases (Table 2). For example,
Duvelisib was a candidate for mild asthma, but further
development in non-oncologic diseases has been stopped,
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as the primary end point (changes in maximum allergen-
induced Forced Expiratory Volume 1 decrease) was missed
in clinical trials. Significant effects were seen, however, on
secondary end points, but at a dose potentially leading to
serious adverse reactions [107]. Other dual yé inhibitors
that reached clinical development for respiratory diseases
(like asthma and chronic obstructive pulmonary disease
(COPD)) include RV1729 and RV6153, from RespiVert, and
AZD8154, from AstraZeneca (Table 2). Possibly, an inhala-
tion-based delivery of PI3KyS (and PI3Ky) inhibitors could
help reducing, if not overcoming, any systemic adverse
effect, though impairing the response to respiratory path-
ogens. In line with this approach, Chiesi Farmaceutici has
started a clinical study to investigate the safety, tolerability
and pharmacokinetics of the inhaled CHF6523 PI3K inhibi-
tor. As an exploratory assessment, the anti-inflammatory
effect of CHF6523 on sputum and blood biomarkers in
COPD subjects will be evaluated (Table 2).

Moreover, considering that class IB isoforms can coop-
erate with class IA and IB PI3Ks in controlling, downstream
signaling events, dual inhibition may be desirable to
achieve a relevant therapeutic effect [15]. On the other
hand, from a safety perspective, a high isoform selectivity
is required, especially toward PI3Ka and B, which made
development of PI3Ky inhibitors difficult, due to the high
similarity between isoform sequences. Only recently, new
classes of increasingly more specific inhibitors have been
generated to block PI3Ky kinase activity [108-110]. Howev-
er, this approach may not discriminate between the two
PI3Ky heteromeric variants, that share the same catalytic
p110y subunit combined to different regulatory subunits,
which hypothetically exert distinct biological functions [27].

Nonetheless, PI3Ky is a multifunctional protein, which
is not only involved in the modulation of the Akt/mTOR
pathway through its catalytic action, but also in the inhibi-
tion of cCAMP as a scaffold protein. As cAMP elevation in
lungs triggers bronchodilation and anti-inflammatory re-
sponses, better definition of the protein-protein interac-
tions driving PI3Ky-mediated cAMP modulation might open
the way to novel therapeutic options in airway diseases.

TABLE 2. Clinical development of PI3Kyé inhibitors for respiratory diseases.

Com- . Clinical Trial Clinical Subjects | Duration
pound LTS Target Disease Identifier phase SIELEE enrolled | (weeks) i
IP-145 Verastem Oncolo- (107
(Copik- | 8y, licensed from | PI3Ky5 Mild NCT01653756 2 Completed 50 2 111,
tra®, Infinity Pharma- | inhibitor | Asthma
e ) 112]
Duvelisib) | ceuticals
PI3KVS Asthma NCT01813084 1 Completed 63 4 [111,
RV1729 RespiVert inhibi\t/or Asthma NCT02140320 1 Completed 49 2 113,
COPD NCT02140346 1 Completed 48 4 114]
RV6153 RespiVert . PI?K.vé Asthma NCT02517359 1 Terminated 55 4 (105,
inhibitor 111]
PI3KVS Asthma NCT04480879 1 Terminated 10 9
AZD8154 | AstraZeneca inhibi‘t’or Asthma NCT04187508 2 Withdrawn - - [115]
Asthma NCT03436316 1 Completed 78 2
CHF6523 Chiesi Farmaceutici | . P.I3.K COPD NCT04032535 1 Recruiting - 4
inhibitor
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Despite efforts in developing PI3Ky inhibitors in the last
decades, only one compound, the dual y& inhibitor
Duvelisib, has received approval, and its application is lim-
ited to oncological malignancies. Therefore, a more pro-
found understanding of the biological role of PI3Ky variants
as well as of the impact of its non-catalytic functions in
signal transduction is needed in order to foster new tools,
and expand fields of intervention for PI3Ky targeting.
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Opinion statement

Heart failure (HF) is increasingly recognized as the major complication of chemotherapy
regimens. Despite the development of modern targeted therapies such as monoclonal anti-
bodies, doxorubicin (DOX0), one of the most cardiotoxic anticancer agents, still remains the
treatment of choice for several solid and hematological tumors. The insurgence of cardiotox-
icity represents the major limitation to the clinical use of this potent anticancer drug. At the
molecular level, cardiac side effects of DOXO have been associated to mitochondrial dysfunc-
tion, DNA damage, impairment of iron metabolism, apoptosis, and autophagy dysregulation.
On these bases, the antioxidant and iron chelator molecule, dexrazoxane, currently represents
the unique FDA-approved cardioprotectant for patients treated with anthracyclines.

A less explored area of research concerns the impact of DOX0 on cardiac metabolism. Recent
metabolomic studies highlight the possibility that cardiac metabolic alterations may critically
contribute to the development of DOXO cardiotoxicity. Among these, the impairment of
oxidative phosphorylation and the persistent activation of glycolysis, which are commonly
observed in response to DOXO treatment, may undermine the ability of cardiomyocytes to meet
the energy demand, eventually leading to energetic failure. Moreover, increasing evidence
links DOXO cardiotoxicity to imbalanced insulin signaling and to cardiac insulin resistance.
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Although anti-diabetic drugs, such as empagliflozin and metformin, have shown interesting
cardioprotective effects in vitro and in vivo in different models of heart failure, their
mechanism of action is unclear, and their use for the treatment of DOX0 cardiotoxicity is still

unexplored.

This review article aims at summarizing current evidence of the metabolic derangements
induced by DOX0 and at providing speculations on how key players of cardiac metabolism
could be pharmacologically targeted to prevent or cure DOXO cardiomyopathy.

Introduction

Doxorubicin (DOXO) is a highly effective chemothera-
peutic drug belonging to non-selective class I anthracy-
cline family [1], widely used for the treatment of several
cancers, such as solid tumors, acute leukemia, lympho-
mas, and breast cancer 2, 3]. However, its clinical use is
hampered by its cumulative and irreversible cardiotox-
icity, which leads to myocardial dysfunction manifesting
as aberrant arrhythmias, ventricular dysfunction, and
congestive heart failure, even years after chemotherapy
cessation [4-6].

As the number of cancer survivors is steadily increas-
ing, the long-term side effects of DOXO administration
are becoming ever more apparent [7]. Despite the expo-
nential growth of the field of cardio-oncology in the last
decade, the molecular mechanisms underlying DOXO-
induced cardiotoxicity have not been fully elucidated yet
[8]. The finding that antioxidants fail to prevent DOXO-
induced cardiotoxicity has challenged the classical view
according to which oxidative stress is the main determi-
nant of the cardiac side effects of DOXO, suggesting the
involvement of additional mechanisms [8, 9]. Among the
theories that have been proposed are mitochondrial dys-
function [10], DNA damage [11], defects in iron handling
[10], apoptosis [12], and dysregulation of autophagy
[13-15].

Although the exact mechanism of DOXO cardiotoxic-
ity remains to be defined, mitochondrial damage and
accumulation of dysfunctional mitochondria have been
shown as key hallmarks of DOXO-induced cardiotoxic
effects [13]. Mitochondria constitute around 50% of the
cardiomyocyte volume and are vitally important for energy
generation. As DOXO accumulates in the inner mitochon-
drial membrane by binding cardiolipin, this perturbs mi-
tochondrial protein function and uncouples mitochondri-
al respiratory chain complexes, eventually impairing ATP

production [16]. Moreover, the ATP deficiency linked to
DOXO cardiotoxicity has been directly correlated to alter-
ations of mitochondrial energy metabolism and
bioenergetics.

The myocardium can fulfill the elevated metabolic
requests thanks to an incredible metabolic flexibility
according to which ATP can be generated starting from
a variety of energy substrates such as glucose, fatty acids,
and ketone bodies. Of note, build-up of each of these
carbon sources is associated with increased rates of car-
diovascular diseases [17], and, in general, metabolic
dysregulations play a critical role in the pathophysiology
of heart failure (HF) [18, 19].

The association between metabolic dysregulation
and cardiotoxicity has been demonstrated with different
cancer therapies, such as copanlisib in relapsed follicular
lymphoma [20], nilotinib in chronic myelogenous leu-
kemia [21, 22], and androgen deprivation (AD) in pros-
tate cancer [17], which were found associated to glucose
dysregulation and hyperglycemia, or increased choles-
terol level. Multiple studies have shown that AD therapy
consistently increase insulin resistance, total cholesterol,
and the rate of incident diabetes mellitus leading to
increased risk of myocardial infarction and sudden car-
diac death [23, 24]. However, less is known about the
cardiac metabolic dysregulations involved in DOXO
cardiotoxicity. Important clues come from a recent clin-
ical study conducted in breast cancer patients treated
with anthracyclines [25¢], where a metabolite profiling
approach has been used to define the early metabolic
changes associated with the development of cardiotox-
icity. Patients who developed cardiotoxicity display
changes in citric acid and aconitic acid, along with an
increased level of purine and pyrimidine metabolites in
the plasma, that may be related to the systemic DNA
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damage induced by chemotherapy [25]. Of note, the
identification of early metabolic changes as well as the
measurement of circulating metabolites in the plasma
could provide insight into the mechanisms associated
with the development of DOXO cardiotoxicity.

In further support of the importance of exploring
metabolic changes linked to DOXO treatment, there is
growing evidence that drugs approved for the treatment
of metabolic diseases, such as diabetes, could protect
against anthracycline cardiotoxicity. Among them, two
anti-diabetic agents, metformin (MET) and empagliflo-
zin (EMPA), have shown promising results since, along
with their glucose-lowering effects, they protect against
the development of cardiometabolic diseases as well as
DOXO-related cardiotoxicity [26, 27]. Moreover,

empagliflozin, a SGLT2 inhibitor, exhibits protective
effects in DOXO-induced HF in mice without diabetes
[27e]. Taken together, these findings suggest that an
improved understanding of the mechanisms underlying
the regulation of cardiac metabolism in response to
DOXO treatment may lead to the identification of novel
pharmacological targets as well as the development of
new strategies to prevent the cardiotoxic effects of
DOXO in cancer patients.

Here, we focus on the description of the molecular
processes governing cardiac metabolism whose deregu-
lation has been linked to DOXO cardiotoxicity. More-
over, we discuss how the identification of key players of
cardiac metabolism may be instrumental to improve
and refine current therapeutic strategies.

DOXO0 cardiotoxicity and iron metabolism

Impairment of cellular iron metabolism has been suggested as a main source of
reactive oxygen species (ROS) in DOXO-induced cardiotoxicity, a theory re-
ferred to as “ROS and iron hypothesis” [28, 29]. It has been demonstrated that
inside the cell DOXO is reduced to a cytotoxic semiquinone radical (SQ) that is
rapidly converted back to the original molecule using O, as an electron acceptor
[30, 31]. This process leads to superoxide formation that is detoxicated in H,O,,
either spontaneously or by superoxide dismutase activity (Fig.1). The cellular
pool of chelatable and redox-active iron, defined as labile iron pool (LIP),
strongly reacts with H,O,, generating ROS through Fenton reaction. Further-
more, LIP can directly interact with DOXO, creating DOXO-Fe complexes that
drive ROS production [32, 33]. In support of this evidence, it is reported that
DOXO interferes with mechanisms involved in cellular iron homeostasis. First,
DOXO modulates the mRNA maturation of transferrin receptor and ferritin,
through irreversible inactivation of the RNA-binding activity of iron regulatory
proteins 1 and 2 (IRP-1 and 2) (Fig. 1) [34, 35]. Moreover, DOXO disrupts the
cellular localization of iron, increasing iron/ferritin binding in the cytosol [36]
and reducing its release from cellular storages, such as mitochondria (Fig. 1)
[35]. In agreement, a mouse model of hereditary hemochromatosis (HH), in
which the lack of the Hfe gene drives an aberrant iron accumulation in the heart
and other organs, is characterized by increased iron accumulation into mito-
chondria and high susceptibility to DOXO cardiotoxicity. Thus, in response to
DOXO treatment, the cytosolic iron concentration is maintained at physiolog-
ical levels through reduced mobilization of cellular storages and ferritin turn-
over, but its accumulation within mitochondria compromises mitochondrial
iron metabolism [10]. Ichikawa et al. demonstrated, both in vitro and in vivo,
that overexpression of the mitochondrial transporter ABCB8 facilitates the
efflux of iron from mitochondria, reduces ROS production, and protects against
DOXO-induced cardiotoxicity [10]. Iron accumulation into mitochondria has
been linked to ferroptosis, a recently described form of iron-dependent cell
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Fig. 1. Metabolic changes induced by DOXO in cardiomyocytes. DOXO interferes with Fe?* metabolism, leading to activation of
ferroptosis through ROS production, disruption of IRP-1 activity, and iron accumulation into mitochondria. These events are
hallmarks of mitochondrial dysfunction that leads to a block of fatty acid oxidation (FAO) and an increase in glycolysis, as a
consequence of AMPK inhibition. Acetyl-CoA carboxylase (ACC), a direct downstream target inhibited by AMPK, is overactivated and
catalyzes the formation of Malonyl-CoA, blocking FAO irreversibly. At the plasma membrane, DOXO promotes glucose uptake via
GLUT4 through insulin-mediated activation of AMPK and AKT2. In addition, DOXO increases the expression of GLUT1, an insulin-
independent glucose transporter, normally absent in the adult heart. Following the insulin desensitization induced by tumor-
secreted factors, AKT1 signaling is disrupted and promotes FOX01 nuclear translocation, inducing the activation of the apoptotic
pathway through the expression of pro-apoptotic members of the Bcl-2 family. Finally, DOXO cardiotoxicity has been linked to
autophagy dysregulation. DOXO0 inhibits autophagy by activating mTOR or by blocking AMPK, resulting in accumulation of
undegraded autophagosomes and mitochondrial dysfunction with increased production of ROS. This figure was created with
BioRender.com.

death, which is morphologically, biochemically, and genetically distinct from
apoptosis, necrosis, and autophagy. Ferroptosis is featured by mitochondria
iron accumulation and lipid peroxidation [37] and has been previously associ-
ated with other pathologies, such as cancer [38], stroke [39], and ischemia/
reperfusion injuries [40]. Fang and colleagues revealed for the first time the role
of ferroptosis in DOXO-induced cardiomyopathy. Mice defective for canonical
activators of necroptosis or apoptosis or both, Ripk3 -/-, MIkl -/-, or Fadd
—/-MIKkl -/~ respectively, showed typical hallmarks of ferroptosis in cardiomyo-
cytes after DOXO administration. This study demonstrates that ferroptosis is
triggered by heme oxygenase-1-mediated heme degradation through an Nrf2-
dependent mechanism that drastically induces iron overload into mitochondria
and ferroptosis activation [41].
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Strategies to reduce iron accumulation into mitochondria in response to
DOXO, using, for example, iron chelators, have been explored. Dexrazoxane is
the unique molecule approved by FDA for the treatment of DOXO cardiotox-
icity, for its dual activity as inhibitor of topoisomerase 2 (Top-2p) [42] and
iron chelator [41]. By limiting mitochondria iron accumulation in cardiomyo-
cytes [41e], dexrazoxane prevents the activation of apoptotic and ferroptotic
pathways. Nevertheless, several side effects have been linked to the use of
dexrazoxane, including the development of secondary malignancies, myelo-
suppression [43], and reduction of DOXO antitumoral efficacy as a conse-
quence of the inhibition of the topoisomerase 2 isoform expressed in cancer
cells, Top-2a [44, 45]. Nowadays, some of dexrazoxane-associated side effects
have been retracted [46, 47], and further studies elucidate that the cardiopro-
tective effect of dexrazoxane is mainly linked to its inhibition of Top-2( than its
iron-chelating property [48].

On the other hand, specific iron chelators, such as deferiprone [10], deferox-
amine [49], and deferasirox [50], failed to counteract DOXO-mediated cardio-
toxicity, probably due to their limited lipophilic properties and accessibility to
iron mitochondrial storage [51]. Instead, a mild protection against DOXO
toxicity has been documented with the small lipophilic iron chelator pyridoxal
isonicotinoyl hydrazone and its analogue [52]. Interestingly, the ferroptosis
inhibitor ferrostatin-1 has been proved to reduce iron-mediated lipid peroxida-
tion [53, 54]. Mice treated with ferrostatin-1 are protected against DOXO-
induced cardiotoxicity, suggesting the use of this molecule as a valid alternative
to dexrazoxane [41]. Overall, this evidence suggests that specific iron chelator
molecules fail to show a significant cardioprotective effect, likely because of
their inability to reach iron storage into mitochondria. In this scenario, the
inhibition of ferroptosis may represent a new promising approach to target one
of the multiple mechanisms driving DOXO cardiotoxicity.

Cardiac metabolic changes triggered by DOXO0: a focus on fatty
acid oxidation and glycolysis

Cardiac metabolism is a highly sophisticated mechanism that in physiological
conditions uses fatty acids (FAs) as a major source for catabolic reactions while
switching to glycolysis in response to several pathological insults [18]. Despite
the glycolytic switch that represents an early compensatory event, persistent
glucose usage eventually turns maladaptive and leads to energetic failure, where
glycolysis and impaired mitochondrial function do not allow cardiomyocytes
to meet the cellular energy demand [55]. Studies with animal models have
shown that cardiac insulin resistance and metabolic modifications, such as
reduced mitochondrial oxidation of glucose, lactate, and fatty acids, are putative
early markers of heart stress [56]. In agreement, the inhibition of glucose uptake
consequent to insulin signaling desensitization has been identified as one of the
prevalent risk factors for HF, and disruption of physiological cardiac metabo-
lism adaptation has been associated with worse prognosis [57]. Despite these
observations, the use of insulin-sensitizing agents failed to show improvements
in patients and, on the contrary, has been associated with potential risk of
cardiac side effects [58]. In line with this evidence, Taegtmeyer and co-workers
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have proposed insulin resistance as a physiological adaptation to non-ischemic
heart damage, protecting cardiomyocytes from substrate overload in dysregu-
lated metabolic states [59]. Impairment of insulin signaling has been reported
to reduce glucose uptake and activate fatty acid oxidation in an AMPK-
dependent manner [60].

Similarly, cardiotoxic chemotherapeutic drugs have been shown to impair
intracellular mechanisms controlling cardiac metabolism [61e]. Specifically,
DOXO induces the systemic insulin resistance typical of type II diabetes, with
augmented serum triglyceride and blood glucose levels [62, 63], and, at the
same time, triggers massive cardiac glucose uptake [64, 65]. Furthermore,
DOXO has been demonstrated to affect gene expression involved in aerobic
fatty acid oxidation and anaerobic glycolysis (Fig. 1) [66].

A central role in this process is exerted by AMPK, the master sensor of cellular
energy status, that acts as a “fuel gauge” [67]. AMPK triggers long-term catabolic
pathways that generate ATP, including fatty acid oxidation and glycolysis, while
downregulating processes that are dispensable for short-term cell survival, such
as the biosynthetic metabolism that rapidly consumes the ATP pool [68].
DOXO-mediated disruption of AMPK drives metabolic disarrangements and
cellular substrate overload [69]. Experimental evidence shows that DOXO-
induced AMPK inhibition increases glucose uptake after 2 weeks of treatment
[70], probably due to concomitant expression of GLUT1 [71], an insulin-
independent glucose transporter normally absent in the adult heart. Further-
more, Malonyl-CoA overproduction by acetyl coenzyme A carboxylase (ACC),
an enzyme directly inhibited by AMPK [72], irreversibly blocks FAO and
increases lipid synthesis and accumulation (Fig. 1) [73]. In agreement,
cardiomyocyte-specific overexpression of adipose triglyceride lipase limits FA
accumulation and shows a beneficial effect on cardiac function after DOXO
treatment [74].

Additionally, in response to cellular stress, AMPK inhibits the activity of
enzymes that reduce and consume ATP, such as creatine kinase [75]. DOXO
impairs the high-energy phosphate pool through direct inhibition of AMPK
[72] and creatine kinase (CK) system [76], reducing the phosphocreatine-to-
creatine (PCr/Cr), PCr-to-ATP (PCr/ATP), and ATP-to-ADP (ATP/ADP) ratios
[77]. In line with these observations, the recovery of AMPK activity exerts
beneficial effect on mitochondria, reducing oxidative stress and preserving
mitochondrial energy production [78].

The pivotal role of the AMPK pathway in the cardiac metabolic rearrange-
ments induced by DOXO has been recently confirmed in cardiomyocytes
derived from human-induced pluripotent stem cells (hi-PSCs), which have
been established as a powerful model for drug toxicity screening on cells
isolated from cancer patients under chemotherapy regimen [79ee]. In these
cells, impairment of gene modulating cardiac metabolism is one of the main
effects of chemotherapeutic agents, including DOXO [80]. The use of specific
AMPK-inducing agents was proven effective in counteracting the bioenergetic
failure linked to the use of trastuzumab [80] and might be a new strategy to
counteract the development of cardiotoxicity during chemotherapy regimens.
Among these AMPK-restoring agents is metformin, a hypoglycemic drug used to
treat patients with type 2 diabetes, which is known to trigger the AMPK pathway
in insulin-sensitive organs, such as the heart [81]. Notably, several studies have
reported the cardioprotective effects of metformin against DOXO-induced
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toxicity [26, 82, 83]. Furthermore, metformin also displays an AMPK-
dependent antitumoral activity [84], which makes this molecule a new prom-
ising agent to treat patients that suffer both HF and cancer.

Importantly, cancer and cardiovascular diseases are known to share several
risk factors, including aging, smoking, overweight, and physical inactivity, but
whether these two disease conditions are directly linked is still to be defined
[48, 85]. In this context, metabolic diseases have emerged as a common risk
factor for both cancer and heart failure [86-89]. Moreover, a clinical study has
reported that patients with comorbidities, such as diabetes, dyslipidemia, and
obesity, exhibit higher incidence of DOXO-related cardiotoxicity [9]. All these
indications suggest that metabolic diseases affect the clinical outcome of
patients subjected to DOXO treatment. In this context, insulin signaling plays
a fundamental role, in modulating both heart metabolism and cancer growth,
with AMPK being one of the main regulators.

In the following paragraph, we will describe how advanced cancer itself
dramatically interferes with the cardiac insulin pathway further exacerbating
drug-induced toxicity.

Insulin resistance at the crossroad of tumor growth and DOX0
cardiotoxicity

Metabolic diseases, such as obesity and diabetes, significantly increase the
incidence of HF in patients, where insulin resistance is a common risk factor.
Insulin desensitization occurring in this state drastically reduces the important
effects of insulin on cardiac tissue. Insulin receptor is widely expressed on the
surface of many cell types, including cardiomyocytes, where upon ligand bind-
ing and insulin receptor substrates (IRS) 1 and 2 are recruited. IRS1 more than
IRS2 is fundamental for regulation of the PI3K/Akt pathway and the MAP
kinase cascade, such as ERK, both involved in the control of metabolism and
cell survival [90]. Three members of the AKT family are known, AKT1, AKT2,
and AKT3, but how these isoforms differentially contribute to cardiac cell
function is not completely clear. It has been established that AKT1 is required
for cardiomyocyte survival, while AKT2 is essential for the modulation of genes
involved in cardiac metabolism. Indeed, AKT2 promotes glucose uptake
through the mobilization and fusion of GLUT4-containing vesicles to the
plasma membrane (Fig. 1) [90]. Despite the role of AKT during cardiac
stress condition is still debated, it is reported that short-term AKT
activation may exert cardioprotective effects, enhancing glycolysis and
reducing oxidative phosphorylation. Controversially, chronic and long-
term activity of AKT1 in the adult heart is associated with high risk of
cardiac complications and reduced mitochondrial functions. Following
insulin stimulation, AKT1 phosphorylates and blocks FOXO1 nuclear
translocation, inhibiting the expression of pro-apoptotic proteins belong-
ing to the Bcl-2 family (Fig. 1) [91]. FOXO1 has emerged as one of the
key players in chronic metabolic diseases, promoting hyperglycemia and
glucose intolerance [92]. In physiological conditions, pro-survival stimuli
was induced by insulin repress FOXO1 activity through PI3K/AKT1
pathway. Following stress stimuli, FOXO1 translocates in the nucleus
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and induces a negative feedback on insulin pathway through a JNK-
dependent mechanism that drastically reduces IRS-1 activity (Fig.1) [93].

Although the imbalance of insulin signaling has been extensively studied in
several models of obesity and type 2 diabetes, only a few studies have addressed
its role in DOXO-induced cardiotoxicity, and the underlying molecular mech-
anisms are still poorly understood. Recent studies demonstrate that aberrant
FOXO1 activity is responsible of DOXO-induced cardiotoxicity and its specific
pharmacological targeting has been shown to ameliorate the cardiac outcome
[94, 95].

In addition to chemotherapy, the tumor itself can negatively affect cardiac
insulin signaling. Interestingly, Thackeray et al. have reported that advanced
cancer contributes to the impairment of cardiac insulin signaling through
secretion of insulin-degrading enzymes, massive glucose adsorption, and re-
duced production of pancreatic insulin. In this scenario, other cancer-mediated
mechanisms, such as promotion of proteolysis by ubiquitin-proteasome and
autophagy-related lysosomal pathways, mitochondrial dysfunction, impair-
ment of catabolism and anabolism reactions, and release of the proinflamma-
tory cytokines such as IL-6 and TNF-a [96, 97], further contribute to increasing
the risk of heart failure development [91]. In agreement with the well-
established pro-survival role of insulin-stimulated AKT1 pathway in cardio-
myocytes, administration of low-dose insulin rescues cardiac function in
tumor-bearing mice by restoring AKT signaling and autophagy inhibition in
cardiomyocytes, without affecting cancer glucose uptake [98ee]. Furthermore,
expression of a constitutively active form of AKT1 by adenoviral vector prevents
heart damage and protects mice from DOXO-induced cardiotoxicity [99],
suggesting that the lack of insulin-mediated AKT1 activation during cancer
progression could aggravate the cardiotoxicity induced by DOXO. In agree-
ment, previous report shows that insulin depletion is associated with increased
accumulation of DOXO into the heart and reduced cardiac function [100].

In addition to defective insulin signaling, the massive glucose uptake by the
tumor can deprive cardiac cells of a pivotal energetic source during stress
conditions [98]. Particularly, as described by Warburg in 1920, malignant cells
based their energy production on the use of glycolysis and generate lactate. This
metabolic adaptation, called “Warburg effect”, confers the ability to cancer cells
to survive in several stress conditions, including anaerobic environment of solid
tumor inner mass. In this scenario, the use of 2-deoxyglucose (2-DG), a glucose
analogue which blocks glycolysis, represent an interesting therapeutic strategy
to treat cancer. 2-DG is phosphorylated to 2-DG-6-P inside the cell by hexoki-
nase and cannot be further metabolized. It is thought that 2-DG-6-P competes
with glucose utilization into glycolysis and drastically reduces energy produc-
tion of cancer cells. Moreover, despite that 2-fluorodeoxy-D-glucose is a more
potent glycolysis inhibitor, the main effect of 2-DG is the inhibition of N-linked
glycosylation process, causing its high structural similarity to Mannose. The
block of oligosaccharide formation required for the assembling of structural
lipids and maturation of glycoproteins has been observed to induce tumor cells’
death even in aerobic condition [101, 102]). Moreover, further studies were
conducted to investigate the combining of 2-DG with others antineoplastic
agents. In vivo evidence established that 2-DG co-treatment with adriamycin or
paclitaxel increased their antitumoral efficacy against osteosarcoma and non-
small cell lung cancers [103]. Previous work showed that caloric restriction
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treatment based on the administration of 2-DG prevents DOXO-mediated
cardiotoxicity through several mechanisms, including activation of AMPK-
dependent mechanism [104].

Of note, the targeted therapy with a 2-DG-based adriamycin complex
showed promising results, by specifically targeting tumor growth and, at the
same time, limiting the organ toxicity of anthracyclines in vivo [105]. Overall,
these findings suggest that the tumor itself negatively impacts on cardiac func-
tion through secreted factors that act in an endocrine manner and identify
dysregulation of the cardiac insulin pathway as a major mechanism whereby
the tumor negatively affects cardiac cell survival (Fig. 1).

Autophagy at the crossroad of metabolism and cell survival in
DOXO0 cardiotoxicity
- 0000000000001

Autophagy is a highly conserved process which is aimed to maintain cell and
tissue homeostasis, promoting the elimination of damaged and long-lived
organelles and misfolded proteins under both physiological and pathological
conditions [106, 13]. Importantly, autophagy plays an essential role in the
regulation of cellular metabolism, both in normal conditions and in the setting
of energy depletion, since it has been involved in the regulation and mobiliza-
tion of energy stores, such as lipids and glycogen [107]. Accumulating evidence
indicates that the cardiac side effects of DOXO may be closely related to a
dysregulation of autophagy signaling and an imbalance in cellular metabolism,
leading to intracellular Ca®* accumulation, energy depletion, and mitochondri-
al dysfunction [108]. However, there is still controversy on whether DOXO
inhibits or activates autophagy and whether autophagy activation has a bene-
ficial or maladaptive role in this process [14].

Several studies have revealed that DOXO interferes with the initiation of the
autophagic process by modulating the two main regulatory pathways [109],
AMPK and mammalian target of rapamycin (mTOR). AMPK and mTOR pro-
mote and inhibit autophagy, respectively, by finely regulating the activity of the
autophagy activating kinase Ulk-1 (Fig. 1). AMPK is the main metabolic sensor
of the cell and is sensitive to changes in AMP:ATP ratio that is indicative of the
cellular energy state. In low energy state, activation of AMPK relieves mTOR-
inhibition of ULK1, leading to induction of autophagy [110]. Conversely, in the
presence of high levels of energy substrates, AMPK activity is antagonized by
mTOR which inhibits autophagy [111].

It has been shown that cardiac AMPK is inhibited in response to DOXO [72,
112]. Although the exact mechanism of such regulation remains elusive, r-
activation of AMPK has been proposed as a therapeutic strategy to counteract
DOXO-induced HF, and the cardioprotective effects of this approach have been
linked to reactivation of autophagy [113]. Importantly, promoting a negative
energy balance before DOXO treatment, i.e., via starvation or exercise, restores
AMPK signaling and autophagy and ultimately reduces DOXO-induced cardi-
otoxicity [114]. For instance, dietary restriction in rats treated with DOXO
modulates the ATP:AMP ratio inducing AMPK activation, increasing fatty acid
oxidation rates and ATP levels, and ultimately leads to improved cardiac
function [115]. In addition, AMPK activation, and the ensuing reduction in
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apoptosis and increase in autophagy, was further achieved in DOX-treated rat
neonatal cardiomyocytes with the caloric restriction mimetic 2-deoxyglucose
[104].

Mitochondrial dysfunction at the interplay of autophagy and metabolism

The exact link between autophagy and metabolism regulation in the pathogenic
sequelae of DOXO cardiomyopathy is still to be defined. However, the prevail-
ing view is that DOXO-induced mitochondrial dysfunction and the ensuing
production of reactive oxygen species stand at the crossroad of these two cellular
processes. As a consequence of its accumulation within mitochondria, DOXO
uncouples mitochondrial respiratory chain complexes, eventually impairing
ATP production [16]. In keeping with this model, cardiomyocytes exposed to
DOXO exhibit low levels of ATP associated with dysregulation of autophagy
[116]. Thus, DOXO cardiotoxicity directly contributes to ATP deficiency, alter-
ing mitochondrial energy metabolism and bioenergetics [117], even though it
is still debated whether ATP deficiency is the trigger or the result of autophagy
deregulation.

Compelling evidence reveals that mitochondrial autophagy or mitophagy is
defective in models of DOXO-induced cardiotoxicity [118]. DOXO disrupts
cardiac mitochondrial autophagy by inhibiting lysosomal biogenesis and fu-
sion with autophagosomes, thus preventing proper digestion of damaged
mitochondria engulfed by autophagosomes [119, 120]. Recently, a compre-
hensive study by Abdullah et al. showed a direct association between autophagy
dysregulation and defects in mitochondrial respiration in the development of
DOXO-associated cardiomyopathy [118ee]. In this study, both in vivo and
in vitro analyses showed that DOXO cardiotoxicity results in a gradual accu-
mulation of autophagosomes (Fig. 1); DOXO-induced autophagosome accu-
mulation, in turn, results in altered expression of proteins involved in the
regulation of mitochondrial dynamics and oxidative phosphorylation
(OXPHOS and PDH proteins) and in mitochondrial respiratory dysfunction
[118ee]. Mitochondria isolated from both DOXO-treated hearts and intact
neonatal cardiomyocytes exposed to DOXO show decreased oxygen consump-
tion rate, indicating a suppression of mitochondrial bioenergetics [118ee]. Such
mitochondrial dysfunction could result from defects in mitochondrial substrate
uptake or in the activity of the entire TCA cycle, causing cardiomyocyte death by
ATP deprivation.

In agreement, another study reports that DOXO-treated cardiomyo-
cytes exhibit decreased levels of ATP which, in turn, activate autophagy
[121]. This study demonstrates that DOXO induces the production of 4-
hydroxynonenal (4-HNE), a product of lipid peroxidation which is toxic
to the heart and that mediates autophagy activation through lipid
peroxidation-derived aldehydes [121]. On the other hand, DOXO
reduces the expression of the mitochondrial aldehyde dehydrogenase
(ALDH2) [122], which has been shown to mediate cardioprotective
effects by reducing the production of 4-HNE and ROS [123, 124].
ALDH2 controls 4-HNE-induced autophagy via the regulation of
AMPK-Akt-mTOR-signaling pathway. The ALDH2 activator Alda-1 was
shown to prevent DOXO effects in neonatal cardiomyocytes, such as
downregulation of Akt phosphorylation and upregulation of autophagy
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proteins like Beclin-1, Atg5, and LC3-II [121]. In further support of a
link between ALDH2 and autophagy regulation in response to DOXO,
the autophagy inducer rapamycin could abolish the protective action of
Alda-1 against DOXO-induced cardiomyocyte dysfunction, whereas the
autophagy inhibitor 3-MA reduced DOXO cardiotoxicity [121]. A similar
study by Ge et al. demonstrated that ALDH2 knock-in mice treated with
DOXO had better cardiac function compared to DOXO-treated wild-type
mice [125]. Taken together, these results suggest that promoting ALDH2
expression and inhibition of 4-HNE-induced autophagy may be a plau-
sible approach to reduce DOXO-induced cardiac dysfunction.

Another possible link between mitochondrial metabolism dysfunction
and autophagy dysregulation in DOXO-induced cardiotoxicity could be
represented by intracellular calcium signaling [126, 127]. Decuypere
et al. reported intracellular Ca®* as one of the regulators of autophagy
[128]. In healthy conditions, intracellular Ca’* signaling suppresses
autophagy, while under stress conditions and low energy production
Ca’" signaling is enhanced and stimulates autophagy. It has been
reported that DOXO perturbs the expression of Ca’*-handling proteins
and alters Ca®* homeostasis, causing mitochondrial dysfunction and
apoptosis in the myocardium [126]. By disrupting Ca®* handling,
DOXO dysregulates autophagy in human cardiac progenitor cells
(hCPCs), which are important regulators of myocardial homeostasis
[127]. In hCPCs, the cytotoxic effects of DOXO induce abnormal cyto-
solic Ca?* accumulation which, in turn, disrupts mTOR-mediated regu-
lation of autophagy. Additionally, DOXO reduces the expression of the
autophagosome marker LC3 and of an anti-senescence marker, SMP30,
leading to reduced autophagosome formation and cellular viability,
respectively [127]. Accordingly, autophagy activation with the mTOR
inhibitor rapamycin rescues DOXO cardiotoxicity in hCPCs, with a
significant reduction in DOXO-mediated cytosolic Ca’* accumulation
and restored autophagosome formation as well as SMP30 expression
[127].

Rapamycin has been also shown to alleviate the autophagic interruption
mediated by insulin-like growth factor II receptor a (IGF-IIRa) in DOXO-
treated H9c2 cells [129]. IGF-IIRa is a novel stress-inducible contributor to
cardiac damage which has been linked to DOXO-induced oxidative stress and
autophagy alteration [129]. Interestingly, IGF-IIRa overexpression in combina-
tion with DOXO treatment increases LC3 expression and perturbs autophago-
somal formation, impairing autophagy both in vitro in H9¢2 cells and in vivo
in transgenic rat models [129].

Overall, these findings suggest that DOXO-mediated dysregulation of
autophagy drives mitochondrial dysfunction via different cytosolic and mito-
chondrial signaling axes and that restoring autophagy may be a valuable
therapeutic approach to target DOXO toxicity.

Metabolic agents as potential strategies to restore autophagy in DOXO cardiotoxicity

Currently, there are no specific treatments for DOXO cardiotoxicity, and
cancer patients experiencing cardiac issues are primarily treated with
standard heart failure medications, such as renin angiotensin system
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blockers and beta blockers. As discussed above, reactivation of AMPK
has been proposed as a therapeutic option to treat heart failure associ-
ated with different metabolic diseases. Intriguingly, the anti-diabetic
drug and AMPK activator, metformin, has been shown to improve
cardiac function in a diabetic OVE26 mouse model by increasing
autophagy activity [130]. Consistent with these findings, Zilinyi and
co-workers reported that co-administration of DOXO and metformin
increases autophagic activity and confers cardioprotection in a rat model
[26]. This study shows that metformin restores LC3 levels and induces
AMPK autophagy initiation, leading to improved cardiac function and
reduced DOXO cardiotoxicity [26].

Recently, new hypoglycemic drugs like SGLT2 inhibitors have been
shown to restore DOXO-mediated dysregulation of autophagy and to
improve cardiac function [131, 132e]. Among these, empagliflozin
(EMPA) has showed important cardioprotective effects in both diabetic
and non-diabetic in vivo models undergoing DOXO treatment [27].
Previous work with diabetic animal models treated with EMPA has led
to the hypothesis that EMPA prevents heart failure by improving ATP
generation and thereby enhancing cardiac efficiency [132e, 133]. Con-
sistently, Zucker diabetic fatty rats treated with EMPA show enhanced
cardiac autophagy via increased AMPK activation [132e]. Moreover,
EMPA enhances the cardiac energy pool by increasing cardiac energy
production from glucose and fatty acid oxidation, whereas it reduces
the cardiac content of sphingolipids and glycerophospholipids, major
factors contributing to insulin resistance-induced HF [132e]. Although
the effects of EMPA in DOXO-induced cardiotoxicity are still under
evaluation, preliminary results have shown improved cardiac function
in mice treated with EMPA [27]. Of note, EMPA showed a protective
effect against DOXO in H9C2 cells and in DOXO-treated mice [27].
From a mechanistic perspective, EMPA has been shown to increase
blood ketone levels, as beta hydroxybutyrate (3OHB) which, in turn,
improves cell viability and restores mitochondrial dysfunction, ulti-
mately reducing ROS generation and increasing intracellular ATP levels
in cardiomyocytes [27].

In conclusion, these observations unravel the possibility of repurposing
metabolic drugs to restore autophagy and mitochondrial metabolism to treat
or prevent DOXO cardiotoxicity.

The emerging role of gut microbiota-derived metabolites in
DOXO0 cardiotoxicity
- 0000000000001

Gut microbiota has been shown to be implicated in several cardiovas-
cular and metabolic diseases, such as atherosclerosis [134], dyslipidemia
[135], hypertension [136], chronic kidney disease [137], obesity [138],
type I [139] and type II [140] diabetes mellitus, as well as HF [141]. The
novel emerging approach of metagenomic has permitted to identify new
species of bacteria colonizing human gut that were not able to be
cultured in vitro [142] and allowed to compare the gut microbiota
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composition in patients with HF [141]. It is now well accepted that
microbiota-derived metabolites from dietary metabolism influence the
pathogenesis of cardiometabolic disorders [143]. These molecules are
secreted, degraded, or modified by different metabolic pathways active
in intestinal bacteria and can directly or indirectly affect the organism,
demonstrating how the gut microbiome can be considered a new and
independent endocrine organ in the host [144]. Among the most impor-
tant metabolites produced by gut microbiota, short chain fatty acids including
acetate, propionate, and butyrate have shown an interesting effect on cardiac
function in animal models [145]. The cardioprotective effects of butyrate are
primarily linked to its epigenetic action since it functions as a potent HDAC
inhibitor, and HDAC inhibitors are known to protect the heart from maladap-
tive hypertrophy and ischemic injuries [146-149]. Furthermore, many studies
conducted by Raphaeli and colleagues have elucidated the dual activity of
butyrate and its prodrugs which, on the one hand, synergize the antitumoral
activity of DOXO in cancer models and, on the other hand, protect the cardi-
omyocytes against DOXO-induced cardiotoxicity [150-152]. Recently, it has
been demonstrated for the first time that in vivo oral administration of FBA, a
novel synthetic derivative of butyrate, is able to protect the heart from DOXO-
induced cardiotoxicity, preventing mitochondrial dysfunction [153e]. Thus, the
use of GUT-microbiota-derived metabolite as nutraceutical may represent a
new promising therapeutic approach for DOXO cardiotoxicity.

Conclusion and future perspectives

The impact of major anticancer treatments on cardiac metabolism has long
been ignored and only recently has started to be investigated. The emerging
view is that cardiac metabolic alterations may be used not only as early
markers of iatrogenic cardiac injury but also as targets for pharmacological
interventions aimed at restraining the late-onset and chronic cardiotoxicity
associated to the use of anthracyclines. In this scenario, repurposing meta-
bolic drugs for the treatment of cardiotoxicity represents an intriguing ap-
proach. The new anti-diabetic drug empagliflozin has proven effective in
reducing glucose blood levels and, at the same time, rescuing heart function.
However, despite these promising cues, the molecular mechanisms behind
the cardioprotective effects of empagliflozin are still mysterious since the
putative molecular target of the drug, the sodium-glucose co-transporter-2, is
not expressed in cardiomyocytes. Other molecules employed for the treat-
ment of metabolic disorder, such as rosiglitazone, exhibited controversial
clinical results [58], thus highlighting the need of further work to clarify
these inconsistencies. On the other hand, compelling evidence is available in
support of the use of metformin, especially given its dual ability to modu-
late cardiac metabolism on the one side and to induce cancer cell death in
an AMPK-dependent manner on the other side. In perspective, the identifi-
cation of new and previously undescribed players specifically involved in the
metabolic adaptations induced by anthracyclines will pave the way towards
the design of new therapeutics that may prevent cardiotoxicity without
affecting the antineoplastic proprieties of the drug.
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Abstract

Significance: The cardiac side effects of hematological treatments are a major issue of the
growing population of cancer survivors, often affecting patient survival even more than
the tumor for which the treatment was initially prescribed. Among the most cardiotoxic
drugs are anthracyclines, highly potent anti-tumor agents, which still represent a mainstay
in the treatment of hematological and solid tumors. Unfortunately, diagnosis, prevention
and treatment of cardiotoxicity are still unmet clinical needs which call for a better
understanding of the molecular mechanism behind the pathology.

Recent Advances: This review article will discuss recent findings on the pathomechanisms
underlying the cardiotoxicity of anthracyclines, spanning from DNA and mitochondrial
damage to calcium homeostasis, autophagy and apoptosis. Special emphasis will be given
to the role of reactive oxygen species and their interplay with major signaling pathways.
Critical Issues: Although new promising therapeutic targets and new drugs have started to
be identified, their efficacy has been mainly proven in preclinical studies and requires
clinical validation.

Future Directions: Future studies are awaited to confirm the relevance of recently
uncovered targets, as well as identifying new druggable pathways, in more clinically
relevant models, including for example human induced pluripotent stem cell-derived

cardiomyocytes.
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Introduction

In the last 20 years, major advances in oncological treatments have significantly reduced
cancer death rates, but concomitantly highlighted cardiac disease as the leading cause of
morbidity and premature mortality among cancer survivors. This is a critical issue,
especially for patients who are often diagnosed at young age, like lymphoma and leukemia
patients, and are commonly treated with highly cardiotoxic drugs like anthracyclines
(ANTs). ANTs are potent anticancer agents that not only kill transformed cells, but
significantly damage cardiomyocytes that, unable to regenerate, carry life-long alterations
culminating in heart failure. ANT cardiotoxicity commonly occurs well after cancer
remission, and is generally irreversible and refractory to standard heart failure
pharmacotherapy, leading to a poor prognosis (40, 140).

Early diagnosis of cardiotoxicity before overt cardiac deterioration occurs, i.e. when the
disease is still in a reversible and treatable phase, currently represents an unmet clinical
need. Similarly, treatment options for patients diagnosed with cardiotoxicity are limited,
since small trials have shown only modest efficacy of standard heart failure treatments in
patients with ANT cardiotoxicity. Antioxidants revealed to be equally ineffective, thus
challenging the classical view in which reactive oxygen species (ROS) are the major culprits
of the cardiac side effects of ANTs (127). In the last ten years, the field of Cardio-Oncology
has grown exponentially and has led to the awareness that the scenario of the molecular
mechanisms behind ANT cardiotoxicity is more complex than previously anticipated, and
not just centered around the role of ROS (122).

The scope of this review article is to provide a comprehensive description of the major
signaling pathways that are affected by ANTs within cardiomyocytes and whose
deregulation has been causally linked to ANT cardiotoxicity. The role of ROS as signaling
intermediates of ANT cardiotoxicity will be emphasized.

1. DNA damage at the interplay of ROS, apoptosis and mitochondrial dysfunction

The antineoplastic action of ANTs is linked to their ability to induce DNA damage, through
both direct and indirect mechanisms, predominantly in proliferating cells in S- and G2-
phase. On one side, ANTs intercalate into DNA, and form bulky adducts as well as
crosslinks that interfere with DNA replication and transcription. On the other side, ANTs

can damage DNA by increasing the production of ROS, that in turn lead to oxidized
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nucleotides, base mismatches, point mutations and DNA single strand breaks. Last, ANTs

interfere directly with DNA helicase activity and the ensuing DNA strand separation, as
well as with type 2 topoisomerases (Top2) and DNA unwinding. The relevance of Top2
poisoning by ANTs recently emerged as a leading cause of cardiotoxicity, so that Top2 and
the intertwined signaling pathways have been identified as promising therapeutic targets.
On the other hand, the role of ROS has been reconsidered. Albeit initially considered as
the triggering event of cardiotoxicity (the so-called ROS-driven hypothesis), oxidative
stress is now recognized as a secondary event, associated to nuclear and mitochondrial
DNA damage (126).
1.1. The ROS-driven hypothesis

The susceptibility of cardiomyocytes to ROS-induced damage is related to their limited
antioxidant resources. As a consequence of their prevalent oxidative metabolism, the
antioxidant systems of cardiomyocytes are almost completely saturated at steady state
(36) and any further source of ROS, like ANTs, can exhaust their antioxidant capacity more
rapidly than in any other cell type. ANTs are responsible for ROS generation, since they are
reductively activated to a semiquinone radical. This, in turn, undergoes redox cycling,
thereby producing superoxide (0°”) and hydrogen peroxide (H,0,). A further mechanism of
ANT-mediated ROS production involves iron. In the presence of iron, ANTs can form Fe®'-
anthracycline complexes, which catalyze the Fenton’s reaction, where H,0; is converted to
various ROS species, including the cytotoxic hydroxyl radicals (OH™) (121, 22) (Figure 1).
The ensuing massive ROS generation ultimately leads to cardiac cell death (17, 115).

Albeit ROS have long been recognized as pivotal mediators of ANT cardiotoxicity, the initial
ROS-driven hypothesis has been challenged by a series of studies showing modest effects
of ROS scavengers and iron chelators in preventing ANT cardiac side effects in chronic
settings. Importantly, N-acetyl cysteine or combinations of antioxidants have been tested,
with variable outcomes, but did not protect patients from ANTs cardiotoxicity (114).
Intriguingly, none has matched the effectiveness of Dexrazoxane (ICRF-187 or DXR), a
bisdioxopiperazine agent structurally related to EDTA but with more potent
chelating/antioxidant activities (118). This finding led to the hypothesis that the

mechanism of action of DXR might be other than iron-binding.
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Yet, the contribution of redox cycling and primary ROS production to ANTs cardiotoxicity is

debated, and the most recent view is that the enhanced ROS generation is a secondary
phenomenon resulting from mitochondrial dysfunction (48) or endoplasmic reticulum
stress caused by accumulation of misfolded proteins (83).

1.2. Topoisomerase 2 poisoning and inhibition
In 2012, Zhang et al. showed that the production of ROS could also be secondary to the
interaction of ANTs with the beta isoform of topoisomerase 2 (Top2) (12). DNA
Topoisomerases 2 are responsible for the catalysis of the transient breaking and adjoining
of DNA double helix during DNA replication and transcription (18). As an intermediate of
this process, a DNA-Top2 covalent complex, the so-called cleavage complex, is formed.
ANTs act like Top2 poisons in stabilizing the complex, thereby preventing the re-ligation of
DNA and leading to the formation of DNA double-strand breaks, which are potent inducers
of the DNA damage response (Figure 2).
The DNA damage response to genotoxic stress is mainly regulated by three members of
the phosphatidylinositol 3-kinase related kinase (Pikk) family: DNA-dependent protein
kinase (DNA-Pk), ataxia-telangiectasia-mutated (ATM); and ATM and Rad3-related (ATR)
(62,66). The initial processing of double-strand DNA breaks, prior to repair, is mediated by
the heterotrimeric MRN complex, composed of Mrell, Rad50 and Nbsl proteins. Upon
recognition of double strand breaks by the MRN complex, ATM kinase is activated, leading
to the phosphorylation of key regulators of cell cycle progression and DNA repair (78).
However, if double-strand breaks are not properly repaired, DNA damage activates a set of
apoptotic signaling routes, including the ATM/ATR-p53, as well as necroptosis (78, 102).
DNA damage-induced cell death is the key mechanism behind the anticancer action of
ANTs and, at the same time, is responsible for their cardiotoxicity. Notably, the effects of
ANTs in proliferating (tumor) and non-proliferating (cardiomyocytes) cells are mediated by
two distinct isoforms of Top2 (Figure 3). While the alpha isoform of Top2 (Top2-a) is
overexpressed in proliferating cells in S and G2 phase, and it is almost undetectable in
quiescent tissues, Top2-B is the unique isoform expressed by adult mammalian
cardiomyocytes (12) and mature iPSC-derived cardiomyocytes (4, 15). The interaction of
doxorubicin (Doxo) with Top2-a generates a ternary Top2-Doxo-DNA cleavage complex

that triggers tumor cell death. Similarly, the Top2-B-Doxo-DNA complex induces DNA
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double strand breaks and activates a DNA damage response that is responsible for

cardiomyocytes death. In cardiomyocytes, the activation of p53 stimulates DNA repair
processes, but concomitantly represses genes involved in mitochondrial biogenesis (like
PGC-1) and oxidative phosphorylation, impairs the ratio between beta-cell lymphoma 2
(Bcl2) and Bcl2 associated X (140), culminating in cardiac cell death (143,86). Consistently,
p53-knockout mice and adult mouse hearts expressing cardiac myocyte-restricted
dominant-interfering p53 are partially protected against Doxo-induced cell death and
myocardial dysfunction (147). The observed protection in these models likely stems from
both inhibition of apoptosis and preserved mammalian target of rapamycin (mTOR)
signaling, which may contribute to prevent cardiac mass reduction (147).

In further agreement with the role of Top2-B in ANT cardiotoxicity, murine embryonic
fibroblasts (72) and cardiomyocytes (12) lacking Top2-B are protected from Doxo-induced
damage. Of note, Top2-B appears to be a key player in the cardiotoxicity elicited by ANTs
not only when they are used in monotherapy, but also in the setting of combinatorial
regimens, like with monoclonal antibodies. For instance, both Doxo and Trastuzumab
alone induce Top2-B protein downregulation in cardiomyocytes, which is exacerbated in
combined treatments. This further reduction in Top2-B activity leads to enhanced ROS
production and apoptosis, and might be one of the reasons of the aggravated
cardiotoxicity of combination therapies compared to single agents (53). Of note, Atwal et
al. showed that, in vitro, 10 UM Doxo (or higher) can interfere with the action of other
drugs that act as Top2 poisons, like etoposide, thus hindering the overall anti-cancer
efficacy of combined treatments (4).

Given the selective expression of the beta isoform in cardiomyocytes, the development of
Top2-a specific drugs may provide a valuable means to reduce cardiotoxicity, whilst
maintaining the anti-cancer efficacy of the drug. This is a key aspect to be considered in
the development of cardioprotective agents against ANT toxicity. On these grounds, the
increased risk of secondary malignancies in patients treated with Dexrazoxane (DXR) has
limited its application as cardioprotective agent in the past, though its use in children and
adolescents has been recently reconsidered (98). Mechanistically, the cardioprotective
action of DXR has been suggested to be independent of its antioxidant properties, rather it

has been ascribed to its ability to compete with ATP binding on Top2-B, thereby producing
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a configuration change that prevents the formation of a complex with ANTs (72). In accord

with this view, the DXR analogue JR-311 shows significant cardioprotective effects which
depend on Top2-B modulation, while being independent from its iron chelating properties
(10). Despite its cardioprotective function, caution is still used while prescribing DXR, and
this drug is nowadays not recommended for children aged 0-18 years who are expected to
receive a cumulative dose of Doxo (or other anthracycline) lower than 300 mg/m?.
Considering the isoform selectivity and opposing effects of Top2 poisoning versus
inhibition, it is reasonable to assume that all patients receiving ANTs would benefit from
the development of new therapeutic regimens including Top2-a specific poisons and Top2-
B specific inhibitors.

1.3. Racl as a master regulator of DNA damage and ROS production
As Top2 emerged as a good pharmacological target to prevent ANT cardiotoxicity, new
Top2 regulators have started to be investigated. Among these, Racl has been shown to
contribute to Doxo-mediated cardiomyocyte death (for a complete review see (38)), in
both ROS-dependent and ROS-independent manners (73) (Figure 4). Racl is a small
guanosine triphosphate (GTP)-bound protein, belonging to the Rho family, a group of
molecular switches and signal transducers that transmit extracellular stimuli from the
inner plasma membrane to intracellular signaling pathways. Racl is involved in a variety of
cellular processes, such as cell-cell and cell-substrate adhesion, polarization, migration,
invasion, proliferation, transcription, vesicle formation and apoptosis, which depend on its
spatio-temporal distribution (94). Several studies have identified the presence of a nuclear
pool of Racl, and have unraveled the mechanisms underlying its nuclear localization (94),
which include DNA damage itself (41). This is in agreement with the finding that oxidized
DNA bases can act as Racl GEFs (35). In the nucleus, Racl was recently found associated
with Top2 (108), where it is responsible for the activation of a DNA damage-ATM-p53-
apoptosis pathway (139).
Pharmacological inhibition of Racl signaling with NSC23766 interferes with Doxo
genotoxicity by preventing the formation of the cleavage complex, thereby reducing the
generation of double strand breaks and the activation of the DNA damage response (46).
Of note, the effect of NSC23766 can be further improved by the lipid-lowering drug

Lovastatin (46). Inhibition of the HMG-CoA reductase by statins causes the depletion of the
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cellular pool of isoprene precursors, which are essential for the C-terminal prenylation,

and the subsequent membrane localization, of Rho proteins (26). Thus, prevention of Racl
prenylation by statins promotes Racl translocation to the nucleus, suggesting that the
therapeutic effect of statins might be linked to the upregulation of the nuclear pool of
Racl versus the cytosolic counterpart. Nevertheless, the mechanism by which nuclear
Racl regulates Top2 activity is still unclear and deserves further experimental efforts. It
was shown that, in acute (73) and sub-acute (39) models of ANT cardiotoxicity, cardiac
Racl knockout confers cardioprotection by means of ROS-independent as well as ROS-
dependent mechanisms. In fact, Racl contributes to the assembly and activation of the
phagocyte nicotinamide adenine dinucleotide phosphate (NADPH) oxidase complex (42),
and cardiomyocyte-specific deletion of Racl was shown to impair Doxo-induced NADPH
oxidase activation, ROS production, DNA fragmentation, cardiomyocyte apoptosis, and
finally improve cardiac function. Consistently, mice with impaired Nox2 NADPH oxidase
complex are less sensitive to ANTs (145).

Overall, statins interfere with two of the main mechanisms underlying ANTs cardiotoxicity,
i.e. ROS production and Top2-mediated DNA damage. Their beneficial effect in models of
ANT cardiotoxicity and their favorable tolerability make them promising candidates for the
prevention and/or treatment of ANTs cardiotoxicity, as confirmed in small-scale clinical
studies (1). More importantly, statins may sensitize certain tumors to chemotherapy,
thereby enhancing the anti-cancer efficiency of ANT regimens and at the same time
protecting the heart (25).

1.4. mtDNA and mitochondrial homeostasis

Another interesting aspect related to Top2 poisoning by ANTs is that both Top2-a and -
isoforms were found in mitochondria (70, 141). Top2-B is likely the most relevant isoform
in cardiac mitochondria (141). In cardiomyocytes, ANT-mediated Top2-B poisoning might
affect not only nuclear DNA, but also mitochondrial DNA (mtDNA), further contributing to
increased ROS production and cytotoxicity. Accordingly, ANT-related chronic heart failure
is characterized by imbalanced mitochondrial mass and reduced nuclear expression of
genes pivotal to mitochondrial biogenesis and homeostasis (54). These include the
peroxisome proliferator activated receptor-y (PPARy) coactivator-la and B (PGC-1a and B),

nuclear respiratory factor 1 (NRF1) and mitochondrial transcription factor A (TFAM).
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Accordingly, the protective effect exerted by the histone deacetylase and PGC-la

activator, Sirtuin 1 (SIRT1) against ANTs cardiotoxicity (11) is likely due, at least in part, to
the regulation of mitochondrial biogenesis.
In addition, ANTs can induce mitochondrial damage through the uncoupling of the
electron transport chain, disruption of mitochondrial membrane potential and generation
of ROS, especially in conjunction with mitochondrial iron metabolism (32). However, the
relative contribution of direct Top2 poisoning and of secondary oxidation of nucleotides by
ROS on mtDNA depletion has yet to be clarified.
Recently, Jean et al. (51) showed that mice treated with a modified form of Doxo, which
exclusively targets mitochondria but not nuclei, are resistant to ANT cardiotoxicity,
downsizing the contribution of mtDNA damage to the disease. On the other hand, Khiati et
al. (56) showed that mice lacking mitochondrial Topl (mtTOP1) are hypersensitive to ANTSs,
and display severe mitochondrial damage. Doxo-induced mitochondrial defects, including
mitochondrial cristae disorganization and impaired production of respiratory chain
proteins, ultimately result in decreased O, consumption, increased ROS production, and
cardiac damage leading to lethality.
2. ANT-induced impairment of Calcium Handling
The failure of antioxidants to protect against ANT cardiotoxicity led to the view that ROS
likely represent signaling intermediates of Doxo-induced damage, but not the triggering
event of ANT cardiotoxicity. Increasing evidence highlights the impairment of cellular and
mitochondrial Ca* signaling, rather than the induction of oxidative stress, as one of the
primary pathological events.

2.1. Cytosolic Ca* impairment
Isolated cardiac myocytes perfused with Doxo show increased ca® sparks occurrence and
decreased Ca’' transients (104). Of note, the doxorubicin metabolite, doxorubicinol, has
been shown to target calsequestrin type 2 (CSQ2), thus increasing cytoplasmic Ca®*
concentration and favoring arrhythmic conditions (1) (Figure 5). Doxo also inhibits the
transcription of the sarcoplasmic reticulum Ca®*-ATPase 2a (SERCA2a) and therefore
reduces Ca*" uptake in the SR (2). Moreover, Doxo and its metabolite doxorubicinol modify
ryanodine receptor (RyR) and SERCA2a activity by binding to the proteins and via thiol

oxidation (37), and induce Calcium/Calmodulin-dependent protein kinase-Il (CaMKII)-
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dependent Ca®* leakage from the SR (104, 124). Overall, the effects on RyR, SERCA2a and

phospholamban (PLN), mediated by activation of PKA and CaMKIl, result in transient
intracellular Ca®* alterations. These, in turn, lead to a temporary depression of Ca**
transients that precedes structural defects and overt cardiac dysfunction in models of
cardiotoxicity induced by chronic low-dose Doxo (69). Albeit it is known that ROS activate
both PKA and CaMKIl (8, 141), the two main regulators of the excitation-contraction
coupling, the contribution of B-adrenergic signaling in the setting of ANT cardiotoxicity has
been postulated, but still requires experimental confirmation (69).
The ensuing disruption of sarcoplasmic Ca** handling machinery leads to intracellular Ca**
overload and, finally, to sarcomeric disarray and myofibril deterioration, that is further
aggravated by Doxo-activated Ca®*-dependent calpain proteases (68).

2.2. Mitochondrial Ca** impairment
Besides excessive accumulation of Ca®* in the cytoplasm, impaired Ca®* fluxes have been
reported in mitochondria in response to Doxo treatment (19). Ca®* enters mitochondria
through the mitochondrial calcium uniporter (MCU) and, above a physiological threshold,
mitochondrial Ca®* triggers the opening of the permeability transition pore (MTP),
resulting in dissipation of transmembrane potential, mitochondrial swelling, and increased
permeability of the outer membrane to apoptotic factors, such as cytochrome c (142). In
turn, in the cytosol, cytochrome ¢ forms a complex with the adaptor protein apoptosis
protease activator protein-1 (Apaf-1) and caspase-9, the so-called apoptosome, which
finally activates the apoptotic cascade (142).

2.3. Emerging therapeutic strategies to rescue Ca® homeostasis
As the relevance of SR Ca®" leakage in ANT cardiotoxicity emerged, new therapeutic
approaches have been explored, including cardiac gene therapy with the GRP78
chaperone, which is responsible for amelioration of SR stress (124). Intriguingly, adeno-
associated virus (AAV)-mediated GRP78 overexpression partly protects cardiomyocytes
from Doxo-induced cell death by modulating Ca’*/CAMKII-dependent pathways and
preventing p53 accumulation (124) . This study suggests that SR stress is a valuable
therapeutic target in the context of Doxo-induced, and possibly other, cardiac disease.
Further highlighting the central role of CaMKIl in this process, it has been recently

demonstrated that pharmacological or genetic blockade of L-type Ca®* channel (LTCC)
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attenuates Doxo-induced cardiomyocyte apoptosis by suppressing intracellular Ca®*

accumulation and the ensuing activation of CaMKII-NF-kB pathway (49). Hence, LTCC
blockers might be potential therapeutic agents against ANT-induced cardiomyopathy.
Recently, Efentakis et al. showed that targeting both impaired cytosolic Ca** homeostasis
and mitochondrial alterations is a promising strategy. A single dose of Levosimendan, an
inotropic vasodilator (92) that is clinically used for the treatment of decompensated heart
failure (24), prevented sub-chronic Doxo-induced cardiotoxicity, as indicated by preserved
LV systolic function and structure, by acting on cAMP/PKA and PLN pathway (23).
Intriguingly, Levosimendan and its active metabolite OR-1896 act as PDE3 inhibitors, with
whom they share structural similarity (90). Of note, besides counteracting cytoplasmic Ca**
accumulation, Levosimendan displays anti-inflammatory and antioxidant activities,
sensitizes Troponin C to Ca* (inotropic effect) and activates the ATP-sensitive K* channel
(24), events that all converge into a cardioprotective effect.
As increased intracellular Ca”* levels emerged as key triggers of ROS production, which, in
turn, further disrupts intracellular and mitochondrial Ca®* homeostasis, new therapeutic
tools aimed at preventing or restoring Ca’* balance may prove effective against ANT-
induce toxicity.
3. The controversial role of autophagy in ANT-induced cardiotoxicity
The finding that antioxidants and iron chelators fail to prevent ANT cardiotoxicity
suggested that additional mechanisms may be involved and, among these, autophagy
recently emerged to play a key role (55). However, there is still controversy regarding its
beneficial versus maladaptive role in ANT-induced cardiotoxicity (111).

3.1. AMPK/mTOR signaling pathway
Autophagy is the major cellular recycling process, essential for maintaining cellular
homeostasis (113). The initiation of autophagy is under the control of ATG1, also known as
activated unc-51-like autophagy activating kinase 1 (Ulk-1), which phosphorylates Beclin-1
(5, 85), thus triggering the formation of autophagosomes. The activity of Ulk-1 is under the
control of adenosine monophosphate-activated protein kinase (AMPK) and mammalian
target of rapamycin (mTOR) signaling pathways. AMPK and mTOR promote and inhibit

autophagy, respectively, by finely regulating the kinase activity of Ulk-1. Consistently ANTs
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have been found to interfere with mTOR and AMPK regulatory pathways leading to

autophagy dysregulation.
3.2. ANTs inhibit autophagy

ANTs activate mTOR that, in turn, induces the inhibitory phosphorylation of Ulk-1 at
Ser757, thereby preventing Ulk-1-mediated autophagosome initiation (132). On the other
hand, ANTs inhibit the phosphorylation of AMPK, an upstream positive regulator of
autophagy initiation, further contributing to the block of the autophagic process.
Interestingly, Li et al. (65) recently identified another kinase which is involved in autophagy
regulation, and whose activity is critically affected by ANTs. The authors show that, in
cardiomyocytes, Doxo engages PI3Ky signaling, converging on autophagy inhibition and
maladaptive metabolic reprogramming. In particular, Doxo activates PI3Ky/Akt signaling
downstream of Toll-like receptor 9 (TLR9), leading to increased phosphorylation of mTOR
and of its downstream target Ulk-1 and, in turn, to autophagy inhibition. Accordingly,
genetic or pharmacological blockade of PI3Ky reactivates autophagy by releasing the
inhibitory brake of mTOR, and protects the heart against ANT-induced cardiotoxicity (65).
Notably, the enhanced autophagy triggered by PI3Ky inhibition protects cardiomyocytes
against multiple Doxo-induced toxic effects, such as DNA damage, Ca** dysregulation and
ROS production. Indeed, in cardiomyocytes, Doxo treatment results in ROS accumulation,
which is further enhanced by the addition of the autophagy blocker BafAl, while being
reduced by PI3Ky inhibition. Of note, BafAl completely abrogated the protective effect of
PI3Ky blockade, thus corroborating the view that PI3Ky inhibition protects against Doxo-
induced oxidative stress and cardiotoxicity via activation of autophagy (65).

Another recent study (131) confirms that Doxo impairs the autophagic flux and the
transcription of autophagy-related genes by increasing the expression and
phosphorylation of mTOR. Activated mTOR, indeed, retains in the cytoplasm the
transcriptional regulator TFEB, that normally drives the expression of autophagy and
lysosomal genes, such as LAMP1 (57, 109, 110, 132, 148). The transcriptional activity of
TFEB is inhibited by Doxo-induced phosphorylation of mTOR, whereas the impaired
nuclear localization of TFEB causes the decline of lysosomal biogenesis and function (77,
82), resulting in increased levels of Beclin-1, LC3-Il and P62. In line with these findings,

inhibition of mTOR activity with Torin-1 in H9c2 cardiomyoblasts restores the nuclear
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localization of TFEB and autophagy, preventing Doxo-induced apoptosis and improving cell

viability (6).
In contrast, Zhu et al. report that mice with cardiomyocyte-specific and constitutively
active mTOR are protected against ANT-induced acute cardiac dysfunction (147). In this
work, authors observed that Doxo treatment in vivo decreases mTOR activity, as evidenced
by decreased mTOR phosphorylation, inducing cardiomyocyte death and mass reduction,
while the activation of the mTOR pathway effectively retains normal cardiac mass and
function.

3.3. ANTs induce autophagy
In line with Zhu et al., other studies have reported that ANTs increase autophagy, leading
to maladaptive cardiac remodeling. A first study of 2009 by Luo et al. (71) demonstrated
that ANTs induce an upregulation of the autophagy-related marker Beclin-1, and
autophagic vacuole formation. In agreement with this study, Kobayashi et al. (58) showed
that Doxo markedly increases LC3-1l protein expression, leading to cardiomyocyte death
via inhibition of anti-apoptotic protein B-cell lymphoma 2 (Bcl2), a negative regulator of
Beclin-1. Conversely, Bcl2 is directly upregulated by the transcription factor GATA4 (61),
that appears to participate to autophagy regulation (58) also by binding to and blocking
Beclin-1 (93). Of note, the preservation of GATA4 activity attenuates Doxo cardiotoxicity by
inhibiting autophagy through modulation of the expression of Bcl2 and autophagy-related
genes.
Li et al. (64) further investigated the role of Beclin-1 in ANT cardiotoxicity in vivo using
Beclin-1 heterozygous deficient mice (Beclin-1 +/-), since Beclin-1 knock out is embryonic
lethal. Beclin-1 +/- hearts emerged to be protected against ANT-induced damage.
Moreover, Beclin-1 inhibition limits the initiation of autophagy, thus preventing the
accumulation of damaged cellular components within autophagosomes and reducing
cardiomyocyte apoptosis (58, 64). Consistently, later studies confirmed the activation of
autophagy as a primary cause of cardiomyocyte programmed cell death in response to
ANTs and suggested inhibition of autophagy as a valuable tool to significantly improve
cardiac function and prevent ANT-induced cardiotoxicity (71, 134, 142).
Although autophagy has been revealed as an important mechanism underlying ANT-

induced cardiotoxicity, whether ANTs induce or inhibit autophagy (Figure 6), and if
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autophagy is beneficial or harmful in this context is still a matter of debate. Future studies

are awaited to clarify the scenario.
4. Mitophagy as a key mechanism of ANT-induced cardiotoxicity
Mitochondria, as principal integrators of energy metabolism, are particularly important for
maintaining cellular ATP levels to sustain myocardial contractile activity and cardiomyocyte
survival. Growing evidence demonstrates that structural damage and dysfunction of these
organelles are implicated in the development of cardiovascular diseases, including Doxo-
induced cardiomyopathy (28). Of note, Doxo preferentially accumulates inside
mitochondria: as a cationic drug, it binds to cardiolipin, an anionic-charged phospholipid
located in the inner mitochondrial membrane leading to mitochondrial engulfment and
toxicity (31). A selective form of mitochondrial autophagy, namely mitophagy, plays a
pivotal role in the regulation of mitochondrial homeostasis, by regulating and eliminating
dysfunctional organelles (59). In cardiomyocytes, mitophagy occurs via two pathways: (i)
the PTEN-induced kinase 1 (PINK1)/Parkin (E3 ubiquitin ligase) pathway and (112) BH3-
only protein Bcl2-like 19 kDa-interacting protein 3 (BNIP3)/BNIP3-like protein Nix, an
effector of apoptosis pathway (105). In the following paragraphs, we will describe how
these two pathways are affected by ANTSs.

4.1. BNIP3 and BNIP3L/Nix
Both BNIP3 and BNIP3L/Nix act on the outer mitochondrial membrane as direct mitophagy
receptors, as they have a LC3-Il recognition motive (94), thereby allowing autophagosomal
engulfment of mitochondria. ANTs lead to severe necrosis in cardiomyocytes, promoting
up-regulation and translocation of BNIP3 to the mitochondrial membrane which, in turn,
triggers the opening of the permeability transition pore and the increase in ROS
production (Figure 7) (20). Conversely, inhibition of BNIP3, with either shRNA against
BNIP3 or through the expression of a mutant BNIP3 that fails to target mitochondria,
rescues ANT-induced defects of the mitochondrial respiratory chain in vitro in cultured
cardiomyocytes. Furthermore, mitochondria morphology and cardiac function are
preserved in BNIP3 knock-out mice (BNIP3 -/-) treated with ANTs, confirming a
maladaptive role of BNIP3 in ANT cardiotoxicity (20). Additionally, BNIP3 activation in

cardiomyocytes treated with ANTs is associated to loss of nuclear Hmgbh1l and release of
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classical markers of necrosis (i.e., LDH and cTnT), supporting a primary role of BNIP3 in

necrosis (20).
New compelling evidence establishes that nuclear factor-kB (NF-kB) signaling, which
transcriptionally silences BNIP3 activation under basal conditions, is dramatically reduced
in cardiac myocytes treated with Doxo (19). This, in turn, promotes BNIP3 gene activation,
mitochondrial injury including calcium influx, permeability transition pore opening, and
necrotic cell death. Interestingly, restoring NF-kB signaling suppresses BNIP3 expression,
mitochondrial perturbations, and necrotic cell death, thus suggesting a new potential
therapeutic approach for cancer patients treated with Doxo.

4.2. PINK1/Parkin pathway
On the other hand, PINK1 accumulates and recruits Parkin to the outer membrane of
depolarized mitochondria, mediating the ubiquitination of mitochondrial proteins and
their recognition by p62 and LC3, consequently leading to the initiation of mitochondrial
autophagy (105).
In Doxo-induced cardiomyopathy, mitophagy is critically involved in the elimination of
vacuolated and dysfunctional mitochondria (47). Hull et al. demonstrated that
PINK1/Parkin-dependent mitophagy is suppressed early after ANT treatment (2-8 days
post-treatment), but is restored at a later stage, when PINK1 and Parkin are significantly
upregulated. Interestingly, the mitophagy inhibitor peptide, Mdivi-1, prevents Doxo-
induced cardiotoxicity, indicating that excessive mitophagy contributes to Doxo-
cardiotoxicity (29).
Nevertheless, the molecular mechanisms by which ANTs inhibit mitophagy have still to be
uncovered. A recent study provides novel and compelling evidence that overexpression of
SESN2, a member of the sestrins family, protects cardiomyocytes against Doxo-induced
cardiomyopathy via the improvement of mitochondrial function and rescue of mitophagy
(131). Of note, the expression of SESN2 is significantly reduced following Doxo stimulation,
in vitro and in vivo. Mechanistically, SESN2 interacts with Parkin and p62, and promotes
Parkin recruitment to mitochondria, subsequently activating mitophagy. These results
establish SESN2 as a new player in the regulation of mitochondrial function and provide a

potential therapeutic approach to prevent Doxo-induced cardiomyopathy.
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Interestingly, mitophagy appears to be co-regulated with mitochondrial biogenesis,

through a shared signaling pathway involving nuclear translocation of NRFs and a
functional interaction between PGC-1a and Parkin (137). Doxo inhibits the expression of
PGC-1a and its downstream targets, nuclear respiratory factor 1 (NRF1) and mitochondrial
transcription factor A (TFAM), thus reducing the expression of mitochondrial proteins.
Inhibition of mitophagy by mdivi-1 attenuates Doxo-mediated activation of the
PINK1/Parkin pathway and rescues mitochondrial biogenesis by preserving the expression
of PGC-1a (137).
5. Association between apoptosis and autophagic dysregulation
The present section focuses on the interplay between a naturally programmed cell death
process, apoptosis, and the cellular recycling process of autophagy. Autophagy and
apoptosis have a key role in maintaining cellular homeostasis and respond to similar types
of signals and stress, including increased intracellular Ca®* concentration and ROS
accumulation.

5.1 Autophagy promotes apoptosis
Apoptosis is regulated by Bcl2 and p53 genes, which are closely associated with
autophagy. In general, autophagy restrains apoptosis, while apoptosis-associated caspase
activation shuts off the autophagic process (76). However, in particular cases, such as
following Doxo stimulation, autophagy is associated with high levels of apoptotic cell
death. Autophagy is dramatically increased in Doxo-treated cardiomyocytes, and
associates with increased cleavage of caspase 3 and PARP, which indicate apoptosis
initiation (58). Similarly, in HUVECs, Doxo induces autophagy early after treatment (since 3
hours), while the level of apoptosis as well as lysosomal membrane permeabilization (LMP)
and mitochondrial outer membrane permeabilization (MOMP) increase at later stages (12
hours) (52). This finding implies that Doxo-induced autophagy and the ensuing autophagy-
dependent LMP are upstream events, followed by distal events including MOMP and
cytochrome c release, which finally triggers caspase-dependent apoptosis. Consistently,
inhibition of Doxo-induced autophagy, through the autophagy inhibitor 3-MA or Beclin-1
knockdown, results in significant attenuation of cell death (52, 58). Conversely, activation
of autophagy by rapamycin or Beclin-1 expression exacerbate apoptosis in H9C2 cells and

in mice hearts treated with Doxo (134).
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In addition, Doxo-induced cell death correlates with depletion of GATA4, a transcription

factor essential for cardiomyocyte growth and survival (89). GATA4 is both sufficient and
necessary to inhibit autophagy by controlling the gene expression of Bcl2, a survival factor
with anti-autophagy activity (93). Concurrently, GATA4 reduction induces an up-regulation
of ATG genes through p53, leading to the excessive activation of autophagic flux, that
ultimately contributes to Doxo-induced cardiomyocyte death.

5.2. Autophagy inhibits apoptosis
The above presented findings are challenged by the observation that activation of
autophagy, by stimuli such as AMPK activation by glucose-depletion or mTOR inhibition by
rapamycin, results in enhanced cell viability and reduced apoptosis following Doxo
treatment in H9C2 cardiomyoblasts and mice overexpressing GFP-LC3 (117). In this study,
the induction of autophagy by rapamycin reduces the activity of cleaved caspase-3, thus
supporting an inhibitory role of autophagy on apoptosis, and indicating a therapeutic
potential of rapamycin against Doxo-induced myocardial damage (117).
Further confirming the beneficial role of autophagy against apoptosis, it has been shown
that autophagy inhibition, by decreasing the expression of AMPK or knocking-out AMPKal
in mice (AMPKal-/-), increases the sensitivity to Doxo-induced apoptosis, while
restoration of autophagy by adenovirus-mediated AMPK constitutive activation (AMPK-CA)
or 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR) significantly limits the
iatrogenic effects of Doxo (130). Consistently, genetic deletion of AMPKal (AMPKal-/-)
enhances Doxo-related reduction of p53 phosphorylation, establishing a critical role of
AMPK in Doxo-induced p53-dependent DNA damage and apoptosis (130).
Similarly, Doxo inhibits autophagy by activating E2F1/mTORC1 pathway and further
induces apoptosis by activating E2F1/AMP-activated protein kinase a2 (AMPKa2) pathway
in starved H9C2 cardiomyoblasts (33). The same result was observed in a mouse model of
Doxo-induced cardiotoxicity, in both myocardial ischemic and non-ischemic conditions, in
which resveratrol was able to repress E2F1, thereby activating autophagy and reducing
apoptosis (33).
Finally, p53, that is mostly studied for its role as a transcription factor, displays a key role in
cell death and autophagy regulation (13, 119). Accumulation of cytosolic p53 can directly

activate BAX to permeabilize mitochondria, thereby inducing caspase activation and
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apoptosis (13). p53 also functions as an endogenous repressor of autophagy (80). An

additional function of cytosolic p53 has been discovered in Doxo-treated cardiomyocytes
(44), in that it inhibits mitophagy by blocking Parkin translocation to damaged
mitochondria (Figure 7). The inhibition of Parkin-mediated mitophagy compromises
mitochondrial function, resulting in aging-related and Doxo-mediated decrease in cardiac
contractility. In keeping with this mechanism, p53-deficient mice and Parkin-
overexpressing cardiomyocytes show a less severe decline of mitochondrial integrity and
cell death after treatment with Doxo (44).

6. Inflammation-mediated cell death in ANT cardiotoxicity

Inflammation appears to be significantly involved in Doxo-induced cardiotoxicity (81), as
acute and chronic myocarditis occur in a dose-dependent manner in patients treated with
Doxo (63). Doxo triggers the inflammatory signaling cascades by promoting the release of
different cytokines, including interleukin-1 and TNF-a, in combination with the activation
of various signaling pathways, such as the nuclear factor-kB (NF-kB), p38-MAPK, and the
autophagy pathways (97, 107).

NF-kB is a master regulator of the inflammatory cascade and is maintained in the
cytoplasm in an inactive form by the inhibitor of kB protein (IKK). Upon Doxo treatment,
inhibition of autophagy and the ensuing p62 overexpression induce IKK signaling
downstream of Toll-like receptors (TLRs), thereby engaging NF-kB and triggering the
inflammatory response. Conversely, when autophagy is upregulated, p62 is reduced and
blocks the NF-kB signaling pathway (146). Therefore, upregulation of autophagy by
AMPK/mTOR signaling pathway results in an anti-inflammatory effect, with a reduction of
inflammatory cytokine production (97).

In addition, Doxo induces the expression of TLRs which contribute to cardiac damage in
virtue of their role in the activation of pro-inflammatory NF-kB (96). TLRs are a class of
thirteen members normally expressed in leukocytes in response to microbial pathogens or
dead/damaged cell structures, but recent studies uncover their implication in Doxo-
mediated cellular injury and related inflammation (101). Among them, TLR2 and TLR4 are
found also in cardiomyocytes and are implicated in ANT-induced cardiotoxicity. TLR2
regulates cytokine release, such as TNFa, IL6 and IL1, through NF-kB activation, as NF-kB

DNA binding activity is increased in wild-type but reduced in TLR2-/- mice after Doxo
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administration (87). Of note, genetic ablation and pharmacological inhibition of TLR2 in

mice and in cardiomyocytes, respectively, treated with Doxo results cardioprotective, with
reduced release of cytokines, and enhanced mice survival (87), as well as prevention of
cardiomyocyte death, cardiac dysfunction and inflammation (74, 106, 136).

On the contrary, the role of TLR4 in ANT cardiotoxicity is still controversial. On one side, it
controls cardiac inflammation and appears to be involved in Doxo-induced
cardiomyopathy through the inhibition of the transcription factor GATA4, since cardiac
inflammation is decreased in TLR4 knock-out mice (TLR4_/') (99). On the other side,
blockage of TLR4 with neutralizing antibodies results in an enhanced inflammation and
inhibition of autophagy (74). New compelling evidence about TLR4 implication in Doxo-
induced cardiac inflammation has been showed by Dargani et al. (120). They demonstrate
the implication of TLR4 in a new form of programmed cell death characterized by
proinflammation, termed pyroptosis. In this study, Doxo activates TLR4-pyrin domain
containing-3 (NLRP3) and caspase-1, leading to inflammasome formation and pyroptotic
cell death in H9c2 cells (120). Moreover, Doxo stimulates the release of cytokines and
inflammatory markers, such as interleukins (IL) (IL-1B, IL-6), tumor necrosis factor (TNF-a)
and nuclear factor-kB (NF-kB) (34), which are associated to cardiac dysfunction and
apoptosis. Interestingly, the use of embryonic stem cell-derived exosomes (ES-Exos)
inhibits TLR4 and NLRP3 inflammasome markers and inflammasome-induced pyroptosis in
mice under Doxo treatment, by inducing the release of anti-inflammatory cytokines, such
as IL-10 (116, 120). Moreover, ES-Exos transplanted mice results in improved cardiac
function, suggesting protective effects of ES-Exos that could be used as a future
therapeutic option to treat Doxo-induced cardiac dysfunction (116, 120).

7. Emerging role of microRNAs in anthracycline cardiotoxicity

Recently, microRNAs (miRNAs or miRs), a class of endogenous 22-nucleotide noncoding
RNAs, emerged as pivotal modulators of target genes in a variety of heart disease
conditions, such as myocardial infarction and hypertensive heart disease (14), as well as
Doxo-induced myocardial injury. Of note, several studies have shown increased levels of
circulating miRNAs, including miR-21, miR-34a, miR-146a and miR-532-3p in response to

Doxo treatment (125).
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Doxo treatment significantly increases miR-21 expression in both mouse heart tissue and

HI9C2 cells, whereas Doxo-induced apoptosis results attenuated by miR-21 overexpression
in cardiomyocytes through the modulation of the anti-proliferative factor, B cell
translocation gene 2 (Btg2) (123).

Regarding the role of miR-146a, Tong et al. showed that in a model of acute Doxo
cardiotoxicity, miR-146a overexpression further aggravates Doxo-mediated myocardial
apoptosis, by targeting a key component of neuregulin-1-ErbB signaling, ErbB4. The
increased expression of miR-146a drives ErbB4 downregulation and leads to
cardiomyocyte death, while inhibition of miR-146a or overexpression of ErBb4 could
prevent and improve cardiomyocyte survival (123). On the other hand, Pan et al. recently
proved a protective role of miR146-a in a different model of Doxo cardiotoxicity
characterized by a low-dose Doxo treatment leading to late-onset cardiomyopathy (91). In
this study, the expression of miR-146 is significantly reduced upon Doxo treatment, leading
to cardiomyocytes death and, on the other hand, to autophagy inhibition. Of note, these
pathological events are reversed by overexpression of miR-146a, which plays an anti-
apoptotic role through the p53 pathway. In particular, by targeting TATA-binding protein
(TBP) associated factor 9b (TAF9b), a coactivator and stabilizer of p53, miR-146
downregulates the expression of p53, thereby attenuating apoptosis and restoring
autophagy in cardiomyocytes (91). New compelling evidence about the implication of miR-
146a-5p in Doxo-induced cardiotoxicity has been recently provided by the work of Milano
et al. (79). The authors demonstrate that intravenous administration of human cardiac
progenitor cells (CPCs) exosomes, highly enriched in miR-146-a5p, attenuates
Doxo/Trastuzumab-mediated oxidative stress in cardiomyocytes. Hence, specific silencing
of miR-146-a5p results in enhanced Doxo-induced cell death (79).

In addition, recent findings demonstrate that miR-34a levels are increased and trigger

senescence and apoptotic mechanisms involving p16!NK4a and p53 in rat CPCs exposed to
Doxo (87). Mesenchymal stem cell (MSC)-based therapies have been reported to modulate
Doxo-induced cellular senescence in H9C2 cells via inhibition of miR-34a (133). The
mechanism underlying the anti-senescence function of MSCs involves the miR34a-SIRT1-
p53 axis, where the inhibition of miR-34a leads to a reduction of p53 and activation of

SIRT1, which elongates telomere length and increases telomerase activity (133).
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Another miR, miR-532-3p, has been recently shown to have a pro-apoptotic role, inducing

mitochondrial fission and apoptosis in Doxo-treated cardiomyocytes. Mechanistically,
these effects are explained by a negative regulation of the expression of apoptosis
repressor with caspase recruitment domain (ARC) (128).

In addition, Doxo induces miRNA-320a overexpression, that leads to cardiac dysfunction
and endothelial injury by dysregulating the vascular endothelial growth factor (VEGF)
signaling pathway (137). Accordingly, miR-320a-knockdown mice have attenuated damage
of endothelial cells as well as reduced cardiac dysfunction in response to Doxo.

On the other hand, a number of miRNAs, such as the miR-30 family, are downregulated by
ANTSs. Of note, the miR-30 family has a protective role against Doxo-induced cardiotoxicity
by targeting multiple members of the B-adrenergic pathway, such as B1AR, 2AR and Gai-
2, as well as members of the mitochondrial apoptotic pathway, like the pro-apoptotic gene
BNIP3L (100).

Overall, the differential and altered expression of miRNAs in response to ANT treatment
highlights the possibility of exploiting microRNAs not only as therapeutic targets, but also
as diagnostic biomarkers, as in the case of miR-216b, that it is up-regulated in the first
stage of Doxo-induced cardiotoxicity and may act as an early marker of cardiac damage
(60).

8. Future perspectives for the treatment of ANT-induced cardiotoxicity

A basic requirement for clinically relevant cardioprotective strategies is the ability to
preserve the efficacy of the anti-cancer treatment. Even more interesting are
pharmacological approaches which potentially provide a dual beneficial effect, the so-
called ability to “kill two birds with one stone” (106), where the cardioprotective agent not
only prevents the cardiac side effect of chemotherapy, but also enhances its anti-tumor
action.

Among this class of dual drugs are CYP1 inhibitors, derived from Visnagin, which have been
recently shown to be promising therapeutic agents against Doxo-induced cardiotoxicity
(3). CYP1 belongs to a family of highly conserved monooxygenases that are usually
responsible for the metabolism of toxic compounds, including polycyclic aromatic

hydrocarbons that share structural similarity with Doxo (112).
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On one side, CYP1 plays an important role in the metabolism of polyunsaturated fatty

acids (21), such as arachidonic acid metabolites, which have been previously implicated in
the pathogenesis of Doxo cardiotoxicity (75). Moreover, CYP1, in particular the CYP1B1
isoform that is overexpressed in a wide range of tumor types, including breast cancer (84),
plays a role in estrogen-mediated tumor formation (9, 67). These observations suggest
that CYP1 inhibition may simultaneously confer cardioprotection, while enhancing the
antitumor effect of Doxo, and make CYP1 inhibitors appealing candidates for future clinical
trials.

Besides CYP1, neuregulin, an agonist of the receptor tyrosine kinases belonging to the
epidermal growth factor receptor (EGFR) family, has elicited interest as a potential
therapeutic against ANT cardiotoxicity. EGFR family includes EGFR/HER1/ErbB1,
ErbB2/HER2 (that has no ligand), ErbB3/HER3, and ErbB4/HER4 and among these, ErbB2
and ErbB4 are expressed in differentiated cardiomyocytes. Evidence for the involvement of
the ErbB family in ANT cardiotoxicity emerged from the increased risk of cardiotoxicity in
patients receiving concurrent Doxo and Trastuzumab (103), a monoclonal antibody
targeting ErbB2 receptor used to treat HER2-postive breast and advanced stomach cancer.
Moreover, in mouse models of cardiotoxicity, ANTs downregulate cardiac expression of
ErbB4, potentially by increasing the levels of miR-146a (43). On the other hand, cardiac-
specific overexpression of ErbB2 in mice is protective against cardiac damage (16),
including that elicited by ANTs, likely through the upregulation of antioxidant mechanisms
(7).

Neuregulin-1 acts as a primary ligand to initiate ErbB signaling, and plays a critical role in
cardiomyocyte development, homeostasis and disease (88). Albeit administration of
neuregulin-1 reduces ANT-induced cardiomyocyte apoptosis via PI3K/Akt (27), its use as a
cardioprotectant is limited by potential pro-neoplastic effects (45). Ongoing work is
focusing on the development of an engineered neuregulin, displaying reduced neoplastic
potential, but preserved cardioprotective function, in mice (50). Neuregulin-mediated
cardioprotection thus appears to be a promising approach for patients undergoing

treatment with ANTs and deserves further studies and clinical validation.
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Conclusions

The exponential growth of the field of Cardio-Oncology of the last decade has greatly
expanded our knowledge of the molecular basis of chemotherapy-related cardiotoxicity.
The emerging view is that cardiotoxic anti-cancer drugs, like anthracyclines, affect
intertwined signaling pathways, which are key to survival of cancer cells, but also of
cardiomyocytes. Despite reactive oxygen species are no longer considered the main
determinant of cardiotoxicity, they are crucial signaling intermediates that intervene in the
response of cardiomyocytes to cardiotoxic insults. The current hope is that the signaling
pathways that have just emerged to be targeted by ANTs could be therapeutically
manipulated to prevent and/or treat cardiotoxicity. While some pharmacological
approaches have already been tested in preclinical models, the way toward the clinical
application is still arduous and requires conclusive validation of the most promising targets
in models that faithfully reflect the fundamental biology or cardiotoxic responses of the
human myocardium. These include for instance human induced pluripotent stem cell-
derived cardiomyocytes, which are just emerging as a powerful tool for drug discovery and
the realization of precision medicine in Cardio-Oncology ( 30, 95).
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AMPK = Adenosine Monophosphate-
Activated Protein Kinase

AMPK-CA = AMPK Constitutive Activation
ANT = Anthracycline

ATG = Autophagy-related Genes

ATM = Ataxia-Telangiectasia-mutated
kinase

ATR = ATM and Rad3-mutated Related
kinase

BAX = Bcl2-associated X

Bcl2 = Beta-cell lymphoma 2

BNIP3 = BH3-only protein Bcl-2-like 19
kDa-interacting protein 3

CaMKII = Calcium/Calmodulin-dependent
protein kinase-Il

CPC = Cardiac Progenitor Cell

CYP = Cytochrome P450

Doxo = Doxorubicin

DXR = Dexrazoxane

EGFR = Epidermal Growth Factor
Receptor
ES-Exos = Embryonic Stem Cell-derived
Exosomes

IKK = Inhibitor of kB protein
IL = Interleukin
LC3 = Microtubule-associated protein

1A/1B-light chain 3

LTCC = L-type Ca** Channel

miRNA/ miR = microRNA

mtDNA = Mitochondrial DNA

mMTOR = Mammalian Target of Rapamycin
NADPH = Nicotinamide Adenine Dinucleotide
Phosphate

NF-xB = Nuclear Factor-xB

Nox = NADPH Oxidase Complex

NRF1 = Nuclear Respiratory Factor 1

PGC-1 = PPARy Coactivator 1

PI3K = Phosphatidylinositol 3-Kinase

PINK1 = PTEN-induced kinase 1

PKA = Protein Kinase A

PPARy = Peroxisome Proliferator Activated
Receptor-y

ROS = Reactive Oxygen Species

RyR = Ryanodine Receptor

SERCA = Sarco-Endoplasmic Reticulum Calcium
ATPaseSESN2 = Sestrin-2

SR = Sarcoplasmic Reticulum

TFEB = Transcription Factor EB

TLR = Toll-like Receptor

TNF-a = Tumor Necrosis Factor o

Top2 = Type 2 Topoisomerase

Ulk-1 = Unc-51-like autophagy activating

kinase 1
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FIG. 1. The ROS-driven hypothesis of anthracycline (ANT)-induced injury.

The classic “ROS-driven hypothesis” points to the generation of reactive oxygen species
(ROS) by the quinone moiety of anthracyclines as the leading cause of ANT cardiotoxicity.
To see this illustration in color, the reader is referred to the online version of this article at

www.liebertpub.com/ars.
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FIG. 2. New mechanisms of anthracycline (ANT)-induced injury to cardiac cells.

According to the most widely accepted view, ANT toxicity is caused by poisoning of
topoisomerase 2 beta (Top2-B), which leads to accumulation of double-stranded DNA
breaks. This results in the activation of the p53 tumor-suppressor pathway and the ensuing
mitochondrial dysfunction, ROS generation, imbalanced pro-survival/pro-apoptotic signals
(Bcl2/BAX and mTOR) and, finally, to cardiac cell death (left panel). DNA damage
simultaneously impairs mitochondrial biogenesis by affecting peroxisome-proliferator—
activated receptor a coactivator 1 (PGC-1), nuclear respiratory factor 1 (NRF1) and
mitochondrial transcription factor A (TFAM) (right panel). To see this illustration in color,

the reader is referred to the online version of this article at www.liebertpub.com/ars.
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FIG. 3. Mechanism of anthracycline (ANT)-mediated cell injury and death in cancer cells
and cardiomyocytes.

The anti-cancer action of ANTSs is linked to the poisoning of Top2-a. In cardiomyocytes, the
Top2-B isoform is prevalent and represents the major target of ANTs. Dexrazoxane (DXR)
protects against ANT cardiotoxicity by interfering with the binding of ANTs to Top2-B, thus
preventing the poisoning and the loss of function of Top2. To see this illustration in color,

the reader is referred to the online version of this article at www.liebertpub.com/ars.
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FIG. 4. Geno-protective effect of pharmacological inhibition of Racl signaling.

Racl signaling contributes to ANT-induced cardiotoxicity by regulating Nox2 NADPH
oxidase complex and via a ROS-independent nuclear mechanism, leading to the formation
of DNA double-stranded breaks and subsequent activation of the ATM/ATR-p53 pathway.
In the nucleus, Racl binds to and regulates the activity of topoisomerase 2 (Top2).
Inhibition of the HMG-CoA reductase (mevalonate pathway) by statins causes depletion of
the cellular pool of isoprene precursors, which are essential for membrane localization of
Racl. Pharmacological targeting of Racl by statins or by the Racl inhibitor (NSC23766)
attenuates ROS production and DNA damage response. To see this illustration in color, the

reader is referred to the online version of this article at www.liebertpub.com/ars.
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FIG. 5. Calcium overload as a central event in anthracycline (ANT)-induced cardiotoxicity.
Doxorubicin (Doxo) and its metabolite, doxorubicinol, affect the activity of different Ca’*-
handling proteins of cardiomyocytes. Doxorubicinol target calsequestrin type 2 (CSQ2) in
the sarcoplasmic reticulum (SR), thus increasing cytoplasmic Ca** concentration, while
Doxo inhibits the transcription of the sarcoplasmic reticulum Ca**-ATPase 2a (SERCA2a),
thereby reducing Ca** reuptake in the SR. Doxo and its metabolite doxorubicinol both
modify the activity of ryanodine receptor (RyR) and SERCA2a and induce
Calcium/Calmodulin-dependent protein kinase-Il (CaMKIl)-dependent Ca®* leakage from
the SR. ANT-mediated deregulation of CaMKIl also impact on mitochondrial Ca®*
regulation. CAMKII is responsible for the activation of nuclear factor-kappa B (NF-kB) and
p53 signaling and leads to increased Ca?* influx in mitochondria through mitochondrial
calcium Ca®* uniporter (MCU). Mitochondrial Ca®* overload, in turn, triggers mitochondrial
permeability transition pore (MTP) opening and release of proapoptotic cytochrome c.
Pharmacological targeting of key regulators of Ca** signaling, such as phosphodiesterase 3

(PDE3) by Levosimendan or L-type Ca** channels (LTCC) by LTCC blockers, as well as
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chaperone-mediated alleviation of SR stress (GRP78 overexpression) are emerging

therapies against ANT cardiotoxicity. To see this illustration in color, the reader is referred

to the online version of this article at www.liebertpub.com/ars.
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FIG.6. Overview of anthracycline (ANT)-induced dysregulation of autophagy

Autophagy deregulation is a key mechanism underlying ANT-induced cardiotoxicity,
although its beneficial versus maladaptive role is still controversial. Cardiomyocyte
exposure to ANTs perturbs AMPK, Akt and mTOR signaling pathways, which are all
upstream regulators of autophagy. ANTs inhibit the autophagic process by activating
mTOR or by blocking AMPK. Furthermore, doxorubicin (Doxo) engages PI3Ky signaling
downstream of Toll-like receptor 9 (TLR9), converging on inhibitory phosphorylation of
Ulk-1 at Ser757 and preventing autophagosome initiation. Additionally, activated mTOR
restricts TFEB in the cytoplasm and inhibits the transcription of autophagy-related genes,
such as LAMP1. Conversely, Doxo blocks the activity of GATA4, thereby inhibiting the
transcription of anti-apoptotic protein B-cell lymphoma 2 (Bcl2), a negative regulator of
Beclin-1. As a result, the autophagy-related marker Beclin-1 and LC3-Il are upregulated and
lead to cardiomyocyte death. Restoration of GATA4 attenuates Doxo cardiotoxicity by
upregulating Bcl2 and in turn inhibiting autophagy. To see this illustration in color, the

reader is referred to the online version of this article at www.liebertpub.com/ars.
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FIG. 7. Mechanism of anthracycline (ANT)-mediated mitochondrial damage and cells

death

Normally, mitochondrial homeostasis is regulated through a selective form of autophagy,
namely mitophagy. Under stress conditions, PTEN-induced kinase 1 (PINK1) aggregates
and recruits Parkin to the mitochondrial outer membrane mediating the ubiquitination of
mitochondrial proteins and their recognition by p62, consequently leading to the initiation
of mitophagy. However, Doxo-induced p53 accumulation inhibits mitophagy by
suppressing Parkin translocation and interaction with SESN2 and p62, therefore inducing
cardiomyocytes apoptosis. Conversely, in models of acute cardiotoxicity induced by high
dose ANTs, BNIP3-induced mitophagy has a maladaptive role. Up-regulation and
translocation of BNIP3 leads to the permeability transition pore opening and increased
ROS production. To see this illustration in color, the reader is referred to the online version

of this article at www.liebertpub.com/ars.
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Table 1: Relevant and emerging therapeutic approaches to counteract ANT-induced
cardiotoxicity
Compound/Therapeutic Mechanism of action References
approach
ICRF-187 or Dexrazoxane Iron chelation, catalytic inhibition of (115, 86,
(EDTA derivative) Topoisomerase 2 72)
JR-311 (Dexrazoxane Catalytic inhibition of Topoisomerase 2 (53)
analogue)
NSC23766 Racl inhibition (108)
Statins (e.g. Lovastatin) HMGC-CoA reductase inhibition, prevention (108, 42,
of Racl prenylation, tumor sensitization to 145)
chemotherapy
Adeno-associated virus Amelioration of Sarcoplasmic Reticulum (2)
overexpressing GRP78 stress
chaperone
Nifedipine, Amlodipine LTCC blockade (19)
Levosimendan Restoration of Ca?* homeostasis, inotropic (144, 49,
vasodilation, anti-inflammatory and anti- 92)
oxidant action
5-Aminoimidazole-4- Activation of AMPK (89)
carboxamide ribonucleotide
(AICAR) or adenoviral
expression of AMPK-CA
TLR4 isotype-matched IgG TLR2-4 inhibition (87, 99,
Ab; TLR2- TLR4 embryonic 120)
stem cell-derived exosomes
(ES-Exos)
Mesenchymal stem cells Inhibition of miR-34a-SIRT1-p53 axis (123)
CPC exosomes Inhibition of miR-146a-5p target genes (79)



