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THESIS ABSTRACT

T'hesis Abstract:

Heart failure (HF) is one of the leading causes of sudden death in developed
countries and it is known that failing hearts are characterized by reduced contractile
properties caused by impaired Ca?* cycling between the sarcoplasm and sarcoplasmic
reticulum (SR). In this field, istaroxime is a small-molecule drug under phase 2 clinical
trial that, combining inhibition of Na*/K* ATPase and SERCA2a stimulation, shows an
interesting profile for acute HF treatment. However, istaroxime use is restricted to
acute i.v. infusion because of its plasma half-life of about 1 hour in humans and its
extensive hepatic metabolism to a molecule, named PST3093.

The first aim of my thesis project dealt with the investigation whether PST3093, the
main metabolite of istaroxime, may, on its own, be endowed with pharmacological
activity and at least partially explain in vivo istaroxime effects. In light of the results,
the second aim was to develop PST3093 analogues with metabolically stable groups,
with the purpose to generate orally administrable SERCA2a stimulators. In vivo and in
vitro effects of PST3093 follow-on compounds were evaluated by using streptozotocin
(STZ)-treated rats developing diabetic cardiomyopathy with diastolic dysfunction
associated to SERCA2a downregulation.

Firstly, we characterized PST3093 effects on SERCA2a and Na*/K* ATPase activities,
intracellular Ca?* dynamics in isolated ventricular myocytes and in vivo hemodynamic
effects in STZ rats. At variance with its parent compound, PST3093 is a “selective” (i.e.
devoid of Na*/K* ATPase inhibition) SERCA2a stimulator, showing a safer profile than
istaroxime. It is active at nanomolar concentrations in cardiac preparations from
normal guinea pig and STZ rats and, similarly to istaroxime, it stimulates SERCA2a only
in the presence of phospholamban (PLN), thus relieving its inhibitory activity on
SERCA2a. In-vivo PST3093 i.v. infusion (acute effects) in STZ rats improved overall
cardiac performance and reversed most STZ-induced abnormalities.

Thanks to a collaboration with chemists of our Department, we synthesized a panel
of PST3093 derivatives devoid of Na*/K* ATPase inhibitory activity to develop a class of
compounds suitable for chronic (oral) HF treatment. Most of them retained SERCA2a
stimulatory action with nanomolar potency. Two selected PST3093 analogues,

compound 5 and compound 8, were further characterized in isolated cardiomyocytes

-9-



THESIS ABSTRACT

and their acute in vivo effects were firstly evaluated after i.v. infusion in STZ rats. Both
compounds, stimulating SERCA2a, improved intracellular Ca?* handling (promoting SR
Ca?* compartmentalization) and restored diastolic function following acute i.v. infusion
in STZ rats.

Finally, we evaluated chronic in vivo effects of compound 8 in STZ rats after oral
administration at two dosages (40 or 80 mg/kg) at 1 or 4 daily doses to evaluate
potential dose-dependent effects and to indirectly explore its pharmacokinetic in rats.
Compound 8 dose-dependently ameliorated STZ-induced diastolic dysfunction and its
pharmacokinetic was comparable to that of PST3093, i.e., longer than istaroxime one.
Off-target effects of compound 8 were excluded based on the analysis of its molecular
interaction with a panel of 50 ligands. Acute toxicity in mice was finally evaluated,
showing a safer profile of compound 8 than PST3093 and istaroxime.

In conclusion, PST3093 and its derivatives act as “selective” SERCA2a stimulators.
While PST3093 is suitable to prolong the cardiac beneficial effect of istaroxime infusion,
PST3093 derivatives can be considered the prototype of a novel pharmacodynamic
class for the ino-lusitropic approach of HF. In particular, compound 8 seems to be a

favorable drug candidate for chronic HF therapy.
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Chapter 1

Introduction:

Role of SERCAZ2a in intracellular Ca® dynamics



Chapter 1 — Introduction
CARDIAC EXCITATION-CONTRACTION COUPLING

1.1 CARDIAC EXCITATION-CONTRACTION COUPLING

The sarcoplasmic reticulum (SR) is an intracellular membrane network in cardiac
cells that plays an essential role in excitation-contraction coupling (ECC), the process
from electrical excitation of the myocyte to the contraction of the heartl. SR main
function is the storage and distribution of Ca®* ions that initiates cardiac contraction
and relaxation?; the importance of Ca?* signaling is highlighted by the precise nature by
which Ca?* ions are extensively regulated within cells3.

During systole, the action potential facilitates a minor Ca? influx through
sarcolemmal L-type Ca?* channels (LCCT), depolarization-activated Ca?* channels which
contribute to action potential plateau. This, in turn, induces a major Ca* release from
the SR stores through the Ca?* release channels (ryanodine receptor 2, RyR2), leading
to the defined Ca?*-induced Ca? release (CICR) ECC system. The combination of Ca?*
influx and release raises the free intracellular Ca®* concentration [Ca*"]; from ~ 100 nM
to ~ 1uM, allowing Ca* to bind to the myofilament protein troponin C, which then
switches on the contractile machinery and initiates the cross-bridge movement of the

myofilaments! (Figure 1).

200 ms
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Chapter 1 — Introduction
CARDIAC EXCITATION-CONTRACTION COUPLING

Figure 1. Ca?* transport in ventricular myocytes. Inset shows the time course of an action
potential, Ca?* transient and contraction measured in a rabbit ventricular myocyte at 37 °C. NCX,
Na*/Ca?* exchange; ATP, ATPase; PLB, phospholamban; SR, sarcoplasmic reticulum (from 2).

The quick removal of Ca?* either into the SR, or the extracellular lumen, is essential
for cardiac relaxation (i.e. to [Ca%**]; ~ 100 nM). In human, rabbit, ferret and cat hearts,
this Ca?* sequestration during diastole is mainly facilitated by the Sarco-Endoplasmic
Reticulum Ca*-ATPase (SERCA, 70%) and to a lesser extent by the sarcolemmal
Na*/Ca?* exchanger (NCX, 28%)*. Other systems, such as the slow Ca%* removal systems,
i.e. the plasma membrane Ca?*-ATPase (PMCA), the mitochondrial Na*/Ca®* exchanger
(mitNCX) and the mitochondria Ca?* uniporter (MCU), play minor roles in intracellular
Ca®* handling during dynamic activity (~ 2%). In contrast, in both rat and mouse
myocardium, SERCA plays a predominant role with an approximately 92% contribution
to the sequestration of Ca?* (NCX: 7% of Ca?* sequestration, slow Ca®* removal systems:
~ 1%)%. Upon SR sequestration, Ca*" binds mainly to the SR Ca®'-storage protein,
calsequestrin (CASQ)* and to other Ca?*-binding proteins, such as calreticulin (CARL)®

and the histidine-rich calcium binding protein (HRC)®.
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Chapter 1 — Introduction
SERCA

1.2 SERCA

As mentioned above, SERCA is the main protein involved in the re-uptake of Ca®
and serves a dual function: (1) to cause muscle relaxation by lowering the cytosolic Ca?*,
and at the same time (2) to restore SR Ca* necessary for muscle contraction’.

SERCA belongs to the family of P-type ATPase, and it is a single polypeptide of
molecular mass ~110 kDa with three cytoplasmic domains joined to a set of 10

transmembrane helices by a narrow extramembrane pentahelical stalk’ (Figure 2).

Figure 2. Ca?*-ATPase embedded in the lipid bilayer based on crystal structure with its antagonist
Tapsigargin (in black) (from 7).

A notable feature of P-type ATPases is the transfer of terminal phosphate from ATP
to an aspartate residue in the catalytic domain, resulting in a reversible conformational
change. P-type ATPases couple the hydrolysis of ATP to the movement of ions across a
biological membrane, in particular, two Ca?* ions are transported for each molecule of
ATP hydrolyzed’.

14
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SERCA

In vertebrates there are three distinct genes ATP2A1, ATP2A2 and ATP2A3 encoding
SERCAL, 2, and 3 respectively that are known to produce more than 10 isoforms, mainly
through alternative splicing.

SERCAL1 is expressed in fast-twitch skeletal muscle and is alternatively spliced to
encode SERCA1la (994 aa, adult) and 1b (1011 aa, fetal)®®.

SERCAZ2, that is the predominant variant of all SERCA isoforms and phylogenetically
the oldest, encodes SERCA2a (997 aa), which is expressed predominantly in cardiac and
slow-twitch skeletal muscle'®!, SERCA2b (1042 aa) is expressed in all tissues at low
levels, including muscle and non-muscle cells!?. Recently, a third isoform, SERCA2c¢ (999
aa), has been reported in cardiac muscle. The latter was only detected in a confined
area of cardiomyocytes, in close proximity to the sarcolemma?®3.

SERCA3 isoforms are expressed in several non-muscle tissues but appear to be a
minor form in muscle. In humans, SERCA3 is known to encode for six isoforms, 3a—3f (
~999-1052 aa) at the mRNA level and it is expressed in multiple tissues and cell types.
At the protein level, there are data only for the 3a, b and cisoforms which are expressed
at high levels in the hematopoietic cell lineages, platelets, epithelial cells, fibroblasts,

and endothelial cells'* (Table 1).

Table 1. Distribution of SERCA isoforms in mammalian tissues (from 7).

Table 1. Distribution of SERCA isoforms in mammalian tissues.

Skeletal muscle

Fast twitch Slow twitch Cardiac muscle Smooth Non-muscle
SERGA Isaform Fetal Adult Fetal Aduit Fetal Adult muscle cells

SERCA 1a
SERCA 1b +
SERCA 2a
SERCA 2b
SERCA 3a
SERCA 3b
SERCA 3c

+++++
+ -

[
L+

[ S
[
[ S
| O I B I
[
s

A notable feature of SERCA isoforms is that their primary structure is highly
conserved. In particular, SERCA1 shows 84% similarity to SERCA2a and 75% to SERCA3.
Because of their similar structures, it has been predicted that all SERCA isoforms might
have similar native transmembrane arrangements and tertiary conformations, and

hence, their sensitivity to Ca?* and enzyme activity should be equivalent. In particular,
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the muscle isoforms SERCA1 and SERCA2a have enzymatic properties that are almost
identical®™®. The exception is the ubiquitous SERCA2b isoform, which is a unique
structural and functional splice variant containing a 11*" transmembrane helix and a C-
terminal extension that resides in the ER lumen'®!. This unique modification of
SERCA2b imparts the highest Ca?* affinity between the SERCA isoforms'® and provides
a potential point for regulation from within the ER lumen. Instead, SERCA2c showed a
lower apparent affinity for cytosolic Ca* than the other SERCA2 isoforms and a catalytic
turnover rate similar to SERCA2b™3.

Due to the similarity between the isoforms, currently, there are no pharmacological

tools to specifically modulate the different isoforms of SERCA.
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1.3 SERCA2a

SERCA2a is the cardiac isoform, and its enzymatic activity is controlled by the
inhibitory peptide phospholamban (PLN).

Structurally, SERCA2a has two key domains: one is the region between amino acids
336 and 412 in the phosphorylation (P) domain, which responds to the action of PLN;
the other is the region between amino acids 467 and 762 in the nucleotide-binding (N)
domain, which mainly determines the strength of SERCA2 for Ca?* affinity'°. As for the
other isoforms, the A domain serves as the transduction element that couples ATP

hydrolysis with active Ca?* transport in the catalytic cycle of the pump (Figure 3).

£ J8
5 K400 'L‘\ka? @ @M
P PRL ud 8

SERCA2a-specific
C-terminus

M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 W11

Figure 3. Planar model of the primary and putative secondary structure of the human SERCA2
isoforms. Each circle corresponds to an amino acid residue indicated by the single-letter code
inside the circle, a-helical structures are shown as stacked diagonal rows of three or four residues,
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B-strands are displayed as ladder-type residue arrangements and linear sections represent loops.
M1-M10 denote the membrane-spanning helices in SERCA2a. Essential amino acid residues
participating in Ca?* binding are shown as blue circles with white letters in M4, M5, M6 and MS8.
A domain, actuator domain (azure circles); P domain, phosphorylation domain (inverted color
black circles); N domain, nucleotide-binding domain (orange circles); C, cytosol; M, membrane;
L, lumen (from?°).

The process of Ca?* reuptake involves the mutual transformation of the two
conformations of the SERCA2a protein: E1 and E2 (Figure 4). The E1 conformation of
SERCA2a has a higher affinity for Ca%, and the binding site is exposed to the cytosol.
The E2 conformation has a lower affinity for Ca** and is located on the lumen of the SR.
After relaxation of cardiomyocytes, Ca?* is released from troponin into the cytosol and
binds to E1 (the binding site is at the aspartic acid residue Asp351, conserved in all P-
type ATPases?!), after which phosphorylation of E1 occurs with the participation of ATP
(Ca**-E1-P), forming high-energy phospho-intermediate? that causes a conformational
change from E1 to E2 (Ca®*-E2-P), and the E2 conformations becomes an ADP
insensitive intermediate?>?4. This process results in the localization of the Ca?* binding
site in the SR. Due to the low affinity of E2 for Ca?*, Ca®* is released into the SR after
uncoupling with E2, followed by the release of inorganic phosphate molecule?® and

accompanied by E2 converted to E1 and re-entering the next cycle.

Cytosol

Sarcoplasmic @ e El .
Reticulum @

Figure 4. Ca®* recycling during contraction—relaxation cycle in the cardiac muscle. Note the cyclic
changes that occur for SERCA2 in order to deliver Ca?* from the cytosol into the lumen of
the SR against the concentration gradient hydrolyzing one ATP molecule for each 2 Ca%'in
diastolic phase of the cardiomyocyte (modified from??).
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1.3.1 Post translational modifications (PTMs)

PTM refers to the covalent attachment of chemical small molecule groups to the
amino acid side chain of a protein, significantly increasing the complexity and diversity
of the protein. A number of studies have demonstrated that SERCA2a is capable of
PTMs and different types of PTMs occur at different sites, which affects SR function
(Figure 5). Acting on PTMs may be a promising direction in clinical or experimental
settings to improve reduced activity in heart failure (HF)°. Thus, a brief description of
main SERCA2a PMTs are described below.

Modification of
Sarcoplasmic Reticulum Function

[ Phosphorylation Dephosphorylation]
[ Oxidation Nitrosylation ]
[ Activation of Activation of ]
Proteases Phospholipases
[ Glycosylation ] [ Lipidation ]
[ Acetylation ] L Deacetylation ]

[ Sumoylation ] [o-GlcNacylatlon]

Figure 5. Modification of cardiac sarcoplasmic reticulum function by some post-translational
events (From 2°).

1.3.1.1 SUMOylation

SUMOylation is a PTM mediated by SUMO1 (Small ubiquitin-like modifier type 1), a
protein of the family of peptides that alter the function of other proteins in cells?.
Despite their similarity with the structure of ubiquitin, SUMO family is widely involved

in cellular activities such as protein structural stability, nuclear translocation, and
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regulation of transcriptional activity through the process of reversible covalent linking
of SUMO to the target protein?. In the heart, SUMOylation has a crucial impact on
normal cardiac development and function?®, as well as adaptation of the heart to
pathological stress°.

Kho and colleagues® showed that SERCA2a is SUMOylated at two lysine residues
(lys480 and lys585) and this SUMOylation is essential for preserving the activity and
stability of SERCA2a%2. It was also reported that the levels of both SERCA2a itself and
SERCA2a SUMOylation were significantly reduced in failing hearts and seems that this
PTM has cardioprotective properties. This reduction in SUMOylation correlated with
reduced ATPase activity and decreased SERCA2a stability. It is possible that
SUMOylation may induce a conformational change within SERCA2a or may provide an
additional interface for ATP binding, leading to increase ATPase activity®' (Figure 6).
However, increased levels of unSUMOylated SERCA2a due to low SUMO1 protein pools
triggers impaired SERCA2a activity and induces cardiac dysfunction under

pathophysiological conditions3..

i p— ? sumo1l G P
(SE & P YO BEREAY-Y
y sSuMO1t 2a
Protein stability ¢ Protein stability 4
ATPase activity 1 ATPase activity |
Calcium transient? Calcium transient)
Contractility ¢ | L Contractility}

Cardiac dysfunction

Figure 6. A working model for the regulation of SERCA2a function by SUMOylation. Under basal
conditions, SUMOylation enhances SERCA2a’s protein stability and its Ca?* pump function to
regulate cardiac contractility. However, increased levels of unSUMOylated SERCA2a due to low
SUMO1 protein pools triggers impaired SERCA2a activity and induces cardiac dysfunction under
pathophysiological conditions (from 31).

Previous work indicated that SUMOs targeting the proteins contribute to a number
of human cardiovascular disease, such as valvular abnormalities, ischemic heart
disease, cardiac hypertrophy, and idiopathic cardiomyopathy®. In animals subjected to

heart I/R, SUMO1 conjugations were shown to be inactivated*.
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More details regarding SUMOylation are reported below, in 1.6.1.1.3 paragraph.

1.3.1.2 Nitration and Glutathiolation

Nitric oxide (NO) is a signal molecule with pleiotropic effects, and it is a physiological
regulator that stimulates SERCA2a accelerating the reduction of intracellular Ca?*
concentration®,

On the contrary, the appearance of increased nitration, the process that involve the
adding of one or more NO; groups, and the partial inactivation of SERCA2a in several
types of muscle under conditions of chronic oxidative stress suggests that a common
functional response to nitrative stress of the muscle involves prolongation of the Ca?*
transient with slower contraction and relaxation times of the muscle (40% loss in SERCA
activity)®. It has also been reported that nitration of SERCA2a occurs through polyol
pathway and it is believed that nitration of certain tyrosine residues may cause
distortion in helical interactions and thus restricts the coordinated movement of
membrane helices, which is required for optimal SERCA function.

Furthermore, NO-derived intermediates can also play a role in protein modification,
such as S-Glutathiolation®®, It is noteworthy that both oxidative stress and nitrosative
stress are known to adversely affect the process of glutathionylation where disulphide
bonds are formed between cysteine and glutathione in SR proteins, and this PTM

induce an increase of SERCA activity and boost Ca?* uptake!®2,

1.3.1.3  Glycosylation and O-GIcNAc modification

In diabetes, when glucose levels are high, an increase in SERCA2a glycosylation
occur, and this rise causes a significant decrease in SERCA2a activity?®. A substantial
decrease in both SERCA2a mRNA and proteins as well as a considerable increase in PLN
have been attributed to the increase in glycosylation.

A non-canonical glycosylation involves the attachment of single O-linked N-
acetylglucosamine (O-GIcNAc) moieties to Ser and Thr residues of cytoplasmic, nuclear
and mitochondrial proteins®’. This is involved in the regulation of many important
biological processes in cells, and application in human diseases and treatment. When

O-GIcNAc is incorporated into threonine or serine residues of SERCA2a, the levels of
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the protein are altered and result in the disruption of Ca?* cycling®®. In addition, O-
GIcNAc can also modify SERCA2a activity by regulating phosphorylation of PLN. So, O-
GlcNAc regulates the activity of SERCA2a either directly or indirectly®.

1.3.1.4 Acetylation

The acetylation is the transfer of the acetyl group of the donor to the amino acid
residue of the protein of interest by an enzymatic or spontaneous reaction, which
modulates the function of the target protein?®.

It was proposed that acetylation and deacetylation play a role in the acute
modification of SERCA2a activity®. In a recent study from humans, pigs and mice, was
found a significant increase in the level of acetylation of SERCA2a in failing hearts, a
phenomenon attributed to a decrease in the level of SIRT1 (a class lll histone
deacetylase) that promotes the enzymatic dysfunction. The increase in acetylation of
SERCA2a significantly reduced the activity of the pump, which caused a decrease in the

uptake of Ca?* and impaired cardiac function.

1.3.1.5 Phosphorylation

Phosphorylation of proteins is the most widely studied PTM and it is involved in the
regulation of various important molecular activities and functions. Striated muscle-
specific protein kinase (SPEG), as a member of the myosin light chain kinase (MLCK)
subgroup of the CaMK Ser/Thr protein kinase family, is closely related to the
phosphorylation of SERCA2a%°.

Quick and colleagues® used proteomics to discover that SERCA2a interacts with
SPEG; the second kinase domain of SPEG acts on SERCA2a directly phosphorylating the
Thr484 site, thereby enhancing the oligomerization of SERCA2a and increasing the Ca?*

transport capacity of the pump.
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1.4 PHOSPHOLAMBAN (PLN)

PLN has proven to be the major regulator of SERCA2a activity and so far, it is the
only SERCA2a-associated protein directly involved in cardiac disease development,
including (HF). It is expressed mainly in cardiac muscle and, to a lesser extent, in slow-
twitch skeletal, smooth muscles and endothelial cells?.

PLN is a small membrane-spanning protein, comprising 52 amino acid residues and
it is in dynamic equilibrium between monomeric and oligomeric states (Figure 7)?’. The
secondary and tertiary structure of the protein can be subdivided into two main
domains: domain | is hydrophilic and contains the cytoplasmic region (amino acids 1-
30), whereas domain Il includes the hydrophobic SR membrane-spanning part of the
protein with a probable a-helical structure (amino acid residues 31-52). Domain |
contains two further motifs: domain la (residues 1-20) presumably forming an a-helical
structure, and domain Ib (residues 21- 30), which is likely to exist as a random coil®.

A

Regulatory region Inhibitory region

Domain la Loop _ Domain Ib Domain Il
AMEKVQYLTRSAIRRASTIEMPQQARQNLQNLFINH‘\LDLIFLLLI/:\IIVMLL

A doma

") TM™ domain

PLN Pentamer PLN Monomer SERCA

Figure 7: Structures of PLN and SERCA. (A) Primary sequence and domains of PLNA™A, The S16
phosphorylation site is marked with an arrow, and mutation sites (AFA: C36A, C41F, C46A) are
indicated with asterisks. (B) 3D structures of PLN pentamer [Protein Data Bank (PDB) ID code
2KYV], PLNA"A monomer in the T (PDB ID code 2KB7) and R states (PDB ID code 2LPF), and SERCA
in complex with sarcolipin (PDB ID code 3W5A). SERCA includes 10 TM helices and three
cytoplasmic domains: nucleotide binding (N domain), actuator (A domain), and phosphorylation
(P domain) (From 41).

23



Chapter 1 — Introduction
PHOSPHOLAMBAN (PLN)

In vitro studies with purified SR membranes have demonstrated that PLN can be
phosphorylated at three distinct sites in domain I: 1) Ser16 by cAMP-dependent protein
kinase A (PKA); 2) Thr17 by Ca®* calmodulin-dependent protein kinase (CAMKII); and 3)
Ser10 by Ca?* phospholipid-dependent protein kinase (PKC)2.

The region of PLN interacting with SERCA2 may involve amino acids 2—18 and PLN
inhibits the apparent affinity of SERCA for Ca%" in its dephosphorylated form. Upon
phosphorylation of PLN through B-adrenergic stimulation and enhanced PKA activity,
the inhibitory effect of PLN on SERCA is relieved, due to the positive charges of the
cytosolic domain partially neutralized by the phosphate moiety in this vicinity?. This
leads to increased initial rates of SR Ca?* uptake, accelerated relaxation and enhanced
SR Ca?* load, which is available for release through the RyR2, resulting in enhanced
relaxation. The inhibitory effects of PLN are restored through dephosphorylation by an
SR-associated phosphatase* (Figure 8).

< fj-<

PLN phosphorylation PIN-SERCA
heterodimer
K
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~

PLN monomer PULN pentamer

Figure 8. Reversible inhibition of sarco(endo)plasmic reticulum Ca*-ATPase (SERCA) activity by
phospholamban (PLN). Two steps can be dissected: first, the association/dissociation of
pentameric PLN (Kq1), and second, the association/dissociation of monomeric PLN and SERCA
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(Ka2). The phosphorylation of PLN and Ca?* binding to SERCA are driving forces for the dissociation
of the PLN-SERCA complex, thereby activating SERCA. Phosphorylation of PLN dissociates
functional interactions, but is less effective than Ca?* binding to SERCA in breaking up physical
interaction (from*)

The initial model for SERCA inhibition involved reversible binding of monomeric PLN
and dynamic equilibrium of the monomer between the SERCA-bound and pentameric
states®. In this scenario, the pentamer was considered an inactive storage form of PLN.
However, active roles have been proposed for the PLN pentamer, including the
modulation of SR Ca?* homeostasis and PKA-mediated phosphorylation, at least less
active than monomeric isoform. The PLN pentamer has also been found to stimulate
the Vmax of SERCA, which depends on the SERCA-PLN molar ratio and density in the
membrane. Providing a context for this latter effect was the finding that PLN pentamers
associate with SERCA*. In particular, PLN pentamer spontaneously associates with
SERCA at a site distinct from the inhibitory groove (M2, M6, and M9 of SERCA) and the
interaction provides an explanation for the stimulation of SERCA’s maximal activity*

(Figure 9).
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SR lumen Q PLN2 PLN1
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Figure 9. (A) Interaction interface between SERCA and the pentameric form of PLN. SERCA and
PLN are shown in ribbon representation, with PLN in orange to red and SERCA in spectrum from
blue at the N-terminus to orange at the C-terminus. (B) The interface between transmembrane
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segment M3 of SERCA (cyan) and two PLN molecules in the pentamer (red) is shown. The
cytoplasmic end of M3 interacts with the transmembrane domain of one PLN molecule (PLN1),
whereas the luminal end of M3 interacts with the transmembrane domain of a second PLN
molecule (PLN2). Lys262 of M3 interacts with GIn29 and Phe32 of PLN1, and Trp262 of M3
interacts with lle45 of PLN2. In between these regions, a lipid acyl chain (green spheres) inserts
into the SERCA-PLN interface and interacts with a number of residues from M3 (Ser265 and
Val269), PLN1 (Leu39), and PLN2 (Cys41 and lle38).
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1.5 OTHER SERCA2a BINDING PARTERS and REGULATORS

Together with PLN, SERCA2a is strictly regulated by several micropeptides and

proteins.

1.5.1 Micropeptides

The widespread regulation of SERCA activity by small transmembrane
micropeptides represents a conserved and ancient mechanism to control Ca?* handling
in muscles, which alter the affinity of SERCA for Ca** and modify the rate of Ca®*
reuptake into the SR3. In the heart, a homologous protein of PLN, sarcolipin (SLN),
inhibits the activity of SERCA2a; moreover, other 2 micropeptides that directly bind
SERCA in muscle, myoregulin (MLN) and dwarf open reading frame (DWORF), were
identified®. Finally, Anderson and colleagues® found either another-regulin (ALN) and
endoregulin (ELN) that share key amino acids with their muscle-specific counterparts
and function as direct inhibitors of SERCA pump activity with a widespread expression
(Figure 9-10).

Ca? release Ca? reuptake
Ca21
[ ] 1 ¥ ¥ ¥
©
Cytoplasm (,' (' C Py (‘ (‘
ZJ = = (z
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\ \ \ \ ¥
Ca® Ca® Ca® Ca* Ca>
J J J J J
All skeletal Cardiac and slow  Ubiquitous Endothelial and
muscle skeletal muscle epithelial cells

Figure 9: Family of SERCA-inhibiting micropeptides. Model depicting the expression patterns of
the predominant SERCA and micropeptide inhibitors across different muscle and non-muscle
tissues in vertebrates. The discovery of ELN and ALN suggests that the regulation of SERCA activity
by SERCA-inhibiting micropeptides represents a general mechanism to control Ca®* handling
across diverse cell types (From 3).
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Another-regulin

Endoregulin

Phospholamban

Cytoplasm

Lumen

hSLN: MGINTRELFLNFTIVLITVILMWLLVRSYQY

hDWORF: MAEKAGSTFSHLLVPILLLIGWIVGCIIMIYVVFS

]
hMLN: MTGKNWILISTTTPKSLEDEIVGRLLKILFVIFVDLISIIYVVITS

(. —
hALN: MEVDAPGVDGRDGLRERRGFSEGGRONFDVRPQOSGANGLPKHSYWLDLWLFILFDVVVFLFVYFLP

e e ) e

hELN: MDQLVFKETIWNDAFWONPWDQGGLAVIILFITAVLLLILFAIVFGLLTSTENTQCEAGEEE

Figure 10. Topology models and sequence alignments for the regulin family of small
transmembrane peptides. For the topology models, the transmembrane domains are highlighted
in gray, Asn34 in PLN and Asn11 in SLN are highlighted in orange. Polar residues in MLN, ALN, and
ALN that align with Asn34 of PLN and Asn11 of SLN are also highlighted in orange. Potential
phosphorylation sites (yellow) and proline residues (green) are indicated. Pro15 of DWORF aligns
with Asn34 of PLN and Asn11 of SLN and is colored as an essential residue (orange). For the
sequence alignments, the predicted transmembrane domains are in bold and predicted helical
regions are indicated as red cylinders (from %°).

1.5.1.1 Sarcolipin (SLN)

In skeletal and atrial muscle, SERCA is regulated by SLN, a 31-residue tail-anchored
integral membrane protein that resides in the SR membrane and it is homologous to

PLN“. However, the structure of SLN is quite distinct, with a short cytoplasmic domain
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(residues 1-7), a transmembrane a-helix (residues 8-26), and a unique luminal tail
(residues 27-31). Like PLN, SLN alters the apparent Ca?* affinity of SERCA, yet there are
substantial differences in the mechanism®. The inhibitory properties of SLN are
strongly dependent on the highly conserved C-terminal tail (Arg27-Ser-Tyr-GIn-Tyr31
or RSYQY sequence), whereas the inhibitory properties of PLN are encoded in its
transmembrane domain. In addition, SLN appears to remain associated with SERCA
throughout the Ca?* transport cycle. Several studies have since shown that SLN can
form a mixture of oligomeric species including a pentamer that appeared to be a
complex of an SLN dimer and an SLN trimer, with complementary hydrophobic
interfaces that stabilize the dimer and trimer*. Moreover, studies in literature reported
that SLN can bind PLN forming a complex and this interaction seems to prevent the

polymerization of PLN*,

1.5.1.2 DWORF

DWORF is a 34—amino acids peptide that can replace PLN and SLN, thereby
enhancing the activity of SERCA2a. DWOREF is primarily expressed in ventricular and
slow-twitch skeletal muscles* and has a higher affinity for SERCA than PLN competing
with it. Overexpression of DWORF significantly improved cardiac function in dilated
heart disease mice and improved dysregulated Ca?* circulation®.

The binding of DWORF to SERCA2a depends entirely on the TM domain of DWORF

and, moreover, DWORF is also able to activate SERCA2a directly in the absence of PLN°Z.

1.5.1.3  MLN/ELN/ALN

The C-terminal transmembrane helix of ELN, ALN, and MLN is similar to PLN and SLN
(Figure 10), suggesting that these new transmembrane micropeptides are a conserved
mechanism for Ca% regulation. Currently, enough evidence is unavailable concerning

whether these new micropeptides have similar effects on SERCA2a like PLN and SLN®.
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1.5.2 Proteins

The existence of such a protein complex in the regulation of SR Ca?* uptake it is well
establish and, in particular, SERCA2a has been found to interact with proteins of the SR
lumen, such as Histidine-Rich Calcium binding protein (HRC)® and calreticulin, while its
cytosolic region has been shown to bind to S1I00A1°2,

Furthermore, there are many proteins involved in the regulation of PLN/SERCA
activity, such as HS-1 Associated protein X-1 (HAX-1), Protein Phosphatase 1 (PP1) and
Heat Shock Protein 20 (Hsp20) (Figure 11).

Sarcoplasm reticulum

Figure 11: Regulation of SR Ca-transport by a multimeric protein complex. SERCA2a activity is
regulated by its reversible inhibitor PLN, SUMO and the histidine rich Ca-binding protein (HRC).
Phosphorylation of PLN is mediated by cAMP-dependent or Ca-CAM-dependent PKs and
dephosphorylation occurs by protein phosphatase 1 (PP1). The activity of PP1 is regulated by
inhibitor-1 (I-1) (from 7).

1.5.2.1 Histidine-Rich Calcium binding protein (HRC)

HRC is a low-affinity, high capacity Ca?*-binding protein located in the cardiac SR
lumen. HRC is a regulator of SERCA2a activity, and the interactions may be regulated in
a Ca?*-dependent manner during the cardiac cycle. In particular, the binding of HRC to

SERCA2 was attenuated upon increased Ca?* levels®.
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Overall, HRC have a critical role in maintaining Ca?* homeostasis in the SR by

regulating Ca®* storage, release and uptake?’.

1.5.2.2 S100A1

S100A1 is specifically and highly expressed in the human heart and alterations in the
expression of this protein are associated with an impaired Ca%*-handling in HF.

The S100A1 contains two EF-hand calcium-binding motifs and is highly prevalent in
cardiac cells, localizing at the SR, the myofilaments, and the mitochondria. The target
protein interaction is mediated by the C-terminal part and the central hinge region of
S100A1 that exhibits a conformational change upon Ca%*-binding and exposes
hydrophobic residues on the protein surface®?.

Previous reports suggested that S100A1 interacts with SERCA2a and PLN and may
be affecting SERCA due to its potent molecular chaperone character, functioning

predominantly as a Ca?*-sensor rather than a Ca?*-storage protein?’.

1.5.2.3 HS-1 associated protein X-1 (HAX-1)

HAX-1 has a MW of ~35 kDa and is ubiquitously expressed in mitochondria and was
originally identified as an intracellular protein with antiapoptotic function.
Interestingly, more recent studies have revealed that HAX-1 also localizes to the SR,
and it is an important regulator of Ca% cycling and cardiac contractility. These effects
are primarily mediated through its interaction with PLN abolishing its phosphorylation

and to a lesser extent through direct SERCA2a modulation®.

1.5.2.4  Protein Phosphatase 1 (PP1)

The major phosphatase dephosphorylating PLN is PP1, a holoenzyme comprised of
catalytic domain, which possesses its phosphatase activity, complexed with as many as
100 established or putative regulatory subunits?’.

Upon stimulation of the B-adrenergic axis, PKA phosphorylates Inhibitor-1 (I-1, an
endogenous inhibitor of PP1), resulting in PP1 inhibition and allowing increase in the
SERCAZ2a activity®®.
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1.5.2.5 Heat Shock Protein 20 (Hsp20)

It is now widely acknowledged that the induction of heat shock proteins is
cytoprotective, which is attributed at least partly, to chaperone activities of these
“stress proteins”. Several studies have focused on elucidating the role of Hsp20 and
interestingly, it has been suggested that Hsp20 regulates myocardial contraction via
regulation of the PP1/PLN axis. In particular, Hsp20 is able to inhibit the PP1 leading to
augmented PLN phosphorylation and consequently to amplified SR Ca%* cycling by
SERCAZ2a increased activity®®.
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1.6 SERCA2a in CARDIAC DISEASES

Changes in Ca®* homeostasis after partial depletion of SR Ca%, impairment of Ca*
channels, Ca? leaks or reduced expression of SERCA2 occur in major cardiac diseases,
including ischemic heart disease (IHD), hypertrophic (HCM) and dilated
cardiomyopathies (DCM), which often progress to HF. Although alteration of SERCA2
expression and function may not always be the initial cause of heart disease, it clearly
contributes to the deterioration of cardiac function after injury®’. There is also evidence
that chronic up-regulation of SERCA2 leads to cardiac hypertrophy and congestive HF®8,

In particular, HF is one of the leading causes of sudden death in developed countries
and is defined as the inability of the heart to meet the metabolic demand of peripheral
organs. The normal response of the body to this event is then triggered with the
activation of the neuro-hormonal response resulting in cardiac hypertrophy and an
increase in left ventricular (LV) volume. Under chronic conditions, the heart starts an
irreversible degeneration process that brings about a loss of contractile function,
progressively severe disability and death®°.

Failing hearts are characterized by reduced contractile properties caused by
impaired Ca* cycling between the sarcoplasm and SR. This could be attributable to the
expression of SERCA2a, that is decreased at the transcript level and the protein level®2,
Moreover, the SERCA2a:PLN ratio is reduced in patients with advanced HF, with a
relative increase in the unphosphorylated PLN fraction allowing PLN to inhibit
SERCA2a®. This diminished phosphorylation of PLN can be attributed to an attenuation
of B-adrenergic cascade due to receptor desensitization, receptor down-regulation and
uncoupling, which occur during disease progression®. Furthermore, decreases in the
protein level of HAX-1 and I-1 as well as PKA-phosphorylation of I-1 have been observed
in failing hearts, which are expected to further contribute to the depressed SR Ca?*-
cycling homeostasis?’.

For this reason, restoration of reduced SERCA2a levels and/or activity is a potential

treatment option for HF.
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1.6.1 SERCA2a-PLN complex as therapeutic target for heart failure

Different therapeutics approaches that activate SERCA2a or inhibit PLN have been

implemented in the last years®?(Figure 12).

Caz* Ca%*

ili l Gene transfer (AAV)
T[— RyR Stabilization B i

Figure 12. Strategies of improving Ca?* handling and SR Ca-content in HF. These strategies have
focused pharmacologically on inhibiting the Na*/K* ATPase which results in increased intracellular
Caz* and more recently on stabilizing the Ryanodine Receptor in resulting in decreased SR
Ca?" leak. Gene editing techniques have focused on enhancing SERCA2a’s activity by either
increasing the level of SERCA2a or altering the expression of its partners.

1.6.1.1 SERCA stimulation or overexpression

The use of therapeutic approaches that increase SERCA2 expression or function has
been suggested as effective strategies to alleviate the loss of contractile function that
develops with HF?2, In this field, several approaches have been proposed, such as the

use of drugs, gene therapy or SERCA2a SUMOylation.

1.6.1.1.1 Drugs

Drugs that prevent the reduction or assist in restoring SERCA2a expression or

activity, are considered as good potential therapeutic tools to improve Ca*
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homeostasis. These drugs can be divided into two groups: those which affect SERCA2a

expression and those which modulate its function (Table 2)%.

Table 2. List of drugs that alter cardiac SERCA2a/b expression and function (Modified from ??)

SERCAZa/b expression SERCAZafb function
T T
Mame Reference Mame Reference
Enalapril Cuo et al. (2003 Etomoxr Greene et al. (2000
Losartan Guo et al. (2003 Enalapril Guo et al. (2003
Carvedilol Koitabashi et al Losartan Guo et al. (2003
200
Phenylephrine Arwar et al (200 Carvedilol Knitabashi er al
200

Candesartan Soga et al. (2006 Astragaloshde IV Xu et al (2008
Insulin-like Byrne et al. (2009 Ivabradine

growth

factor 1
Astragaloside Xu et al. (2008 Istaroxime Khan et a

w ¢

201
Meroprolol Bridges et al. (300 Heparin-derived Hughes et al (2010
Kubo et al. (2001 oligosaccharides
Hesveratrol Sulaiman et al. Hydralazine Kao et al. (2011
A0

Hydralazine  Kao et al (2011 Oxymatrine Gwathmey et al
Oxymatrine Gwathmey et al Glucocorticolds al. (20

Despite significant advances with the use of pharmacological drugs such as inotropic
agents in the treatment of HF, the use of these drugs remains controversial mostly due
to their pleiotropic effects.

So, it has been suggested that a targeted approach could be more effective.

In this field, Kaneko and colleagues® proposed a new compound, that was able to
selectively stimulate SERCA2a, without affecting SERCA1, through the binding and
inhibition of PLN, but further improvement of in vivo activity and pharmacokinetic
properties are required.

Istaroxime is a first-in-class original luso-inotropic agent, shown to be highly
effective and safe in patients®, thanks to its stimulatory action on SERCA2a. A detailed

description of istaroxime is reported below.
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1.6.1.1.2 Gene Therapy

Recently, gene therapy has received increasing attention as a targeted delivery
approach to reverse depressed contractile function. SERCA2a viral-mediated gene
transfer used in animal models and in human failing cardiomyocytes has shown some
beneficial effects on cardiac performances. Among the many vector systems examined
so far, recombinant viral vectors have the highest gene transfer efficiency and are
associated with an increased long-term transgenic expression®. Among them,
adenoviral vectors (AV) and adeno-associated viral vectors (AAV) are the most
commonly used vectors in cardiac disease®.

Based on the extensive evidence that SERCA2a induces beneficial effects in multiple
models of HF, in 2007 started the first clinical trial of gene therapy in advanced HF
patients named CUPID (Calcium Up-Regulation by Percutaneous Administration of
Gene Therapy in Cardiac Disease). It was used an AAV1.SERCA2a vector consisting of
an AAV1 capsid and the human SERCA2a cDNA flanked by inverted terminal repeats.
Despite promising results after the first 3-years study, in the followed trials CUPID-2, at
the end, AAV1.SERCA2a at the dose tested did not improve the clinical course of
patients with HF and reduced ejection fraction. Insufficient SERCA2a expression was
considered as a cause for the failure of this clinical study®®.

CUPID has paved the way for other clinical trials of SERCA2a gene therapy, such as
SERCA-LVAD in UK, where AAV1.SERCA2a was infused in patient who have received a
LVAD (Left Ventricular Assistant Device) for chronic HF, and AGENT-HF trial in France®®.
Regarding the first, after 3 years from the treatment, the absolute levels of detectable
transgene DNA were low, and no functional benefit was observed®, while in AGENT-
HF trial, any improvement in ventricular remodeling in response to AAV1.SERCA2a was
assessed at the dose studied®®. Both of these trials terminated prematurely due the
neutral results of the CUPID-2 outcome trial.

So, further research into the use of gene therapy to treat patients with HF are

necessary.
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1.6.1.1.3 SUMOylation

The levels of cytoplasmic SUMO1 are regulated in parallel to the levels and activity
of SERCA2a and SUMOylation of SERCA2a increases its stability increasing its lifetime
and activity. Laboratory studies have demonstrated that SUMOylation of SERCA2a is
reduced in HF and targeting it for therapeutic benefits to the heart may be possible3!.

Gene therapy with AAV9.SUMO1 vector to increase SUMO1 expression in an animal
model of HF led to markedly improved cardiac function, comparable to SERCA2a gene
delivery®!, and it was additive when dual AAV9.SERCA and AAV9.SUMO was applied to
the failing heart in vivo®.

Moreover, it was reported that some drugs could increasing cardiac contractility
promoting SERCA2a SUMOylation. In fact, Maning and coworkers® reported that
carvedilol, a well-known B-blocker used in the treatment of hypertension and HF,
stimulates Parrestin2-mediated SERCA2a SUMOylation and activity through the f:
adrenergic receptor (AR) in cardiac myocytes, translating into direct positive inotropy.
However, this unique Barrestin2-dependent pro-contractile effect of carvedilol may be

opposed or masked by carvedilol-bound B,AR subtype signaling.

1.6.1.2 PLN silencing or modulation

PLN is considered as another attractive target for improving SERCA2a activity in HF.
During cardiac failure, the level of PLN is often unaffected, but PLN phosphorylation is
lower, which causes further loss of SERCA2a activity>2.

Cardiac-specific overexpression of PLN inhibited SR Ca?* uptake and reduced systolic
Ca?* levels, contractile parameters, and basal systolic function in mice’. In contrast,
PLN knockout (KO) mice exhibited enhanced Ca% cycling and myocardial contractility
with no gross developmental abnormalities. The elevated contractile parameters are
associated with increased affinity of SERCA2a for Ca?*. These findings suggest that the
PLN level may determine the parallel outcomes in SR function and cardiac contractility
in mice32.

Several approaches have been explored including the use of PLN-mimicking

antibodies, antisense sequences, and mutated forms of the molecule” 74,
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1.6.1.2.1 PLN inactivation

Ablation of PLN is the most extreme modification of PLN-SERCA interaction and it is
impractical for therapeutic purposes and has recently even been identified as a cause
for DCM in humans”.

Differently, in human cardiomyocytes, AAV-mediated overexpression of a mutant
non-functional form of PLN improved contraction and relaxation velocities similar to
the benefit seen with gene transfer of SERCA2a’%. Similar findings were observed also
in hamsters’3, rats’® and sheeps”’.

As an alternative to conventional gene therapy, RNA interference (RNAi) therapy
was used for the first time in a rat model of HF to suppress PLN expression. Both
adenoviral and AAV vectors were used to generate small hairpin RNA to silence PLN,
and this resulted in suppressed PLN protein expression. As a consequence, SERCA2a
activity increased, resulting in improved systolic and diastolic cardiac function?®.

A more novel approach, avoiding mutations in PLN, is the use of an antibody
specifically targeted to the cytoplasmic portion of the protein. In a recent study, it was
described a recombinant antibody-based protein (PLN-Ab) that binds to the
cytoplasmic domain of phospholamban, mimicking the effects of PLN phosphorylation.
PLN-Ab accelerated the decay of the calcium transient when expressed in neonatal rat
and adult mouse ventricular cardiac myocytes. In addition, direct injection of
adenovirus encoding PLN-Ab into the diabetic mouse heart enhanced contractility
when measured in vivo by echocardiography and in ex vivo Langendorff perfused
hearts”.

Furthermore, Dieterle and colleagues’? described the effects on cardiac function in
vivo of a recombinant single chain antibody, developed from avian heavy and light
chain IgY chains, that specifically targets the cytoplasmic portion of PLN named PLN-
antibody derived protein (PLADP). They demonstrated that expression of PLADP in
cardiac myocytes improved cardiac function with enhanced contractility and relaxation
in vivo and improved contractility in isolated cardiac myocytes from cardiomyopathic
hamster.

These results should be treated cautiously, however, when translating this animal

work of PLN inhibition into a potential treatment for HF in humans. A naturally
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occurring mutation of PLN in the human population is not associated with improved

cardiac function; conversely, it leads to a severe HF phenotype’®.

1.6.1.2.2 Targeting PP1 and I-1

Decreased phosphorylation of PLN in failing hearts is mainly caused by increased
PP1 activity, so inhibiting PP1-mediated dephosphorylation of PLN can be another
strategy to activate SERCA2a. However, this may have limitations as PP1 is involved in
a variety of biological processes in many organs, thus, careful arrangements for
targeted inhibition of PP1 specifically in hearts are needed®2. For this reason, acting on
its inhibitor I-1 could be an alternative approach. Different studies reported the efficacy
of ablation or adenoviral-mediated expression of a truncated form of I-1 (I-1 c)
enhanced contractile parameters and also enhanced Ca?* kinetics of human failing
cardiomyocytes®. Collectively, overexpression of I-1 may be valuable therapy for the

treatment of HF.
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1.7 ISTAROXIME

Istaroxime [(E,Z)-3-((2-Aminoethoxy)imino)androstane-6,17-dione Hydrochloride]
(or PST2744, Figure 13) is a small-molecule drug under phase 2 of clinical trial with an

interesting profile for the treatment of acute HF.

o
HzNh“""‘ oY

Figure 13: Chemical structure of istaroxime (from %)

Istaroxime is the first-in-class original luso-inotropic agent, shown to be highly
effective and safe in patients®. Istaroxime is a steroidal compound not related to
cardiac glycosides with a double mechanism of action that consists in the ability to
inhibit Na*/K* ATPase and enhance SERCA2a ATPase activity®’, this last obtained
through the relief of PLN inhibitory effect on SERCA2a®, without inducing spontaneous
Ca?* release (SCR) from SR®84, In fact, as reported in literature, isolated stimulation of
SERCA by itself can increase the intra-SR Ca®* threshold for Ca®* wave generation,
limiting the generation and propagation of these events. This implies a negative
feedback which results in a mitigation of the Ca* related arrhythmogenicity®®. Thus,
istaroxime increases overall cell Ca®* content while promoting rapid Ca®* sequestration
into the SR. Moreover, the lack of CaMKIl activation is an additional mechanism
underlying the low arrhythmogenicity of this drug®.

The peculiar combination of targets seems to confer istaroxime a better safety
profile compared with other Na*/K* ATPase inhibitors, like digitalis that has been
extensively used as a therapy for patients suffering HF because of its positive inotropic
effect?”. However, in the past decades, the use of digitalis compounds like digoxin was
strongly reduced because of their associated toxicity, which includes life-threatening
arrhythmias and clinical trials not providing evidence of reduced mortality®.

Studies on istaroxime in healthy and failing animal models started about 20 years
ago. In brief, in 2005 we identified the association of the favorable inotropy-to-toxicity

ratio previously described for istaroxime®! with direct SERCA2a stimulation®. This
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unique characteristic of istaroxime was then proved by testing its efficacy in failing
hearts. In 2007 Micheletti and coworkers® showed for the first time that istaroxime i.v.
infusion significantly increased both contraction and relaxation indexes in failing guinea
pig (pressure overload HF). We then characterized at the cellular level istaroxime ability
to restore intracellular Ca** abnormalities in failing guinea pig myocytes stimulating
SERCA2a and favoring SR Ca?* compartmentalization®, thus reducing the toxicity
associated with Na*/K* pump blockade®:.

In addition, Sabbah and colleagues®® in 2007 reported the effect of acute i.v.
administration of istaroxime in dogs with advanced HF. In this model, istaroxime
elicited potent positive luso-inotropic effects and, unlike classic cyclic adenosine
monophospate—dependent positive inotropic agents, istaroxime induced its benefits
without increasing myocardial oxygen consumption or heart rate. Lack of the
proarrhythmic effect (expected from Na*/K* inhibition) is likely due to SERCA2a
stimulation. So, it is logical to predict that a pure SERCA2a activator may exert
substantial antiarrhythmic effects, at least under common conditions characterized by
SR instability, like HF. In line with this, our group reported that istaroxime at
concentration that marginally affects Na*/K* ATPase, was able to improve intracellular
Ca”* handling and diastolic function in a model of diabetic cardiomyopathy®?, indicating
that selective SERCA2a stimulation can be considered a promising therapeutic
approach for diastolic dysfunction treatment.

Istaroxime was also shown enhancing LV performance even in the context of acute
myocardial infarction in dogs®.

A more recent study published in 2021°* explored the effect of istaroxime in PLN
p.Argladel zebrafish model. This mutation was widely characterized in the last years
since was found in patients with dilated or arrhythmogenic cardiomyopathy®. In
particular, p.Argl4del causes cardiac contractile dysfunction and arrhythmogenesis by
affecting intracellular Ca?* dynamics. Istaroxime treatment ameliorates the in vivo Ca%*
dysregulation while it improves cardiac relaxation in zebrafish embryos and rescues the
cellular action potential duration alternans in isolated ventricular myocytes from adult
zebrafish.

Animal studies were translated into clinical trials. A phase 1-2 clinical trial in humans
with chronic stable HF was the first evaluation of istaroxime in humans®, suggested

that this molecule is potentially useful in the treatment of HF and may offer a unique
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treatment for systolic and/or diastolic dysfunction. The first phase 2, randomized,
double-blind, placebo-controlled, multicenter dose escalation exploratory study
comparing 3 different doses of istaroxime to placebo was carried out in patients with
LV systolic dysfunction (LV ejection fraction <35%) admitted to the hospital with
worsening HF (HORIZON-HF study)®°7%, Six hours istaroxime infusion resulted in
improvements of both left ventricular diastolic and systolic function, with a slight
increase in systolic blood pressure and reduction in HR. Recently, Carubelli and
coworkers® assessed the effects of a 24 h infusion of istaroxime in patients hospitalised
for acute HF, showing again improved parameters of diastolic and systolic cardiac
function without major cardiac adverse effects. Lastly, in a phase 2a study of patients
with acute HF related pre-cardiogenic shock (pre-CS), istaroxime improved blood
pressure and some echocardiography measures related to HF!®,

Chronic effects of istaroxime were evaluated after oral treatment of Bio TO.2 Syrian
hamsters, which represent a reproducible model of progressive cardiac hypertrophy,
dilation and failure, that exhibits features resembling those of dilated cardiomyopathy
in human. These hamsters show a reduced heart rate variability (HRV) due to a shift
towards increased sympathetic and decreased parasympathetic tones'®?, and it could
be considered predictive for cardiovascular disease. A similar shift was reported in
patients!®271% Improvement of cardiac function and HRV was observed after chronic
treatment, in fact, istaroxime-treated hamsters sympathetic drive was enhanced and
that the higher HRV indexes found are mainly due to a preserved parasympathetic
activity®°?,

Even though the compound demonstrated good tolerability in a phase I/Il safety
study, symptoms related to the gastro-intestinal tract and pain at the injection site
were reported as the most frequent side effects. A drug delivery system was designed
to encapsulate istaroxime and minimize the pain perceived upon administration®,

Overall, in spite of the clear benefits induced by istaroxime i.v. infusion in human
and animal failing models, its use in chronic HF therapy is generally limited by its short
plasma half-life (less than 1 hour in humans), because of extensive hepatic metabolism
to a molecule, named PST3093%; this restricts istaroxime usage to acute intravenous
therapy.

Starting from this, new istaroxime follow-on compounds, chemically stable and thus

suitable for chronic HF therapy have been developed by our group.
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2.1 ANIMAL MODELS

The animal study protocols were approved by the Institutional Review Board of
Milano Bicocca (29C09.26 and 29C09.N.YRR protocol codes approved in January 2021
and June 2018 respectively) and Chang Gung (CGU107-068 protocol code approved In
June 2018) Universities in accordance with the Guide for the Care and Use of Laboratory
Animals as adopted and promulgated by the U.S. National Institutes of Health.

Female Dunkin-Hartley guinea pigs (175-200 g) were used for cardiac and skeletal
preparations (male 450-500 g) and myocytes isolation and, male Albino Swiss CD1 mice
(30 g) were used for in vivo toxicity.

Streptozotocin (STZ)-induced diabetes was selected as a pathological model to test
compounds in vivo and in vitro because of its association with reduced SERCA2a
function!™ and relevance to diastolic dysfunction?, for which a lusitropic action may be
more relevant.

Diabetes was induced in Sprague Dawley (SD) male rats (150-175 g) by a single STZ
(50 mg/kg in citrate buffer) i.v. injection (STZ group) in the tail vein. Control (healthy
group) rats received STZ vehicle (citrate buffer). Fasting glycaemia was measured after
1 week and rats with values >290 mg/dL were considered diabeticl. Rats were
euthanized by cervical dislocation under anesthesia with ketamine/xylazine (130-7.5

mg/kg i.p) 9 weeks after STZ injection.

2.2 CHEMICALS

All reagents and solvents were purchased from commercial sources and used
without further purifications, unless stated otherwise.

Istaroxime  {PST2744: [E,Z]-3-[(2-aminoethoxy)imino]-androstane-6,17-dione
hydrochloride} and its metabolite PST3093 {(E,Z)-[(6-beta-hydroxy-17-oxoandrostan-3-
ylidene)amino]oxyacetic acid} were synthesized and produced at Prassis Research
Institute and Sigma-Tau Pharmaceutical Company and then by CVie Therapeutics
Limited and WindTree Therapeutics. The batch of PST3093 utilized for in vitro and in
vivo studies was a 1:1 mixture of oxime E:Z isomers. It was synthesized according to
standard procedures, characterized by NMR spectroscopy and its purity (about 95%)

was assessed by HPLC (Figure S1 in Supporting information of Chapter 3). Digoxin was
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purchased from Sigma-Aldrich. Istaroxime (PubChem CID: 9841834); digoxin (PubChem
CID: 2724385).

For the synthesis of the new compounds, reactions were carried out under an argon
atmosphere unless otherwise noted and were monitored by thin-layer
chromatography performed over silica gel 60 Fis4 plates (Merck), revealed using UV
light or with molybdate staining [molybdate phosphorus acid and Ce(IV) sulfate in 4%
H,S0,]. Flash chromatography purifications were performed on silica gel 60 (40-63 um)
purchased from commercial sources. Purity of final compounds was about 95% as
assessed by high-performance liquid chromatography analysis.

Reaction conditions and complete compounds characterization are reported in the
Supporting Information of Chapter 4 (see paragraph 4.9).

New compounds were patented (EP19202257.2 application “New androstane
derivatives with activity as pure or predominantly pure stimulators of SERCA2a for the

treatment of heart failure”).

2.3 PHARMACOKINETICS in HUMANS

Pharmacokinetics (PKs) of istaroxime and its metabolite PST3093 were assessed in
30 HF patients infused for 6 hours with istaroxime at 1.0 ug/kg/min (secondary analysis
of the HORIZON-HF study, NCT00616161)°. Blood samples were taken before, during,
and up to 18 hours after starting the infusion. The lowest concentration resolved by the
technique was 2.6 ng/mL for istaroxime and 2.9 ng/mL for PST3093, lower values were
considered as zero. PKs parameters were estimated using the dedicated software
Kinetica (version 4.4, Thermo Electron Corp., Waltham, Massachusetts). Samples were
excluded from the analysis if contamination was suspected, or > 2 consecutive samples
were missing. The following PKs parameters were estimated: maximum observed
concentration (Cmax), the time of maximum observed concentration (Tmax), the
elimination half lifetime (Tos) and the area under the concentration curve from the start

of istaroxime administration to the time of final sampling (AUCiast).
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2.4 SERCA and Na*/K* ATPase ACTIVITIES in CELL-FREE
PREPARATIONS

2.4.1 Renal Na*/K* ATPase purification and activity

The inhibitory effect of compounds on Na*/K* ATPase activities was tested, at
multiple concentrations, on suspensions of the enzyme al isoform from dog kidney.
The purification of renal Na*/K* ATPase was performed according to the method of
Jgrgensen®. Briefly, frozen kidneys from 1-3 years-old male beagle dogs were obtained
from the General Pharmacology Department of Sigma-tau, Pomezia, Italy. Kidneys were
sliced and the outer medulla was dissected, pooled and suspended in a sucrose-
histidine solution (1gin 10 mL), containing 250 mM sucrose, 30 mM histidine and 5 mM
EDTA, pH 7.2 and homogenized. The homogenate was centrifuged at 6,000 g for 15
min, the supernatant was decanted and centrifuged at 48,000 g for 30 min. The pellet
was suspended in the sucrose-histidine buffer and incubated for 20 min with a sodium-
dodecyl-sulphate (SDS) solution, dissolved in a gradient buffer, containing 25 mM
imidazole and 1 mM EDTA, pH 7.5. The sample was layered on the top of a sucrose
discontinuous gradient (10, 15 and 29.4%) and centrifuged at 60,000 g for 115 min. The
final pellet was suspended in the gradient buffer.

Na*/K* ATPase activity was assayed by measuring the rate of 32P-ATP hydrolysis
(umol/min) at 37°C, as previously described’. Increasing concentrations of the standard
ouabain, or tested compound, were incubated with 0.3 pg of purified dog kidney
enzyme for 10 min at 37°C in 120 plL final volume of a medium, containing 140 mM
NaCl, 3 mM MgCl,, 50 mM Hepes-Tris, 3 mM ATP, pH 7.5. Then, 10 pL of incubation
solution containing 10 mM KCl and 20 nCi of 32P-ATP (3-10 Ci/mmol, Perkin Elmer) were
added, the reaction continued for 15 min at 37°C and was stopped by acidification with
20% ice-cold perchloric acid. 32P was separated by centrifugation with activated
charcoal (Norit A, Serva) and the radioactivity was measured. Effects of increasing
concentrations of the test compound were compared to ouabain, as positive standard,
and to vehicle (control) at 37°C. The inhibitory activity was expressed as percent of
activity in control.

Na*/K* ATPase activity was identified as the ouabain (1 mM)-sensitive component of

total one; compound efficacy was expressed as the concentration exerting 50%
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inhibition (1Cso) calculated by non-linear fitting of data points (KaleidagraphTM, Sinergy

Software).

2.4.2 SERCA ATPase activity

To preserve interaction with proteins of the macromolecular complex within the
native membrane lipid environment, SERCA activity was measured in whole tissue
homogenates (rat) or in cardiac SR enriched microsomes (guinea pig). As verified by
Western blot, cardiac preparations included SERCA2a and PLN! and skeletal muscle
ones included SERCA1 only.

Briefly, LV were dissected from rat and guinea pig of healthy and failing preparations
and frozen until use. Tissues were homogenized, subjected to centrifugation to obtain
SR-enriched microsomes and sarcomeric proteins were extracted, as previously
described?®

In the case of rat hearts, cardiac homogenates were used in order to have sufficient
material to replicate the experiments within a single animal. LV tissues from healthy
and STZ rats were homogenized in a medium containing 300 mM sucrose, 50 mM K-
phosphate, 10 mM NaF, 0.3 mM PMSF, 0.5 mM DTT (pH 7) and centrifuged at 35,000 g
for 30 min. The final pellet was resuspended in the same buffer.

In the case of guinea pig hearts, LV tissues were homogenized in 4 volumes of 10
mM NaHCOs;, 1 mM PMSF, 10 pg/mL aprotinin and leupeptin (pH 7) and centrifuged at
12,000g for 15 minutes. Supernatants were filtered and centrifuged at 100,000 g for 30
min. Contractile proteins were extracted by suspending the pellets with 0.6 M KCl, 30
mM histidine, pH 7 and further centrifugation at 100,000 g for 30 min. Final pellets
were reconstituted with 0.3 M sucrose, 30 mM histidine, pH 7, to obtain SR-enriched
microsomes.

SERCA2a ATPase activity was measured as the rate of 3?P-ATP release at multiple
Ca?* concentrations in the absence and presence of test compounds, as previously
described?®. Increasing concentrations of each compound were pre-incubated with 2 pg
of cardiac preparations for 5 min at 4° C in 80 pL of a solution containing 100 mM KCl,
5 mM MgCl;, 1 uM A23187, 20 mM Tris, pH 7.5. Then, 20 puL of 5 mM Tris-ATP
containing 50 nCi of 3?P-ATP (3-10 Ci/mmol, Perkin Elmer) were added. The ATP

hydrolysis was continued for 15 min at 37°C and the reaction was stopped by
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acidification with 100 pL of 20% ice-cold perchloric acid. 32P was separated by
centrifugation with activated charcoal (Norit A, Serva) and the radioactivity was
measured.

The SERCA component was identified as the cyclopiazonic acid (CPA, 10 uM)-
sensitive one. Ca?* dose-response curves were fitted by nonlinear regression
(KaleidographTM, Sinergy Software) to estimate SERCA maximal hydrolytic velocity
(Vmax, mol/min/mg protein) and Ca?* dissociation constant (K4Ca, nM). Either an
increase of Vimay, Or a decrease of KyCa (increased Ca?* affinity) stand for enhancement
of SERCA function.

2.4.3 Reconstitution of SERCA1 with PLN1-3; synthetic fragment.

To test for PLN involvement in the effect of compounds, SERCA1 activity was also
measured in PLN-free microsomes (from guinea-pig skeletal muscle) before and after
reconstitution with the PLN1.3; inhibitory fragment. Adult healthy guinea pigs were used
to prepare SERCAl-enriched SR microsomes from fast-twitch hind leg muscles.
Microsomes were prepared as described for SERCA2a preparations. For reconstitution
experiments, SERCA1 (PLN-free) was pre-incubated with synthetic PLN1.3; fragment
(canine sequence, Biomatik Corporation, Canada) in 20 mM imidazole, pH 7, at 1:300
SERCA1:PLN ratio for 30 min at room temperature. After preincubation, SERCA1 (PLN-
free) alone, or reconstituted with PLN;3; fragment, was utilized for SERCA activity
measurement by using 3?P-ATP hydrolysis method at different Ca®* concentrations in
the absence and presence of increasing concentrations of tested compounds, as
described for SERCA2a ATPase activity.

2.5 OFF-TARGET ACTIONS

To predict potential off-target actions of PST3093 and Compound 8, their interaction
with a panel of 50 ligands, potentially relevant to off-target effects, was carried out by
Eurofins (Taiwan) on crude membrane preparations according to Eurofins described
procedures. The assays are partly based on radioligand displacement (e.g. for
receptors) and partly on spectrophotometric detection of change in function (e.g. for

enzymes). Results were compared to appropriate reference standards; a >50% change
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in affinity was considered as a positive hit (interaction present). Compounds were

tested at the concentration of 10 uM.

2.6 Na*/K* ATPase CURRENT (Inak) and INTRACELLULAR Ca?*
DYNAMICS in HEALTHY and DISEASED MYOCYTES

Rat and guinea pig LV ventricular myocytes were isolated by using a retrograde
coronary perfusion method previously published® with minor modifications. Rod-
shaped, Ca?'- tolerant myocytes were used within 12 h from dissociation. LV myocytes
were clamped in the whole-cell configuration (Axopatch 200A, Axon Instruments Inc.,
Union City, CA). During measurements, myocytes were superfused at 2 ml/min with
Tyrode's solution containing 154 mM NacCl, 4 mM KCl, 2 mM CaCl,, 1 mM MgCl;, 5 mM
HEPES/NaOH, and 5.5 mM D-glucose, adjusted to pH 7.35. A thermo-stated manifold,
allowing for fast (electronically timed) solution switch, was used for cell superfusion.
All measurements were performed at 35°C. The pipette solution contained 110 mM K*-
aspartate, 23 mM KCl, 0.2 mM CaCl, (1077 M calculated free-Ca?* concentration), 3 mM
MgCl;, 5 mM HEPES-KOH, 0.5 mM EGTA-KOH, 0.4 mM GTP-Na* salt, 5 mM ATP-Na* salt,
and 5 mM creatine phosphate Na* salt, pH 7.3. Membrane capacitance and series
resistance were measured in every cell but left un-compensated. Current signals were
filtered at 2 KHz and digitized at 5 KHz (Axon Digidata 1200). Trace acquisition and
analysis was controlled by dedicated software (Axon pClamp 8.0).

To ensure stabilization of drug effect, isolated myocytes were analyzed after
incubation with compounds or vehicle (control) for at least 30 min. Difference between

means was thus tested by group comparison.

2.6.1 Na*/K* ATPase current (Inak) measurements

Na*/K* ATPase current (Inak) was recorded (V-clamp) in isolated rat left ventricular
(LV) myocytes as the holding current at -40 mV under conditions enhancing Inak and
minimizing contamination by other conductances®. Briefly, the current was measured
in the presence of Ni?* (5 mM), nifedipine (5 uM), Ba** (1 mM) and 4-aminopyridine (2
mM) to minimize contamination by changes in Na*/Ca?* exchanger (NCX), Ca** and K*
currents, respectively. Tetraethylammonium-Cl (20 mM) and EGTA (5 mM) were added

to the pipette solution and intracellular K* was replaced by Cs*. To optimize the
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recording conditions, Inak Was enhanced by increasing intracellular Na* (10 mM) and
extracellular K* (5.4 mM). All drugs were dissolved in dimethyl sulfoxide (DMSO).
Control and test solutions contained maximum 1:100 DMSO.

Inak inhibition by the compounds was expressed as percent reduction of ouabain (1
mM)-sensitive current; efficacy was expressed as the compound concentration
exerting 50% inhibition (ICso) effect.

2.6.2 Intracellular Ca?* dynamics in field stimulated and V-clamped
myocytes

LV myocytes were incubated in Tyrode’s solution for 30 min with the membrane-
permeant form of the dye, Fluo4-AM (10 uM), and then washed for 15 min to allow dye
de-esterification. Fluo4 emission was collected through a 535 nm band pass filter,
converted to voltage, low-pass filtered (100 Hz) and digitized at 2 kHz after further low-
pass digital filtering (FFT, 50 Hz). After subtraction of background luminescence, a
reference fluorescence (Fo) value was used for signal normalization (F/Fo).

Properties of voltage-induced Ca* transients (Car, amplitude and decay kinetics)
and caffeine-induced ones (estimating total SR Ca?* content, Casr) were assessed in
intact myocytes, field-stimulated at 2 Hz. To highlight the ability of SR to uptake Ca?* at
resting (SERCA2a function) a post-rest potentiation protocol was applied (Figure 1).
Briefly, Car were evocated at 2 Hz and steady state (ss) Car were interrupted by
increasing resting pauses (1-5-10-20 s). The amplitude of 1** Car evocated following
each resting pause was then normalized to the amplitude of the pre-pause ssCar to
evaluate SR Ca? compartmentalization during rest intervals. Casg was estimated by
measuring caffeine (10 mM)-induced Car amplitude, electronically evocated 0.5s (Casg
0.5s) and 20s (Casg 20s) post train pulses. The ratio between Casg 20s /Cask 0.5s was
calculated to evaluate post-rest SR Ca?* compartmentalization at resting. Resting Ca®*
(Carest) 20s following pacing train was used as reference fluorescence (Fo) for signal

normalization (F/Fo).
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Figure 1. Post-rest potentiation protocol to evaluate SR Ca?* uptake ability at resting in field
stimulated myocytes. Ca?* transients (Car) were evocated at 2 Hz and steady state Car were
interrupted by increasing resting pauses (1-5-10-20 s). The amplitude of the 1% Car increased at
increasing resting pause, indicating SR Ca?* uptake at resting through SERCA2a.

—
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Unlike Ca** dynamics measurements in field stimulated cells, measurements in
patch-clamped myocytes allows to control membrane potential and highlight
differences between experimental groups directly related to changes in EC-coupling
proteins function. In particular, SR Ca%** uptake rate was evaluated through a “SR
loading” voltage protocol, specifically devised to examine the system at multiple levels
of SR Ca?* loading and to rule out Na*/Ca?* exchanger (NCX) contribution!®. Membrane
current, whose time-dependent component mainly reflected the sarcolemmal Ca®
current (lca), was simultaneously recorded to FLUO4 fluorescent signal. The protocol
(Figure 2) consisted in emptying the SR by a brief caffeine (10 mM) pulse and then
progressively refilling it by 7-10 voltage steps (-35 to 0 mV) activating Ca?* influx
through lca.. NCX was blocked by omission of Na* from intracellular and extracellular
(replaced by equimolar Li* and 1 mM EGTA) solutions. The procedure agrees with
published methods, with minor modifications>!%!, Multiple parameters, suitable to
quantify SR Ca®* uptake, can be extracted from Ca®* and Ic,. response to the protocol:
the time constant (t) of cytosolic Ca** decay within each V-step largely reflects net Ca*
flux across the SR membrane (the faster SR Ca?* uptake, the smaller T decay). Because
of the steep dependency of Car amplitude on SR Ca?* content, the rate at which Car
amplitude increases across the subsequent pulses of the protocol reflects the rate at
which the SR refills. To rule out the potential contribution of changes in Ica, in each
loading step, Car amplitude was normalized to Ca?* influx (estimated from lca. integral
up to Car peak) to obtain excitation-release (ER) gain. As expected from its strong
dependency on SR Ca% content, this parameter progressively increases during the
loading protocol. Diastolic Ca?* of the first step was used as Fo for signal normalization

(F/Fo). Specificity of the “loading protocol” parameters in detecting SERCA2a activation
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is supported by the observation that they did not detect any effect of digoxin, an

inotropic agent blocking the Na*/K* pump and devoid of SERCA2a stimulating effect'®1,

A #1 #10
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'35 // F7)
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Figure 2. Protocol to evaluate intracellular Ca®* dynamics in patch-clamped cells under Na* free
condition. A) Protocol outline. B) Transmembrane current (left) and Ca?* transients (right)
recordings during SR reloading after caffeine-induced SR depletion in patch-clamped cells.

2.7 ELECTRICAL ACTIVITY in HEALTHY MYOCYTES

Action potentials (APs) were recorded by patch-clamp (l-clamp) from isolated
guinea pig LV myocytes, selected because of the AP similarity to the human one??,
under Tyrode superfusion. AP duration at 50% and 90% repolarization (APDso and
APDgo) and diastolic potential (Egiast) Were measured 1) during steady state pacing at
several rates; 2) dynamically upon stepping between two rates (APDgo adaptation).
During steady state pacing, short-term APDq, variability (STV) was calculated from 20-
30 subsequent APDgo values according to Eq. 13

STV =3(|APD(n + 1) - APDn|)/[nbeats = V2] (Eq. 1)
The kinetics of APDg adaptation was quantified by the time constant (t) of

exponential data fitting.
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2.8 IN VIVO HEMODYNAMICS of DISEASED HEARTS

Healthy and STZ rats were studied by transthoracic echocardiographic under
urethane anesthesia (1.25 g/kgi.p., for acute i.v. treatment) or ketamine/pentobarbital
anesthesia (60-37.5 mg/kg i.p., for chronic oral treatment) by means of a Mindray M9
ultrasound machine (Mindray Co, Shen Zhen, China) equipped with a P10-4s phased
ultrasound transducer. Left-ventricular end-diastolic (LVEDD) and end-systolic (LVESD)
diameter, posterior wall (PWT) and interventricular septal (IVST) thickness were
measured according to the American Society of Echocardiography guidelines!*. The
Teichholz formula (7/ (2.4+ D) x D3, D = LVESD or LVEDD) was used to calculate LV end-
diastolic volume (EDV) and end-systolic volume (ESV). Stroke volume (SV) was
calculated as the difference between EDV and ESV. LV ejection fraction (EF) was
calculated as SV/EDV and expressed in %™. Fractional shortening was calculated as FS
= (LVEDD-LVESD)/LVEDD and expressed in %. Trans-mitral flow velocity was measured
(pulsed Doppler) to obtain early and late filling velocities (E, A waves) and E wave
deceleration time (DT). DT was also normalized to E wave amplitude (DT/E ratio). Peak
myocardial systolic (s’) and diastolic velocities (e’ and a’), were measured at the mitral
annulus by Tissue Doppler Imaging (TDI). Two-dimensional LV mass and its relative
index to body weight, were estimated in healthy and STZ rats.

Compounds were i.v. infused in STZ rats through a polyethylene 50 cannula insert
into a jugular vein at 0.2 mg/kg/min (0.16 ml/min) under urethane anesthesia.
Echocardiography started 13 min and 27 min after the beginning of drug infusion, when
a total cumulative dose of 2.6 and 5.4 mg/kg was infused. Echocardiography lasted on
average 3.5 min, therefore at the last interrogation (always TDI), a total dose of
approximately 6 mg/kg was infused. Overall, echocardiographic parameters were
measured before (basal), at 15 and 30 min during drug infusion and 10 min after drug
discontinuation. Istaroxime (0.22 mg/kg) and digoxin (0.11 mg/kg), both infused for 15
min, were used as comparators. At the end of the echocardiography, animals were
sacrificed by i.v. administration of KCI. A previous study in the same setting
demonstrated that neither urethane anesthesia, nor the infusion volumes per se
affected echocardiographic parameters®. Compound 8 was also studied after 1 and 4

once daily administration at 40 or 80 mg/kg (5 ml/kg body weight) compared with a
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control group receiving vehicle (saline) only (Figure 3). Briefly, at day 1 rats were
randomly split in control and drug-treated groups; all the animals received an oral bolus
of saline and 60 min following treatment they were subjected to basal
echocardiography. At day 5, rats were orally treated with saline (control group) or
compound 8 (40 mg/kg or 80 mg/kg) and 60 min following treatment they were
subjected to echocardiography. From day 6 to day 8, each group of rats was orally
treated once daily with saline or compound 8 and at day 8 each rat was subjected to
echocardiography 60 min following treatment. Echo measurements were performed

under ketamine/pentobarbital anesthesia.

Saline

| Cpd 8 40 mg/kg |

| Cpd 8 80 mg/kg |

Oral treatment * * * *
1h 1 Dav ------ = : II : = { II :
Echo 1 5 8
Basal 1 dose 4 doses

Figure 3: Protocol for oral administration. Rats were treated on day 1 with saline and 60 min after
the treatment were subjected to echocardiographic measurements (basal). At day 5 rats were
treated once daily with saline, 40 mg/kg or 80 mg/kg of compound 8. Echocardiographic
measurements were repeated on day 5 and day 8.
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2.9 IN VIVO ACUTE TOXICITY

Acute toxicity of the compounds was preliminarily evaluated in male Albino Swiss
CD-1 mice by identifying the dose causing 50% mortality (LDso, mg/kg body weight) at
24 hours after i.v. injection or oral treatment.

PST3093 was dissolved in DMSO and injected at 50, 100, 200, and 250 mg/kg (4
animals for each group). Higher PST3093 dose levels were not tested due to the
solubility limit of the compound. Furthermore, PST3093 was orally tested at 200 mg/kg
(four animals for each group). Control animals received the vehicle only (DMSO).

Compound 5 and compound 8 were dissolved in saline solution and i.v. injected at
50, 100, 200, 250, 275, and/or 300 mg/kg (1-4 animals for each group) or orally
administered at 100, 200, 400, 600, 700 and/or 800 mg/kg (4 animals for each group).
Control animals received the vehicle only (saline solution).

Acute toxicity of istaroxime was also evaluated for comparison. Istaroxime was i.v.
injected at 15, 22, 27 and 33 mg/kg (5 animals for each group) and orally administered
at 30, 100, and 300 mg/kg (4 animals for each group).

2.10STATISTICAL ANALYSIS

Individual means were compared by paired or unpaired Student’s t-test; multiple
means were compared by one or two-way ANOVA for repeated measurements (RM)
plus post-hoc Tukey’s multiple comparisons; drug-induced changes in overall curve
steepness were defined according to significance of the “factor X group” interaction.
Data are reported as mean + SEM; p<0.05 defined statistical significance of differences
in all comparisons. Number of animals (N) and/or cells (n) are shown in each figure

legend.

2.11 ABBREVIATIONS

2D-COSY, two-dimension homonuclear correlation spectroscopy; 2D-HSQC, two-
dimension heteronuclear correlation spectroscopy; 2D-NOESY, two-dimension nuclear
Overhauser effect spectroscopy; a’, peak late diastolic tissue velocity; A, late diastolic
transmitral flow velocity; AHF, acute heart failure; AP, action potential; APD, action

potential duration; APDsg, AP duration at 50% of repolarization; APDso, AP duration at
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90% of repolarization; APT, attached proton test; AUCp.st, the area under the curve from
the start of drug administration to the time of final sampling; Cares;, resting Ca2* at 20s
pause end; Casg, sarcoplasmic reticulum Ca®* content; Car, Ca®* transient; Cmax
maximum observed concentration; CO, cardiac output; CPA, cyclopiazonic acid; Cpd,
compound; DMF, dimethylformamide; DMSO, dimethylsulfoxide; DT, deceleration
time; e’, peak early diastolic tissue velocity; E, early diastolic transmitral flow velocity;
Ediast, diastolic potential; EDC, N-ethyl-N’-(3-dimethylaminopropyl)carbodiimide; EDV,
end diastolic volume; EF, ejection fraction; ER, excitation-release; ESV, end systolic
volume; EtOAc, ethyl acetate; EtOH, ethanol; Fo, reference fluorescence; FS, fractional
shortening; HF, heart failure; HR, heart rate; HPLC, high-performance liquid
chromatography; lca, L type Ca?* current; Ina, Na*/K* ATPase current; i.p.,
intraperitoneal administration; i.v., intravenous administration; IVSTd or IVSTs,
interventricular septum thickness in diastole or systole; KqCa, Ca®* dissociation
constant, LIHMDS, lithium bis(trimethylsilyl)lamide; LDso, in vivo dose causing 50%
mortality; LV, left ventricle; LVEDD or LVESD, LV end-diastolic or systolic diameter; N,
number of animal; n, number of cells; NCX, Na*/Ca?* exchanger; PK, pharmacokinetic;
PLN, phospholamban; PWTd or PWTs, posterior wall thickness in diastole or systole;
QSAR, quantitative structure-activity relationship; RM, repeated measurements; s/,
peak systolic tissue velocity; SERCA, sarcoplasmic reticulum Ca* ATPase; SR,
sarcoplasmic reticulum; STV, short term variability; STZ, streptozotocin; SV, stroke
volume; SW, septal diastolic wall thickness; tos, Ca** transient decay half-time or
elimination half life time; T4ecay, time-constant of Ca?* decay; TDI, Tissue Doppler
Imaging; THF, tetrahydrofuran; TLC, thin-layer chromatography; Tma, the time of

maximum observed concentration; Vmax, maximal hydrolytic velocity.
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ABSTRACT

3.1. ABSTRACT

Heart failure (HF) therapeutic toolkit would strongly benefit from the availability of
ino-lusitropic agents with a favorable pharmacodynamics and safety profile. Istaroxime
is a promising agent, which combines Na*/K* pump inhibition with sarcoplasmic
reticulum Ca?* ATPase (SERCA2a) stimulation; however, it has a very short half-life and
extensive metabolism to a molecule named PST3093. The present work aims to
investigate whether PST3093 still retains the pharmacodynamic and pharmacokinetic
properties of its parent compound. We studied PST3093 for its effects on SERCA2a and
Na*/K* ATPase activities, Ca%* dynamics in isolated myocytes and hemodynamic effects
in an in vivo rat model of diabetic [streptozotocin (STZ)-induced] cardiomyopathy.
Istaroxime infusion in HF patients led to accumulation of PST3093 in the plasma;
clearance was substantially slower for PST3093 than for istaroxime. In cardiac rat
preparations, PST3093 did not inhibit the Na*/K* ATPase activity but retained SERCA2a
stimulatory activity. In in vivo echocardiographic assessment, PST3093 improved
overall cardiac performance and reversed most STZ-induced abnormalities. PST3093
intravenous toxicity was considerably lower than that of istaroxime, and it failed to
significantly interact with 50 off-targets. Overall, PST3093 is a “selective” SERCA2a
activator, the prototype of a novel pharmacodynamic category with a potential in the
ino-lusitropic approach to HF with prevailing diastolic dysfunction. Its
pharmacodynamics is peculiar, and its pharmacokinetics are suitable to prolong the

cardiac beneficial effect of istaroxime infusion.
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GRAPHICAL ABSTRACT

3.2. GRAPHICAL ABSTRACT
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3.3. SIGNIFICANCE STATEMENT

Heart failure (HF) treatment would benefit from the availability of ino-lusitropic
agents with favorable profiles. PST3093 is the main metabolite of istaroxime, a
promising agent combining Na*/K* pump inhibition and sarcoplasmic reticulum Ca?
ATPase2a (SERCA2a) stimulation. PST3093 shows a longer half-life in human circulation
compared to istaroxime, selectively activates SERCA2a, and improves cardiac
performance in a model of diabetic cardiomyopathy. Overall, PST3093 as selective
SERCA2a activator can be considered the prototype of a novel pharmacodynamic

category for HF treatment.
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3.4. INTRODUCTION

Heart failure (HF) is characterized by abnormal Ca?* distribution among subcellular
compartments, which contributes to impaired contractility and relaxation?, facilitates
arrhythmias?, and, in the long run, contributes to myocardial remodeling®. Evidence of
a deficient sarcoplasmic reticulum Ca?* ATPase2a (SERCA2a) activity in HF dates to the

6-8

1970s*°. Since then, many studies confirmed this finding®® showing that the impaired

SERCA2a activity can often result from an over-inhibition by phospholamban (PLN)%.
Loss of SERCA2a function accounts for abnormal distribution of intracellular Ca?*, with
numerous detrimental consequences. Interventions currently available to modulate
myocyte Ca?* handling (e.g., amines, PDE inhibitors etc.) stimulate SERCA2a, but they
do so in the context of a multitarget action, thus resulting in untoward effects. Selective
SERCA2a enhancement would afford inotropic and lusitropic effects without the
drawbacks of the multitarget action?. Accordingly, the use of SERCA2a stimulation in
HF therapy is receiving considerable attention, and many attempts to selectively
stimulate SERCA2a activity with gene therapy or “small molecule” agents have been
reported™ '3, Nonetheless, for reasons other than refutation of the principle, none of
these attempts has been successfully translated into the clinic. The only exception is
istaroxime, a small-molecule drug, identified as SERCA2a enhancer by our group®* and
currently under clinical development for the treatment of acute HF'>1¢, Istaroxime has
a double mechanism of action: it inhibits the Na*/K* pump'” and activates SERCA2a'*.
Thus, istaroxime increases overall cell Ca** content while promoting rapid Ca?
sequestration into the sarcoplasmic reticulum (SR). Notably, at variance with Na*/K*
pump blockade alone, this neither facilitates spontaneous Ca?* release from the SR
nor increases myocardial oxygen demand®. Thus, istaroxime may improve systolic and

1620 However,

diastolic performance®® without promoting arrhythmia or ischemia
istaroxime has a plasma half-life of less than 1 hour because of extensive hepatic
metabolism to a molecule named PST3093620; this restricts istaroxime usage to acute
intravenous therapy.

The present work aims to investigate whether PST3093 may, on its own, be
endowed with pharmacological activity. To this end, PST3093 has been synthesized and

compared to istaroxime and digoxin (as reference compounds) in experimental setups
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at different levels of biological organization and in the context of disease-induced
dysfunction.

The data here reported indicate that PST3093 shows a longer half-life in human
circulation compared to parent drug; it stimulates SERCA2a activity, but, at variance
with istaroxime, it does not inhibit the Na*/K* ATPase. This pharmacodynamic profile
translates to positive inotropy and lusitropy in an in vivo disease model characterized
by SERCA2a downregulation. Therefore, PST3093 qualifies as a “pure” SERCA2a

activator, able to improve cardiac mechanical performance in vivo.
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Table 1: Synopsis of the studies

INTRODUCTION

istaroxime 23.

Evaluation Experimental model Scope
Pharmacokinetics in | Human blood samples from the | To assess compatibility of
humans. clinical HORIZON-HF study on | pharmacokinetics  with

chronic usage.

Effects on SERCA2a and
Na*/K* ATPase activities
in cell-free preparations
(enzymatic assays).

Tissue homogenates/microsomes
from: dog kidney (Na*/K*
ATPase); rat and guinea pig
ventricle (SERCAZ2a); guinea pig
skeletal muscle (SERCAL).

To assess efficacy and
selectivity in modulating
the  ATPase proteins
relevant to the ino-
lusitropic effect.
Demonstration of PLN-
SERCAZ2a interaction as
the molecular target.

In vitro effects for ligands
potentially accounting for
off-target actions.

High-throughput in vitro ligation
to a panel of 50 molecular ligands.

To screen for a wide range
of interactors potentially
involved in off-target
effects.

Effects on Na*/K* ATPase

Ventricular myocytes isolated

To assess in isolated cells

diseased hearts.

before and during drug infusion.

current and intracellular | from healthy and diseased rats with | efficacy in restoring the
Ca®* dynamics in healthy | known SERCA2a dysfunction | SR function in diseased
and diseased myocytes. (STZ-diabetic rats). cardiac myocytes.

Effects on electrical | Ventricular myocytes isolated | To test for potential off-
activity of healthy | from guinea pigs, a species with | target effects of
myocytes. human-like repolarization. proarrhythmic relevance.
Effects on in vivo | Healthy and STZ-diabetic rats; | To assess efficacy in
hemodynamics of | echocardiographic evaluation | reversing disease-induced

hemodynamic
abnormalities in vivo.

In vivo acute toxicity.

Healthy mice, evaluation of LDsy.

To assess drug toxicity in
Vivo.

80




Chapter 3 — PST3093 stimulates SERCA2a and improves cardiac function
RESULTS

3.5. RESULTS

3.5.1 Chemical Structure of PST3093

PST3093 is the final metabolite of istaroxime?’; its chemical structure is shown in
Fig. 1A. Compared to istaroxime, PST3093 retains the oxime moiety at position 3 with
the amino-chain oxidized into a carboxylic chain, while the 6-keto group of istaroxime

is stereo selectively reduced to a 6B-hydroxyl group.

3.5.2 Pharmacokinetics

Fig. 1B shows istaroxime and PST3093 plasma levels over a 6-hours istaroxime
infusion at 1 pg/kg/min and up to 12 hours after discontinuation of infusion in HF
patients®. All patients showed measurable istaroxime levels until 10 min after stopping
the infusion; drug levels decreased rapidly thereafter, and just one patient had a
guantifiable istaroxime level 2 hours after the end of the infusion. PST3093 plasma
levels increased with a lag from the start of istaroxime infusion (as expected for a
metabolite) being detectable in all patients from 1 hour after the start of infusion.
Plasma PST3093 levels remained detectable long after discontinuation of the infusion,
up to the last sample at 12 hours after wash out. The data suggest that, if istaroxime
infusion had continued beyond 6 hours, the metabolite would have accumulated
further.

In gquantitative terms, PST3093 had a Ty of about 9 hours, i.e., substantially longer
than that of istaroxime (less than 1 hour), leading to a huge enhancement of the AUCast
index for PST3093; although the Cmax of PST3093 was similar to istaroxime one at this

infusion rate, the Tmax Was longer for PST3093 in comparison to istaroxime (Fig. 1C).
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Fig. 1. Chemical structure of istaroxime and its metabolite PST3093 (A) and PKs in humans (B and
C). (A) The main metabolic pathways of istaroxime are reduction of the carbonyl in position 6
catalyzed by carbonyl reductases and oxidative deamination of the primary amino group
catalyzed by monoamine oxidases or tissue-bound semicarbazide-sensitive amine oxidase. (B)
Istaroxime (N=22) and PST3093 (N=29) plasma levels evaluated over 6 hours istaroxime infusion
in HF patients at 1 pg/kg per minute and up to 12 hours after discontinuation of infusion (from
HORIZON-HF study, #NCT00616161). (C) Statistics of Cmax, Tmax, AUChast, and To.s; ¥P<0.05 versus
istaroxime (unpaired t test). Data are the mean + S.E.M. ista, istaroxime; PST, PST3093.
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3.5.3 Effect of PST3093 on Na*/K* ATPase

Istaroxime and PST3093 effects on Na*/K* ATPase activity were tested in a range of
concentrations from 10° to 10* M (Fig. 2A). Na*/K* ATPase from dog kidney had a
specific baseline activity of 14 pmol/min/mg protein. The reference compound
istaroxime inhibited Na*/K* ATPase activity with ICso of 0.14 + 0.02 uM in dog kidney
(Fig. 2A), which corresponds to a higher affinity as compared with that observed in rat
renal preparations [ICso of 55 + 19 uM from 2]. PST3093 did not inhibit the Na*/K*
ATPase activity up to 100 pM, the maximal tested concentration (Fig. 2A).

PST3093 effects on Inak were furtherly evaluated in rat LV myocytes in comparison
with istaroxime (Fig. 2B). The estimated ICso for Inak inhibition by istaroxime was 32 £ 4
UM, [from 2]; for PST3093, a barely detectable inhibition (9.2 + 1.1%) was observed at

the limit concentration for solubility (100 uM), an effect that can be considered

insignificant.
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Fig. 2. Modulation of Na*/K* ATPase activity. (A) inhibition of Na*/K* ATPase activity by istaroxime
and PST3093 in dog renal preparations (N=3). (B) Concentration-response curves for Inak
inhibition by PST3093 (n=15) and istaroxime (modified from 2%; this work is available under a CC-
BY-NC license) in rat LV myocytes; Inak recording under increasing concentrations of PST3093 and
finally to ouabain (OUA as reference) is shown on the right. Data are the mean + S.E.M.
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3.5.4 Effect of PST3093 on SERCA ATPase Activity

3.5.4.1 Effects on SERCA2a Activity in Normal and Diseased Myocardial

Preparations

In STZ rat preparations (N=30), baseline SERCA2a Vmax Was lower (by -27%) than in
healthy ones (N=29) (0.199 * 0.01 versus 0.272 * 0.01 umol/min/mg protein, P<0.05),
with no difference in KqCa (448 £ 35 vs 393 + 22 nM, NS), similarly to what reported
recently in the same setting .. As also reported previously?, the response of enzyme
kinetics parameters to modulation was species specific: whereas in rat preparations
both PST3093 and istaroxime (Fig. 3) increased Vmay, in guinea pig ones the compounds
decreased K4Ca instead (Supplemental Table 1).

Over the whole range of concentration tested (0.1 - 1uM), PST3093 and istaroxime
failed to affect ATPase Ca?*-dependency in healthy rat preparations (Fig. 3, A and C) but
similarly increased Vmax in STZ ones (e.g., + 22% and + 20%, respectively, at 300 nM)
with thresholds at 100 nM and 300 nM for PST3093 and istaroxime, respectively (Fig.
3, B and D); SERCA2a KqCa in rat preparations was affected by neither istaroxime nor
PST3093. Thus, PST3093 and istaroxime displayed similar potency in ameliorating
disease-induced depression of SERCA2a ATPase activity.

PST3093 and istaroxime effect was also detected in preparations from normal
guinea pig hearts, where they both reduced the SERCA2a KqCa value by about 20% at
100 nM (Supplemental Table 1).

To summarize, PST3093 and istaroxime equally stimulated SERCA2a ATPase activity
in preparations including PLN. Regardless of the kinetic parameter affected, a
stimulatory effect was present in healthy guinea pig microsomes and in rat

homogenates from the STZ disease model.
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Fig. 3. Modulation of SERCA2a ATPase activity in healthy and diseased (STZ) preparations. Effect
of PST3093 (N=5-11) (A and B) and istaroxime (N=5-16) (C and D) on SERCA2a Vmax estimated
from Ca**-dose response curves in cardiac homogenates from healthy and diabetic (STZ) rats.
Internal controls (ctr) are provided. Data are the mean + S.E.M. * P<0.05 vs ctr (RM one-way
ANOVA plus post-hoc Tukey’s multiple comparisons test or paired t test).
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3.5.4.2 Dependency of SERCA Stimulation on PLN

In a range of concentrations from 30 to 1000 nM, PST3093 and istaroxime failed to
affect SERCA1 activity in the absence of PLN in skeletal muscle preparations (Fig. 4, A
and C). Reconstitution with the PLN1.3; fragment markedly reduced SERCA1 affinity for
Ca?* (KqCa increased by 23-26%) (Fig. 4, B and D). Under this condition, both PST3093
(Fig. 4B) and istaroxime (Fig. 4D) dose-dependently reversed PLN-induced shift in KqCa
with an ECso of 39 nM and 40 nM, respectively.
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Fig. 4. Modulation of SERCA1 ATPase activity. Concentration dependency of PST3093 and
istaroxime modulation of SERCA1 K¢Ca in guinea pig skeletal muscle microsomes containing
SERCA1 alone (A and C) (N=5-6) and after reconstitution with the PLN1.32 fragment (B and D) (N=5-
6). Data are the mean + S.E.M. *P<0.05 (RM or mixed model one-way ANOVA plus post hoc
Tukey’s multiple comparisons).
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3.5.5 PST3093 Interaction with Targets other than SERCA

The targets panel (50 items) included membrane receptors, key enzymes, ion
channels, and transporters relevant to potential off-target cardiac and extracardiac
effects (list in Supplemental Table 2); PST3093 was tested at the concentration of 10
KM. None among the 50 items met criteria for significance of interaction. Thus, at least
for the ligands shown in Supplemental Table 2, no off-target action of PST3093 is

expected.

3.5.6 Effects of PST3093 on Intracellular Ca?* Dynamics in Cardiac Myocytes
3.5.6.1 Global Effects in Field Stimulated Myocytes

Ca%* dynamics were analyzed in field-stimulated (2 Hz, Fig. 5) rat LV myocytes
isolated from healthy or STZ rats.

STZ myocytes had a lower Casg and a slower Car decay than healthy ones; however,
Car amplitude remained unchanged. These changes are compatible with reduced
SERCA2a function, possibly compensated by APD prolongation, known to increase cell
Ca?* content?’. Whereas in healthy myocytes, 1 pM PST3093 failed to affect any of the
Ca?* dynamics parameters, in STZ myocytes PST3093 reduced the quiescence Ca%
(Carest) prior to caffeine application and partially restored Casg and Car decay. Moreover,
PST3093 restored in STZ myocytes the distribution of Casg values peculiar of healthy
ones. Comparable results have been obtained with istaroxime at a concentration
marginally affecting Na*/K* ATPase?’. Taken together, this observation suggests that
PST3093 improved Ca®* sequestration into the SR during the post-train quiescence

period.
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3.5.6.2 Effects on SR Ca?* Uptake Function under NCX Inhibition

STZ-induced changes in repolarization affect Ca?* handling in a direction masking
SERCA2a downregulation?’. Thus, the “SR loading” protocol (see Paragraph 2.6.2 and
Fig. 2 in Chapter 2) was performed under V-clamp and used to assess SR Ca®* uptake
under conditions emphasizing SERCA2a role (NCX inhibition). In STZ myocytes, as
compared to healthy ones, SR reloading was significantly depressed (both in terms of
Caramplitude and ER gain), and Car decay was slower at all timepoints during reloading
(Fig. 6A). These changes are compatible with depressed SERCA2a function?!. PST3093
(1 uM) was tested in STZ myocytes (Fig. 6B), where it sharply accelerated Car decay,
restoring the profile observed in healthy myocytes. Albeit less evident, drug-induced
changes in Carand ER gain pointed in the same direction. Comparable results have been
obtained with istaroxime at a concentration marginally affecting Na*/K* ATPase?’.

Overall, PST3093 restored SR function in diseased myocytes, i.e., the context of the
pathological cellular environment, most likely through SERCA2a enhancement.

A 3 CaT ampl 3x101 ER gain 800 CaT decay —o— Healthy

”‘,é.‘ﬁ_ 3. --o-- §TZ
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pulse # pulse # pulse #

B 3 2x10"° 800
- 610 - e I ‘} . ? :;ii-PST
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Car/Cajng,

4
ik 1x1070. ’ A 3 L ii .
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Fig. 6. Modulation of SR Ca?* uptake under NCX inhibition in V-clamped myocytes from STZ
hearts. (A) Disease (STZ) effect on SR Ca?* loading in patch-clamped myocytes. SR Ca?* loading by
a train of V-clamp pulses was initiated after caffeine-induced SR depletion; NCX was blocked by
Na* substitution to identify SERCA2a-specific effects (see paragraph 2.6.2 and Fig. 2 in Chapter
2); myocytes from healthy (N=9, n=32) and diseased hearts (STZ, N=6, n=31) are compared. (B)
PST3093 effect in STZ myocytes (N=4; without PST3093 n=18, with PST3093 n=19). Panels from
left to right: Car amplitude, ER gain (the ratio between Car amplitude and Ca% influx through Icat),
and t of Car decay. *P<0.05 for the “interaction factor” in RM two-way ANOVA, indicating a
different steepness of curves.
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3.5.7 Effects of PST3093 on Cellular Electrical Activity

To assess the electrophysiological safety of PST3093, its effects on AP of LV
myocytes were investigated. Guinea pig myocytes were used instead of rat ones
because their AP is closer to the human one.

PST3093 (100 nM) marginally reduced APDsg at all pacing rates, leaving the other AP
parameters unchanged (Fig. 7, A and B). Notably, also APD rate dependency at steady-
state and the kinetics of APD adaptation following a step change in rate were
unaffected by the agent (Fig. 7C). STV of APDqo, a reporter of repolarization stability,
was also unaffected by PST3093 at all pacing rates (Fig. 7, D and E). Except for the
absence of APDsy reduction, similar results were obtained with PST3093 at 1 uM
(Supplemental Fig. 2).

The paucity of PST3093 effects on the AP is consistent with the absence of hits in
the analysis of PST3093 interaction (up to 10 uM) with molecular targets other than

SERCA2a, among them ion channels and transporters (Supplemental Table 2).
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Fig. 7. Modulation of electrical activity in guinea pig myocytes. The effect of 100 nM PST3093
was tested on AP parameters and their steady-state rate dependency in guinea pig myocytes
(N=5). (A) representative APs recorded at 0.5, 1, 2, 4 Hz in control (left) and with 100 nM PST3093
(right). (B) Effect on the rate dependency of diastolic potential (Ediast) and AP duration (APDsp,
APDgg) (n>24 without PST3093, n>22 with PST3093). (C) Effect on the T of APDgo adaptation
following a step change in rate (n>22 without PST3093, n>16 with PST3093). (D) Effect on the
rate dependency of APDgo STV (n=24 without PST3093, n>20 with PST3093). (E) Effect on the
correlation between STV of APDso and APDgo values; data from 1, 2, 4 Hz were pooled. *P<0.05
for the “interaction factor” of RM two-way ANOVA. The effect of PST3093 at a higher
concentration (1 uM) is reported in Supplemental Fig. 2.
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3.5.8 In Vivo Acute Toxicity in Mice

In vivo toxicity after intravenous injection was investigated in mice for PST3093 and
istaroxime. PST3093 was well tolerated and did not cause death up to 250 mg/kg. The
LDso was not calculated since no deaths occurred at the maximal usable dose (limited
by solubility). The LDso for istaroxime was 23.06 mg/kg. The main signs of toxicity were
prostration, gasping and convulsions. In most of the animals, death occurred within 5
min after istaroxime administration. Post-mortem examination revealed pulmonary
edema and/or hemorrhages and generalized organ congestion. No remarkable
alterations were found in the surviving animals.

Therefore, when intravenously administered, PST3093 was far less toxic than

istaroxime, a result ascribable to its lack of effects on the Na*/K* ATPase.

3.5.9 Modulation of Cardiac Function in Vivo in Rats with Diabetic

Cardiomyopathy

In vivo cardiac function was evaluated by echocardiography. In light of the
uncertainty inherent to the mechanistic interpretation of drug effect on individual echo
indexes, this set of experiments was designed to test whether PST3093 was able to
reverse the derangements peculiar of the STZ disease model. To this end, the STZ model

had to be first characterized.

3.5.9.1 Features of the Disease Model

Fasting hyperglycemia, polydipsia, polyuria and polyphagia ensued 1 week after STZ
injection; none of these symptoms was observed in healthy rats. Eight weeks after STZ,
total body weight was substantially lower in STZ rats; LV mass (by echo) was reduced
in absolute value but, when normalized to body weight, was not significantly different
in STZ rats (Supplemental Table 3). The STZ model was largely characterized in a
previous work of ours?:.

In this study a comprehensive echocardiographic analysis of STZ rats in comparison
to healthy ones was performed. Figure 8 compares some echo indexes in STZ versus

healthy rats; Supplemental Table 4 lists all the measured echo parameters in the two
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groups. Heart rate (HR) was lower in STZ rats (-20%; P<0.05) and SV was unchanged;
nonetheless, differences in cardiac output (CO) between the two groups did not
achieve significance. Systolic indexes: in STZ rats, LVESD was larger, and the EF reduced;
FS and systolic tissue velocity (s’) were depressed. Diastolic indexes: in STZ rats, LVEDD
tended to be larger; peak E-wave velocity (E) was slightly smaller, and A-wave velocity
(A) was unchanged (E/A unchanged); E-wave DT was unchanged in absolute, but the
DT/E ratio was increased. Changes in early (e’) and late (a’) diastolic tissue velocities
paralleled those in E and A waves; therefore, the e’/a’ and E/e’ ratios did not differ
between STZ and healthy rats.

To summarize, in STZ rat, echocardiographic abnormalities were rather subtle;
nonetheless, 11 out of 21 indexes were significantly affected, indicating derangements

in both systolic and diastolic function.
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Fig. 8. Disease (STZ) effects on in vivo echocardiographic parameters. Echocardiographic
parameters are compared between healthy rats (N=18) and 8 weeks after STZ treatment
(N=20). Top row, global function parameters; mid row, systolic function parameters; bottom
row, diastolic function parameters. *P<0.05 (unpaired t test).

3.5.9.2 Drug Effects in the Disease Model

The in vivo acute effect of PST3093 (0.22 mg/kg/min) on echo indexes of STZ rats
was investigated at 15 and 30 minutes of infusion (Fig. 9). Data at 15 min were also
obtained with istaroxime (0.22 mg/kg/min) and digoxin (0.11 mg/kg/min) (Table 2).
Overall, PST3093 increased SV volume and CO, without changing HR (Fig. 9). Systolic
indexes: PST3093 tended to decrease LVESD and increased FS, EF and s’. Diastolic
indexes: PST3093 increased LVEDD, E, A (at 30 minutes), and e (E/A and E/e’
unchanged, Table 2); DT and DT/E were reduced. PST3093 effect was almost complete
at 15 min of infusion; only minor increments were observed at 30 min (Fig. 9).
Collectively, PST3093 improved overall cardiac function, both systolic and diastolic,
beyond simple recovery of STZ-induced derangements. As shown in Fig. 9, PST3093
“reversed” STZ-induced changes in 7 out of 11 indexes; moreover, five additional
indexes, unaffected by STZ, were changed by PST3093 in a direction compatible with
positive inotropy/lusitropy (Table 2).

PST3093 effects were only partially shared by istaroxime at the same infusion rate
(Table 2). Istaroxime failed to increase SV and systolic indexes (SV, FS, EF, s'); it
increased CO, but, at variance with PST3093, this was because HR increased. Similar to
PST3093, istaroxime shortened DT and DT/E and increased e’, a’ and A; however, it did
not change E, thus reducing E/e’. Digoxin (Table 2), as expected from its inotropic
effect, increased systolic indexes (FS, EF and s’); however, at variance with PST3093, it
did not affect SV or CO. Notably, also digoxin improved diastolic function to some

extent: E/A, DT and DT/E were reduced, and e’ was increased.
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Fig. 9. PST3093 effects on in vivo echocardiographic parameters in diseased (STZ) rats. PST3093
was intravenously infused (0.22 mg/kg/min) in rats 8 weeks after STZ treatment.
Echocardiographic parameters were measured before and at 15 and 30 minutes during drug
infusion. Rows and symbols as in Fig. 8; N=10 rats. Data are the mean + S.E.M. *P<0.05 (RM one-
way ANOVA plus post-hoc Tukey’s multiple comparisons). Effects of PST3093 on all
echocardiographic parameters at 15 minutes of infusion in STZ rats in comparison to istaroxime
and digoxin are reported in Table 2.
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3.6. DISCUSSION

In the present study, we have investigated effects of the istaroxime metabolite
PST3093 at molecular, cellular, and in vivo levels. The interest in this molecule is
motivated by 1) the possibility that it may actually contribute to (i.e., be endowed with)
the unique mechanism of action and interesting therapeutic profile of istaroxime
(inotropy and lusitropy at low proarrhythmic risk, confirmed in phase 2 clinical
trials)!>161920 and 2) the possibility it would afford to test the clinical benefit associated
specifically with the rescue of SERCA2a depression, which is widely recognized as the
basis for many among HF abnormalities.

PST3093 effect has been tested in three experimental settings with incremental
level of biological organization, including in vivo measurements from diseased hearts.
The consistency of effects across these three sets of experiments confers robustness to
the findings.

The results of molecular studies indicate that PST3093 differs from istaroxime
because it is devoid of any inhibitory activity on the Na*/K* ATPase while retaining
SERCA2a stimulatory action. This identifies PST3093 as a “selective” SERCA2a activator.
The results also indicate that, similar to istaroxime??, PST3093 may act by weakening
SERCA-PLN interaction. In rat preparations, PST3093 (and istaroxime) increased
SERCA2a Vmax. Although this apparently conflicts with the notion that interference with
PLN should decrease the K4Ca instead?, the same pattern coexisted with evidence, by
several independent approaches, of istaroxime antagonism of SERCA2a-PLN
interaction?2. The reason for this apparent discrepancy is unclear; the observation that
PST3093 effect on SR Ca?" uptake was present in rat cardiac myocytes (i.e., at
physiologic Ca®* concentrations) suggests that it may reside in specificities of the
microsomal preparation.

Investigations in intact ventricular myocytes confirm a negligible effect of PST3093
on Na*/K* pump function. Furthermore, PST3093 abolished STZ-induced intracellular
Ca?* abnormalities likely dependent on SERCA2a downregulation. Although PST3093
clearly affected several Ca®* cycling parameters under V-clamp conditions (Fig. 6), its
effects in field-stimulated cells were apparently small (Fig. 5). As we have previously

|21

shown in this experimental model?, evaluation of Ca?* handling without controlling
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membrane potential (field stimulation) and without disabling competing mechanisms
(NCX) may be unsuitable to detect SERCA2a activation.

This is why we also performed experiments under V-clamp and with disabled NCX
function, shown in Fig. 6. Field-stimulation experiments are nonetheless informative
because they better represent drug effects at the cell level under “physiological”
conditions. In particular, the reduction in Carest indicates that PST3093 allows the other
Ca? cycling parameters to be preserved (or even showing a trend to improve) at a lower
cytosolic Ca?* level. Considering that all Ca?* homeostatic mechanisms are in place in
this setting, this is precisely what should be expected from pure SERCA2a activation®*8,
i.e., improved subcellular Ca** compartmentalization. That this apparently small change
in myocyte physiology has an impact on | -vivo cardiac performance is shown by the in
vivo echo measurements (Fig. 9).

The present in vivo studies were conducted by echocardiography in a disease model
characterized by impairment of SERCA2a function?"?>. In this model, PST3093 infusion
improved overall cardiac performance (SV and CO); both systolic and diastolic indexes
were positively affected by the agent. Mechanistic interpretation of echocardiographic
indexes is often ambiguous. For instance, both DT prolongation and shortening have
been associated with deterioration of diastolic function'®?. These puzzling
observations can be interpreted by considering the contribution to DT of opposing
factors, each prevailing in a specific condition?’. At any rate, whenever HF was
associated with DT shortening, istaroxime (having PST3093 as a metabolite) prolonged
it A further difficulty may arise from the expectation that ino-lusitropy may
increase atrial contraction (A amplitude) and ventricular relaxation (E amplitude) at the
same time, thus conceivably making their ratio (E/A) unable to detect drug effects on
diastolic function. A similar consideration applies to the E/e’ index. An approach to the
interpretation of drug effects, independent of mechanistic models, is to check whether
the drug counters disease-induced abnormalities. In the case of PST3093, this was true
for the majority of indexes (7 out of 11), the most notable exception being a small
further increase in LVEDD. Although increments in LVEDD are usually associated with
deterioration of systolic function, PST3093 tended to decrease LVESD instead. The
LVEDD increment was indeed associated with increased SV and EF, to which it likely

contributed.
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With the exception of guinea pigs, PST3093 efficacy on SERCA2a function in the
diseased condition consistently contrasted with the lack of effect in healthy
preparations (Figs. 3 and 5). This suggests that SERCA2a function, while not strictly
limiting in health, may become so whenever its “reserve” is diminished. This view may
not clash with the clear-cut effect of PLN knockout in healthy murine myocytes; indeed,
SERCA2a modulation by PST3093 may be, albeit functionally significant, subtler than
complete PLN ablation.

Although failing to increase the amplitude of Car, PST3093 improved echo indexes
of systolic function. Mechanisms at two levels may account for this observation: at the
intracellular level, increased compartmentation of Ca?* within the SR may improve the
energetic efficiency of Ca?* cycling?®; at the organ level, improved relaxation may
increase preload, with its well known impact on systolic force?. Indeed, normalization
of diastolic function in HF patients with preserved EF, may restore CO irrespective of
changes in the latter®®. On the other hand, digoxin, whose mechanism of action is
purely inotropic, accelerated early relaxation (DT shortening and e’ increase). This is
consistent with systo-diastolic coupling, i.e., the contribution to early relaxation of
elastic restitution (recoil) of systolic force3.

Beside affording inotropy and lusitropy, SERCA2a stimulation may improve
intracellular Ca?* compartmentalization, with potential long-term effects on energetic
efficiency and biology of cardiac myocytes?.

PST3093 is remarkably less toxic than istaroxime which, in turn, has a lower
proarrhythmic risk as compared to digoxin!’. We speculate that the low PST3093
toxicity, relative to istaroxime, may be due its failure to inhibit the Na*/K* pump. The
absence of interaction with 50 cardiac and noncardiac targets commonly involved in
drug toxicity provides at least a first-level evidence of PST3093 suitability as a

therapeutic agent.
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3.6.1 Limitations

Whereas, in the in vivo experiments PST3093 effects generally achieved a maximum
at 30 minutes of infusion, the istaroxime infusion period was limited to 15 minutes. Our
previous study?! indicates that a 15-minutes infusion is sufficient for modulation of
diastolic parameters by istaroxime. This timepoint was selected in the present study to
minimize metabolism to PST3093, thus allowing it to differentiate istaroxime’s own
effect from that of its metabolite. Nonetheless, istaroxime effects reported here might
differ from the steady-state ones described in previous studies'>®*° to which PST3093
(the metabolite) might actually contribute.

Echo parameters are sensitive to changes in blood pressure, which was not directly
measured. Nonetheless, previous in vivo studies ruled out the effect of infused
istaroxime, and, implicitly, of PST3093 on pulmonary and peripheral resistances®.

Translation of the present in vivo results to human therapy has to consider
differences between clinical HF and the STZ rat model, which has specific hemodynamic
features®’. However, consistency of the istaroxime effect reported here with that

described in HF patients'® supports this translation.

3.6.2 Therapeutic Relevance and Perspective

The results of this study identify PST3093 as a prototype “selective” (i.e., devoid of
Na*/K* pump inhibition) SERCA2a activator. This may entail significant differences from
the already characterized pharmacodynamic profile of istaroxime.

In the case of istaroxime, lack of the proarrhythmic effect [expected from Na*/K*
ATPase inhibition*] is likely due to SERCA2a stimulation. Indeed, the latter may reduce
the occurrence of “Ca?* waves” and the resulting “triggered activity”%3334 It is logical
to predict that a pure SERCA2a activator may exert substantial antiarrhythmic effects,
at least under the common conditions characterized by SR instability (e.g., HF). On the
other hand, Na*/K* pump inhibition may contribute to inotropy; thus, at least
theoretically, PST3093 should increase systolic force less than istaroxime. The present
results argue for a PST3093 effect on global cardiac function, including positive
inotropy. Moreover, compared to istaroxime, PST3093 has a much longer half-life that,

per se, may also prolong the beneficial hemodynamic effect of istaroxime infusion.
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Overall, PST3093 acting as “selective” SERCA2a activator can be considered the
prototype of a novel pharmacodynamic class for the ino-lusitropic approach of HF.
After more than 50 years from the suggestion of the involvement of a reduced SERCA2a
function as a cause of the depressed cardiac function and the increased arrhythmias in

|”

HF, we may have the possibility to prove this hypothesis and provide a “causal” and

selective therapy for HF patients.
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Sample Information

Injection Date: &/17/2815 Acg.Operator: spc
Sample Mame: BLe5-821-06-P5T3893 Acg. Method: D:\DATANSPC3IITAN, -»
Location: wial 21 Injection Time: 7:82:8@ PM
Injectiond: 1 Injection Volume: 18.8ul
%eg. Line: T Sample Amount: @ mg/ml
Run Time: 38min
DAl A, Sig=205. 4 Ref=0fl (DIDATASPCIITADER_LC 2015-06-17 1525323201 506 170000007 .0}
ALl
sl
1500 -
1250 ~
-
1000
T
s - Hewm o -
23 ] =8 & 5
0 e S & e e S e —
R T "I S T S

DADA A, Sig=205,4 Ref=0f (DIDATASPCIITSDER LT 2015-065-17 15-23-23201 506170000007 .0}

"3 ok 380 8-

-350 T T T
S i0 15 20 25 L
Area Percent Report

Signal: DAD1 A, Sig=285.,4 Ref=0off

# Compound Mame Meas. R Peak T Width Area Height Area %
1 2.8B1 MM B8.115 29.918 4.293 8,211
2 2.671 BV B.BES 5.838 1.852 @.841
3 4.812 BY 8.121 338.417 43.471 2.384
4 5.1b64 W 8.118 174.666 22.747 1.231
5 5.563 VB @,122 9.698 1.176 @, 864
[ 5.829 BV B.142 31.993 3.441 8,225
) 7.133 VB @.151 1#5.438 12.685 @, 884
8 9.871 Bv 8.165 52.584 4,919 8.371
9 9.719 VB 8,281 13424.721 1.834e3 94.589

**+ End of Report ***
Operator: Review:

Figure S1. Analytical characterization of PST3093. A) *H-NMR in DMSO (400 MHz, Bruker), B) 13C-
NMR in DMSO (100 MHz, Bruker), C) HPLC profile (about 95% purity).
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Figure S2. Effects of 1 uM PST3093 on electrical activity in guinea pig myocytes. Rate dependency
of AP parameters (Ediast, APD50, APD90), APD90 adaptation kinetics and APD90 short term
variability (STV) with or w/o 1 uM PST3093; N=3 (n=16 w/0 PST3093, n=18 with PST3093). Bottom
right: linear correlation between STV of APD90 and APD90 values with or w/o PST3093; data from
1, 2, 4 Hz were pooled (w/o PST3093 slope = 0.012, with PST3093 slope = 0.014, NS).
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Supplemental Table 1. Effect of PST3093 and istaroxime on SERCA2a kinetic parameters in
cardiac preparations from healthy guinea pigs. Data are mean = SEM; N indicates the number of
experiments. *p<0.05 vs control (RM one-way ANOVA with post-hoc Tukey’s multiple
comparisons test or paired t test).

Guinea pigs
[nM] N control PST3093 N control istaroxime
Vmax (nmol/min/mg)
1 2,16+0,18 2,50£0,04
9 2,28+0,17
10 2,15+0,15 9 2,51+0,08 2,47+0,06
100 11 2,38+0,16 2,34+0,16 2,49+0,07
KdCa (nM)
1 504+23* 524+19
9 567+12
10 501+17* 9 584+22 485+16*
100 11 557+12 445+30* 478+19*
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Supplemental Table 2. Effect of PST3093 (10 uM) on the panel of molecular targets (Eurofins,
Taiwan).

Cat# Assay hame Batch | Species ;ﬁ;f?;f )
1 1107480 ATPase, Ca?*, skeletal muscle 438642 pig -18
2 | 118040 CYP450, 19 438644 | human 12
3 | 124010 HMG-CoA Reductase 438610 | human -2
4 | 140010 Monoamine Oxidase MAO-A 438645 [ human 2
5 | 140120 Monoamine Oxidase MAO-B 438647 | human -3
6 | 143000 | Nitric Oxide Synthase, Endothelial (eNOS) | 438568 | bovine 2
7 1107300 | Peptidase, Angiotensin Converting Enzyme | 438641 | rabbit 3
8 | 164610 Peptidase, Renin 438648 | human 6
9 | 152000 Phosphodiesterase PDE3 438611 | human -3
10 | 171601 Protein Tyrosine Kinase, ABL1 438612 | human 3
11 | 176810 Protein Tyrosine Kinase, Src 438613 | human -1
12 | 200510 Adenosine Al 438614 | human -2
13 | 200610 Adenosine A2A 438614 | human -6
14 | 203100 Adrenergic al A 438615 rat 2
15 | 203200 Adrenergic a1B 438615 rat 0
16 | 203630 Adrenergic a2A 438616 | human -5
17 | 204010 Adrenergic B1 438652 | human -4
18 | 204110 Adrenergic 2 438571 | human 7
19 | 204600 Aldosterone 438617 rat 5
20 | 206000 Androgen (Testosterone) 438618 | human 3
21 | 210030 Angiotensin AT1 438653 | human -1
22 | 210120 Angiotensin AT2 438653 | human 7
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23 | 214600 | Calcium Channel L-type, Dihydropyridine | 438620 rat -8
24 | 219500 Dopamine D1 438660 [ human 3
25 | 219700 Dopamine D2s 439024 | human 26
26 | 219800 Dopamine D3 438660 | human 1
27 | 226010 Estrogen ERa 438622 | human -6
28 | 226050 Estrogen ERp 438622 | human 7
29 | 226600 GABAA,, Flunitrazepam, Central 438624 rat 4
30 | 226500 GABAA, Muscimol, Central 438623 rat 9
31| 232030 Glucocorticoid 438626 | human 8
32 | 233000 Glutamate, NMDA, Phencyclidine 438627 rat -8
33 | 239610 Histamine H1 438628 | human -3
34 | 241000 Imidazoline 12, Central 438629 rat 5
35 | 243000 Insulin 438654 rat 6
36 | 252710 Muscarinic M2 438621 | human -7
37 | 252810 Muscarinic M3 438661 | human 4
38 | 253010 Muscarinic M5 438661 | human 5
39 | 258730 Nicotinic Acetylcholine 0334 438656 | human 1
40 | 260410 Opiate p (OP3, MOP) 438616 | human -5
41 | 264500 Phorbol Ester 438624 | mouse -7
42 | 265600 Potassium Channel (Katp) 438632 | hamster -8
43 | 265900 Potassium Channel hERG 438633 [ human 10
44 | 299005 Progesterone PR-B 438638 | human -15
45 | 270300 Ryanodine RyR3 438634 rat 2
46 | 271010 Se“’“’g‘_ia?l'fr"%‘:{f;’é}g{igfmi”e) 438668 | rat 0
47 | 299007 Sigma ¢2 438662 [ human 12
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48 | 278110 Sigma o1 438636 | human
49 | 279510 Sodium Channel, Site 2 438637 rat
50 | 204410 Transporter, Norepinephrine (NET) 438597 | human
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Supplemental Table 3. Characterization of the STZ diabetic rat model. Parameters were
measured after 1 or 8 weeks (wk) from STZ injection. Data are mean + SEM. N represents the
number of rats for each group. *p<0.05 vs healthy rats (unpaired t test).

Healthy STZ
BW (9) 201+4.7 449+11.8 193+4.2 305£12.9*
Glycaemia (mg/dL) 130+6.6 nd 398+16* nd
LV mass (mmd) nd 985134 nd 781+40*
LV mass index (mm?%/g) nd 2,23+0,1 nd 2,66+0,2
N 18 18 20 20
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Supplemental Table 4. Echocardiographic parameters in healthy and STZ diabetic rats. Data are
mean + SEM. N represents the number of rats for each group. *p<0.05 vs healthy rats (unpaired
t test).

Echo parameters Healthy STZ
IVSTd (mm) 2,2240,07 1,7310,1*
PWTd (mm) 1,870,09 1,54+0,05 *
Morphometric | WVEDD (mm) 6,6£0,14 6,95£0,13
parameters | \sTs (mm) 2,46+0,07 2,26+0,1
PWTs (mm) 2,9620,09 2,4740,11 *
LVESD (mm) 3,09+0,09 3,5440,1 *
FS (%) 53,08+1,17 48,73+1,37 *
, ;rfr;‘;';grs s (mm/s) 29,50+1,15 24,8+0,75 *
EF (%) 88+0,8 85 +1,08 *
E (mm/s) 0,93£0,01 0,84+0,02 *
A (mmis) 0,650,04 0,63£0,03
E/A 1,50+0,08 1,38+0,07
DT (ms) 54,61+2,1 56,842,16
Diastolic DT/E 50,23+2,4 68,37+3,0 *
parameters E/DT 17,41£0,77 15,18+0,67 *
e' (mmrs) 23,46+0,77 21,34+0,58 *
a' (mm/s) 24,54+1,38 24,3+1,13
ela 1,01£0,06 0,91+0,04
Efe 40,1%1,33 39,64+1,0
Overall cardiac | HR (0PM) 306210 24847 4 *
function LV EDV (mL) 0.67+0.04 0.77+0.04
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LV ESV (mL) 0.08+0.01 0.12+0.01 *
SV (ml) 0,59+0,03 0,65+0,04

CO (ml/min) 178,9+10,2 161,1+10,9
N 18 20
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Chapter 4 — Preclinical development of selective SERCAZ2a activators
ABSTRACT

4.1. ABSTRACT

The stimulation of sarcoplasmic reticulum calcium ATPase SERCA2a emerged as a
novel therapeutic strategy to efficiently improve overall cardiac function in heart failure
(HF) with reduced arrhythmogenic risk. Istaroxime is a clinical-phase llb compound with
a double mechanism of action, Na*/K* ATPase inhibition and SERCA2a stimulation.
Starting from the observation that istaroxime metabolite PST3093 does not inhibit
Na*/K* ATPase while stimulates SERCA2a, we synthesized a series of bioisosteric
PST3093 analogues devoid of Na*/K* ATPase inhibitory activity. Most of them retained
SERCA2a stimulatory action with nanomolar potency in cardiac preparations from
healthy guinea pigs and streptozotocin (STZ)-treated rats. One compound was further
characterized in isolated cardiomyocytes, confirming SERCA2a stimulation and in vivo
showing a safety profile and improvement of cardiac performance following acute
infusion in STZ rats. We identified a new class of selective SERCA2a activators as first-

in-class drug candidates for HF treatment.

4.2. GRAPHICAL ABSTRACT
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4.3. INTRODUCTION

Heart failure (HF) is a life-threatening syndrome characterized by an inability of the
heart to meet the metabolic demands of the body. It is age-dependent, ranging from
less than 2% of people younger than 60 years to more than 10% of individuals older
than 75 years. Most patients with HF have a history of hypertension, coronary artery
disease, cardiomyopathies, valve disease, or a combination of these disorders?. The
calculated lifetime risk of developing HF is expected to increase, and those with
hypertension are at higher risk?. Clinical symptoms in HF are caused by a cardiac double
pathological feature that consists of diminished systolic emptying (systolic dysfunction)
and impaired ability of the ventricles to receive blood from the venous system (diastolic
dysfunction). The impaired contractility and relaxation are also caused by an abnormal
distribution of intracellular Ca?, resulting from reduced Ca®* uptake by the
sarcoplasmic reticulum (SR)3. SR Ca?* uptake is operated by the SR Ca?* ATPase,
SERCA2a, a 110 kDa membrane protein. During ion transport across the membrane,
SERCA2a undergoes large conformational changes switching between Ca*-bound E1
and Ca%*-free E2 states*. SERCA2a activity is physiologically inhibited by the interaction
with phospholamban (PLN), a small protein>® that stabilizes the E2 state, incompatible
with Ca? binding’. SERCA2a inhibition by PLN is normally relieved by PLN
phosphorylation with protein kinase A, a signaling pathway severely depressed as a
consequence of myocardial remodeling®. SERCA2a activators are therefore promising
drugs that might improve overall cardiac function in HF with reduced arrhythmogenic
risk.

Various therapeutic approaches that increase SERCA2a function have been recently
investigated® 3. Small-molecule SERCA2a activators have been recently discovered.
Among them, a pyridone derivative directly binds to PLN displacing it from SERCA2a'*
and a small molecule activates SERCA2a by promoting its SUMOylation [small ubiquitin-
related modifier (SUMO)]**. Overall, new SERCA2a activators might be very useful in HF
treatment together with the first line of therapeutic agents, B-blockers, and
angiotensin-converting enzyme (ACE) inhibitors.

The work of our laboratory led to the successful completion of phase Ilb clinical trials
of the steroid derivative istaroxime?®, which is endowed with a double mechanism of

action, that is, Na*/K* ATPase inhibition'” and SERCA2a activation®®. Istaroxime is an
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inotropic/lusitropic agent, which is capable of improving both systolic and diastolic
functions (HORIZON study)® with a much lower proarrhythmic effect than digoxin, a
pure Na*/K* ATPase inhibitor®®. This suggests that, by improving Ca%* clearance from the
cytosol?®, SERCA2a stimulation may minimize the proarrhythmic effect of Na*/K*
ATPase blockade®!92! while preserving its inotropic effect.

Although having an excellent pharmacodynamic profile, istaroxime is not optimal
for chronic administration because of its poor gastrointestinal absorption, high
clearance rate, and extensive metabolic transformation®® which leads to the formation
of a final metabolite, named PST3093. A recent study from our laboratory?? indicates
that PST3093 behaves as a selective SERCA2a activator showing a longer half-life than
istaroxime and it is likely to account for the lusitropic effect of istaroxime in patients;
nonetheless, the presence of the oxime function may still limit the chronic usage of
PST3093. The main aim of this work has been the rational design and synthesis of
bioisosteric PST3093 analogues with metabolically stable groups replacing the oxime
function, with the purpose to maintain the selective activity on SERCA2a. We present
here the ligand-based rational design, the synthesis, and the biochemical and
pharmacological in vitro and in vivo characterization of a new class of alkene-based
PST3093 derivatives that turned out to have selective activity on SERCA2a.
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4.4. RESULTS
4.4.1 Lligand-based rational design and synthesis of PST3093-derived

compounds

The metabolite PST3093 (Figure 1A) possesses a 17-androstanone core of istaroxime
with two main structural differences: a carboxylic acid group instead of amino group
on the C3-oxime linker and a hydroxyl group with R configuration (or B-configuration)
at C6 instead of istaroxime’s carbonyl. A series of PST3093 variants (compounds 1-12,
Figure 1B) has been designed by a ligand-based approach to carry a carboxylic group
(acid or ethyl ester) attached through a linker to the C3 position of the 6-hydroxy-17-
oxo androstane core. Although structural information and quantitative
structure-activity relationship data allowed the identification of the pharmacophore of
istaroxime derivatives that binds to Na*/K* ATPase'®?3, no structural information is
available on the interaction between compound PST3093 and SERCA2a and/or PLN.
The ligand-based design of compounds 1-12 involved the selective variation of
substituents at positions C3 and C6, allowing the pharmacophore identification. The 12
compounds presented here belong to a larger library of synthetic androstane
derivatives that were screened for their SERCA2a activity. The need to replace the
oxime function with a bioisosteric group guided the design of all derivatives. Namely,
the oxime double bond in steroid C3 was replaced with an alkene in compounds 1-4
(in the Z or E configuration) and a saturated C-C bond in the B configuration in
compounds 5-12. The single or double carbon-carbon bonds in C3 would ensure a
greater metabolic stability in all compounds compared to PST3093. The length of the
C3 linker was also varied: a four-atom linker is present in compounds 1-7 exactly
reproducing the PST3093 structure, while a shorter two atom linker is present in
compounds 8, 9 and 10, and a longer six-atom linker is present in compounds 11 and
12. All synthetic compounds have a hydroxyl group at C6 as in PST3093: compounds 3,
4, 6, and 9 are in the (R) configuration as PST3093, all the others are in the (S)

configuration.
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Figure 1. Chemical structure of (A) istaroxime and its metabolite PST3093, and (B) PST3093
synthetic variants 1-12.

Compounds 1-12 were synthesized through the synthetic strategy depicted in
Scheme 1. Compounds 13 and 14, 6R and 6S-hydroxyandrostane-3,17-dione,
respectively, were prepared as described from the commercially available prasterone
(3B-hydroxyandrost-5-en-17-one)'®. The lower reactivity of C17 carbonyl compared to
that of C3 allowed for the regioselective reaction of the C3 ketones in Wittig or
Horner-Emmons reactions, obtaining the insertion of the carboxylic acid or ester
functionalities at position C3.

Compounds 1 and 3 were synthesized by reacting compounds 13 and 14,
respectively, with (3-carboxypropyl)-triphenylphosphonium bromide and sodium
hydride in dry dimethylsulfoxide (DMSO), giving the corresponding carboxylic acids
(mixture of E + Zisomers 1:2 at C3 alkene) as products of the Wittig reaction that were
converted into methyl esters by dissolving in methanol and treating with N-(3-
dimethylaminopropyl)-N-ethylcarbodiimide (EDC) and 4-(dimethylamino)pyridine. The
E and Z isomers of esters were separated by chromatography, giving compounds 15
and 17, respectively. Ethyl ester hydrolysis with aqueous lithium hydroxide in
tetrahydrofuran (THF) afforded compounds 1 and 3. The same Wittig reaction using (3-
carboxypentyl)-triphenylphosphonium bromide followed by ethanol esterification gave

compound 19 as a mixture of E + Z isomers.
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Although the use of sodium hydride as a base for the Wittig reaction gave a mixture
of E+ Zisomers, by reacting 13 and 14 with the same phosphonium salt in the presence
of lithium bis(trimethylsilyl)Jamide (LiIHMDS) in THF, it was possible to obtain
stereoselectively only the Z olefins, compounds 2 and 4.

The reaction of 13 and 14 with triethylphosphonoacetate in the presence of sodium
hydride (Horner-Wadsworth—-Emmons reaction) gave the esters 20 and 21 (E + Z
mixture).

The catalytic hydrogenation (H2, Pd/C) of compounds 15,17, 19, 20, and 21 afforded
compounds 7, 22, 12, 10, and 23, respectively (Scheme 1). Interestingly, the
hydrogenation at the C3 carbon-carbon double bond was found to be completely
stereoselective for all derivatives, affording only the B (S) isomers. This is very likely due
to the steric hindrance of the C19 methyl group on the upper face of the androstane A
ring. Hydrolysis of the esters 7, 22, 12, 10, and 23 by treatment with aqueous lithium
hydroxide in THF gave final carboxylic acids 5, 6, 11, 8, and 9, respectively.
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4.4.2 New synthetic compounds do not affect Na*/K* ATPase and

stimulate SERCA2a in a PLN-dependent way

It has been recently shown that although istaroxime inhibits the Na*/K* ATPase
activity (ICso 0.14 uM in dog renal preparations), its metabolite PST3093 is inactive
against Na*/K* ATPase. In contrast, both molecules improve disease induced SERCA2a
depression with a similar potency??. To assess whether the new PST3093 derivatives
retain the pharmacological activity of the parent compound, Na*/K* ATPase and
SERCA2a activities were evaluated in in vitro assays.

Compounds were tested in a concentration range from 107° to 107 M on a purified
renal Na*/K* ATPase preparation with a specific activity of 14 pmol/min/mg protein.
None of the tested molecules inhibited Na*/K* ATPase activity up to 10~ M (Figure 2),
similar to PST3093%.

100

80 ouabain

60

40
Cpds

20

o
1

10 10 10® 107 10 105 10+ 10°
[drug] (M)

Na*/K* ATPase inhibition (A%)

Figure 2. Na*/K* ATPase activity inhibition in a dog purified enzyme preparation. All compounds
were tested in a concentration range from 107 to 10™* M in comparison to ouabain. (¢) Cpd 9
(-62% at 10* M), (#) Cpd 3 (-55% at 10™* M), and all the other compounds showed <40%
inhibition at 107 M (N = 2).

SERCA2a ATPase activity was assessed in SR preparations from healthy guinea pig
hearts. Ca?* dependency of ATPase activity was measured, and kinetic parameters

(K4Ca and Vmax) were estimated at compound concentrations of 10 and 100 nM.
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Four compounds (2, 3, 4, and 9) were inactive, while the other eight compounds
significantly increased SERCA2a-Ca?* affinity (decreased KgqCa) at nanomolar
concentrations (Figure 3). The maximal effect of compounds on K4Ca reached -26% at
100 nM, close to that of PST3093 (-25% at 100 nM). No compound affected SERCA2a
Vmax activity in healthy guinea pig SR preparations.

Compounds 5-8 and 10 had similar potencies in increasing SERCA2a-Ca?* affinity
(i.e., in stimulating SERCA2a). The activity of compounds 5 and 8 on SERCA2a was
further investigated at 1 nM in comparison to PST3093. Also, at these concentrations
from 30 to 1000 nM, compounds 5 and 8 failed to affect skeletal SERCA1 activity in the
absence of PLN (Figure 4A). As expected, reconstitution with the PLN;-3; fragment
markedly reduced SERCA1 affinity for Ca?* (K¢Ca increased by 23-25%), without
affecting Vmax. Under this condition, compounds 5 and 8 dose-dependently reversed
the PLN-induced shift in K4Ca, leaving SERCA1 Vmax unchanged, as previously reported
for istaroxime?>?* and PST3093%2. The present results indicate that in the absence of
PLN, SERCA1 is insensitive to compounds 5 and 8; however, sensitivity is restored after
reconstitution of SERCA1 with PLN, suggesting that the compounds act by weakening
SERCA-PLN interaction, similar to istaroxime?* and PST3093%2.
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Figure 4. Effects of compounds 5 and 8 on SERCA1 ATPase activity and its PLN dependency in
guinea pig microsomal preparations. Concentration dependency of SERCA1-Ca?* affinity (K«Ca)
modulation with compounds 5 and 8 in skeletal muscle microsomes containing SERCA1 alone (A)
and after reconstitution with PLN1-32 fragments (B) (N = 5). Data are the mean + SEM. *p < 0.05
(one-way RM ANOVA plus post hoc Tukey’s multiple comparisons or paired t-test).

Compounds 5 and 8 were further characterized by testing their effects in cardiac
preparations from a diabetic rat model [streptozotocin (STZ)-induced] with impaired
SERCA2a function®>%,

Consistent with our previous reports?*%, baseline SERCA2a Vpmax activity was 30%
lower in STZ (0.239 + 0.012 umol/min/mg protein, N = 9) than in healthy rats (0.343 *
0.02 pmol/min/mg protein, N = 8, p < 0.05); SERCA2a Kq4Ca was instead unchanged in
STZ rats (healthy 259 + 22 nM, STZ 293 * 23 nM, NS). Thus, as previously reported?*?>,
Vmax May represent a better readout of SERCA2a activity in this species. Over the whole
range of concentrations tested, compounds 5 and 8 increased SERCA2a Vmaxin STZ rats
(+26% and +25%, +17% and +28%, at 300 and 500 nM, respectively) (Figure 5), thus
reversing STZ-induced SERCA2a depression. SERCA2a KqCa was unchanged by all
compounds. Both compounds failed to affect ATPase Ca** dependency in healthy rats

in terms of both parameters KqCa and Vmax (Table S1).
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Figure 5. Modulation of SERCA2a ATPase activity in diseased cardiac preparations. Effect of
compounds 5 (A) and 8 (B) (concentration range from 100 to 1000 nM) on SERCA2a maximal
activity (Vmax) in cardiac homogenates from diabetic (STZ) rats (N = 4-10). Data are the mean *
SEM. *p < 0.05 (one-way RM ANOVA or paired t-test).

In summary, compounds 5 and 8 displayed similar potency in recovering disease-
induced depression of SERCA2a ATPase activity in STZ rats, as previously shown for
istaroxime?> and PST3093%2. The absence of effects on Na*/K* ATPase implies that
compounds 5 and 8 may represent new selective SERCA2a activators, similar to their

precursor PST3093. Compound 5 was selected for further in vitro and in vivo effects.
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4.43 Compound 5 stimulates SR Ca?* uptake in isolated STZ

cardiomyocytes

Proof-of-principle evidence that compound 5 stimulates SERCA2a was provided by
testing its effects on SR Ca** uptake function in isolated STZ cardiomyocytes through
the “SR loading” protocol. This protocol (see paragraph 2.6.2 and Figure 2 in Chapter 2

2225) js suitable to assess SR Ca?* uptake kinetics following caffeine induced SR

and refs
depletion under conditions emphasizing the SERCA2a role, that is, in the absence of the
Na*/Ca* exchanger (NCX) function. In particular, through this protocol, we recently
showed?? that voltage-induced SR Ca?* reloading is significantly depressed in STZ
myocytes, a functional readout of the depressed SERCA2a function in this model.

Cells were incubated for at least 30 min with compound 5 at 1 uM, a concentration
not affecting Na*/K* ATPase. Indeed, as shown in Figure 6A, in isolated rat
cardiomyocytes, a detectable inhibition of the Na*/K* ATPase current (Inak) was
observed at concentrations higher than 20 uM (-19.8 + 3.1% at 100 uM, N = 22), likely
for PST3093%.

In STZ myocytes, compound 5 (1 uM) sharply accelerated Ca?* transient (Car) decay
(reducing the Car decay time constant) and increased excitation release (ER) gain at
each pulse of the reloading protocol; Car amplitude was not significantly affected by
the drug (Figure 6B). Comparable results have been obtained with 1 uM PST3093%.

Overall, compound 5 stimulates SR function in diseased myocytes, most likely

through SERCA2a enhancement, within the context of an intact cellular environment.
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Figure 6. Modulation of SR Ca?* uptake under NCX inhibition in V-clamped myocytes from STZ
hearts. (A) Na'/K*ATPase current (/nak) inhibition by compoundS5(n= 22) in rat LV
myocytes; Inak recording at increasing concentrations of compound 5 and finally to ouabain (OUA
as reference) is shown on the left. Data are the mean + SEM. (B) Effect of compound 5 on SR
Ca’* loading in patch-clamped STZ myocytes. SR Ca?* loading by a train of V-clamp pulses was
initiated after caffeine-induced SR depletion; NCX was blocked by Na* substitution to identify
SERCA2a-specific effects (see paragraph 2.6.2 and Figure 2 of Chapter 2); N = 3, ctrl n = 14, with
compound 5,n= 11. Panels from left to right: Caramplitude, ER gain (the ratio between
Car amplitude and Ca?" influx through Ical), and the time constant (t) of Car decay. *p < 0.05 for
the “interaction factor” in RM two-way ANOVA, indicating a different steepness of curves.

4.4.4 In vivo administration of compound 5 is safe and improves STZ-

induced diastolic dysfunction.

Toxicity. Compound 5 was selected to evaluate in vivo effects of the new class. Acute
toxicity (LDso) was preliminarily evaluated in mice following i.v. and oral drug
administration. For i.v. administration, compound 5 had an LDsy of 300 mg/kg; for
comparison, the LDsp of PST3093 and istaroxime was >250%? and 23 mg/kg?,
respectively. Oral toxicity of compound 5 was >800 mg/kg, as compared to >200 and
200 mg/kg for PST3093 and istaroxime, respectively. The main signs of toxicity were
prostration, gasping, and convulsions. No overt signs of acute toxicity were observed in
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the surviving animals. Collectively, the present data indicate low toxicity of compound
5, particularly as compared to i.v. istaroxime. This is likely due to lack of inhibitory
activity on the Na*/K* pump, which also applies to istaroxime after its first-pass
conversion to PST3093 in the case of oral administration.

In vivo hemodynamics. Features of the STZ-induced diabetic cardiomyopathy have

been previously assessed by comparing morphometric, echocardiographic, and cellular
parameters between healthy and STZ-treated rats under urethane anesthesia?’. Echo
measurements in STZ rats indicated primarily an impairment of diastolic function,
evidenced by decreased early filling velocity (E), increased E wave deceleration time
over the E ratio (DT/E), and decreased protodiastolic TDI relaxation velocity (e'). The
systolic function was moderately altered, as shown by larger LV end-systolic diameter
(LVESD), reduced ejection fraction, depressed fractional shortening (FS) and systolic
tissue velocity (s')2.

Compound 5 was i.v. infused in STZ rats at a rate of 0.2 mg/kg/min, and the effects
on echo parameters were investigated at 15 and 30 min of infusion and 10 min after
discontinuation (Figure 7 and Table S2 for all echo parameters). Compound 5 positively
affected transmitral Doppler flow indexes by increasing E and A waves; it shortened the
DT, reduced the DT/E ratio, and increased both protodiastolic (e') and telediastolic (a’)
TDI relaxation velocities. Compound 5 increased CO, without significantly affecting HR
or systolic indexes, such as FS, systolic TDI velocity (s’), or LVESD. Drug effects reached
a plateau at 15 min of infusion; 10 min after discontinuation of the infusion, most echo

indexes affected by the compound returned to the basal level.

134



Chapter 4 — Preclinical development of selective SERCAZ2a activators
RESULTS

* 6 8
&
!OQ IC,Q
HR sV * CcO
400 il 1.2+ 300 — *
. * [+] [ )
3501 o . 1,04 . 260+ °
L]
c 300 * ¢ © *
£ 8o 0.8 °:° * . £ 200 o ange
2204 7 [§ £ E oo .
o ) 0.6 . E 150 H
a J o 2
20018 od p*Y ] e **
-] [ ]
150 ¥, 04_ 1001 °
50 70
A NIRRT A RIRINT Tl TR
N 6 3 & Y Y
N RPN P 6 .,_,Q 2 B S &
P o b P F o & & o; o P
TS TS M
x ® )( x

Figure 7. Effect of compound 5 on in vivo echocardiographic parameters in STZ diabetic rats.
Compound 5was i.v. infused (0.2 mg/kg/min) in rats 8 weeks after STZ treatment.
Echocardiographic parameters were measured before (basal) and at 15 and 30 min during drug
infusion and 10 min after drug interruption under urethane anesthesia. Data are the mean + SEM,;
all the results of echocardiographic indexes are summarized in Table S2; N = 13; *p < 0.05 (one-
way RM ANOVA).

To summarize, in vivo hemodynamic data indicate a specific lusitropic effect of
compound 5 in STZ rats, compatible with rescue of SERCA2a function and largely

comparable to the in vivo effect of the parent drug PST30932%2,
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4.5. DISCUSSION and CONCLUSION

In spite of the intense research targeting the discovery of small molecules or gene
therapy aimed at selectively activating SERCA2a, recognized to be depressed in HF, no
promising clinical outcomes have been reached so far. Therefore, there is still a
compelling medical need for a compound with positive lusitropic activity. In this
context, we successfully developed a new class of derivatives of PST3093 (the long-
lasting metabolite of istaroxime)?? with a selective stimulatory action on SERCA2a but
devoid of inhibitory activity on Na*/K* ATPase. This was achieved by replacing the
metabolically unstable oxime of PST3093 with more stable saturated and unsaturated
carbon-carbon bonds, without altering the molecular geometry. Biological effects of
the new compounds have been investigated by in vitro and in vivo assays.

The in vitro tests on SERCA2a clearly point out that replacing the C=N group of
PST3093 with an alkene C=C, the activity on SERCA2a is partially retained in the case of
E isomers (Figure 3). Indeed, although compound 1 (100 nM), carrying the alkene bond
in the E configuration, reduced SERCA2a K4Ca by 15%, compound 2 with the same bond
in the Z configuration was inactive. However, albeit in the E configuration, compound
3 was less active than compound 1, that is, it showed only a trend to SERCA2a K4Ca
reduction.

For comparison, PST3093 (100 nM) reduced SERCA2a K4Ca by 25% in the same
guinea pig preparation. The fact that compounds with C=C in the E configuration are
active while Z isomers are inactive parallels the observation that the oxime isomer E is
the most active in istaroxime®®. The replacement of oxime with a saturated C-C bond
in C3 in the beta configuration led to compounds 5-12. Compounds 5-8 and 10, in
which the C3 linker is two- and four-carbon atom long, have similar activities.
Compounds 11 and 12 with a six-carbon linker are slightly less active.

Among the compounds with significant SERCA2a stimulatory activity, compounds 5
and 8, had the best balance between potency and efficiency of chemical synthesis;
thus, they were selected as leads for further evaluations. At nanomolar concentrations,
the new compounds enhanced in vitro SERCA2a activity in healthy guinea pig
preparations and in diseased (STZ) rat preparations; furthermore, the stimulatory
effect on SERCA2a depended on the presence of PLN. This pattern is superimposable
on that previously reported for the parent compound PST3093 and suggests that the
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new compounds may also act by partially relieving SERCA2a from PLN-induced
inhibition?2.

SR Ca?* uptake function in diseased (STZ) myocytes was stimulated by compound 5
at a concentration not affecting Na*/K* ATPase. According to the protocol specificity,
this effect is surely attributable to SERCA2a stimulation under conditions of depressed
function (STZ-induced SERCA2a downregulation). The parent compound PST3093 also
in this case shows similar effects®’.

In vivo studies investigated the effects of compound 5 on cardiac function in STZ
diabetic rats, a disease model characterized by diastolic dysfunction, as assessed by
echocardiography?2. Compound 5 i.v. infusion at a single dose improved diastolic echo
indexes and, because of a small increase in the heart rate, cardiac output; however, it
did not affect systolic function significantly (Table S2). Although improvement of
diastolic indexes mimics the effect of the parent compound, PST3093 also improved
systolic indexes?2,

Similar to compound 5, PST3093 does not inhibit the Na*/K* pump; therefore, the
reason for this difference remains to be verified.

Evaluation of in vivo acute toxicity after i.v. administration yielded an LDso of
compound 5 comparable to that of PST3093 whereas the oral one was higher,
indicating a lower toxicity. The difference between i.v. and oral toxicity may result from
the absence of enteric transit/absorption and first-pass hepatic metabolism, which
characterize the former administration route. The remarkable reduction of istaroxime
toxicity when orally administered can be accounted for by its fast conversion to
PST3093, missing Na*/K* pump inhibition.

Overall, the new PST3093 derivatives provide a tool for pharmacological
enhancement of SERCA2a function, leading to improvement of in vivo diastolic
function. With respect to PST3093, its derivatives are devoid of the oxime function and
thus suitable for chronic usage and have a lower acute oral toxicity. They further differ
from istaroxime, the progenitor of “PLN antagonists” already tested for clinical use
because of lack of Na*/K* pump inhibition. Considering the proarrhythmic potential of
the latter, this may represent a substantial advantage in terms of safety; nonetheless,
at variance with istaroxime, the new compounds should be seen as purely “lusitropic”
agents, that is, devoid of “inotropic” effects beyond that expected from systo-diastolic

coupling.
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4.9. SUPPORTING INFORMATION

Complete information regarding the synthesis and the experimental spectra of the

compounds are reported in the online supplemental materials.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9150102/

4.9.1 HPLC analysis

Column: InfinityLab Poroshell 120 EC- C18; 2.7 um, 3.0 x 150 mm. Flow rate: 0.8 mL/min.
Detection:292 nm.

Mobile phase Start End
H,0+0.01 HCOOH 95% 5%
ACN+0,01 HCOOH 5% 95%
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Table S1. Effect of compounds 5 and 8 on SERCA2a activity in cardiac SR homogenates from
healthy rats. Data are expressed as mean + SEM, N = number of experiments.

SERCA2a
KdCa (nM) Vmax (Mmol/min/mg)
Cpd Concenn'\t/lratlo N control Cpd control Cpd
100 221+24 0,371 £ 0,021
6 224 + 25 0,379 £ 0,023
300 221+21 0,384 +0,023
5
500 220+ 24 0,374 £ 0,031
6 208 + 30 0,370 +0,023
1000 219+ 32 0,377 £ 0,029
100 214 + 17 0,344 + 0,038
5 231+18 0,364 +0,025
300 210+ 13 0,366 + 0,027
8
500 260+ 35 0,313 £ 0,028
5 282 +29 0,314 +0,021
1000 273+ 32 0,320 + 0,020
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Table S2. Effect of compound 5 on echocardiographic and tissue Doppler parameters in STZ rats
after intravenous infusion at the dose of 0.2 mg/kg/min. Echo parameters were measured at 15
and 30 min after infusion start and 10 min after drug interruption under urethane anesthesia.
Data are mean + SEM. *p<0.05 vs basal (one-way ANOVA for repeated measurements).

STZ
basal after 15 min | after 30 min | after 10 min
Cpd5 Cpd 5 stop
IVSTd, mm 1,68+0,09 | 1,81+0,08 1,71+0,1 1,68 £ 0,07
PWTd, mm 1,22+0,07 1,16+0,07 1,22+0,07 1,17 £ 0,07
Morphometric | LVEDD, mm | 6,73+0,15 | 6,86%0,17 6,94+0,15 6,84 + 0,17
parameters IVSTs, mm 2,31+0,14 | 2,34+0,10 2,565+0,13 2,55+0,10
PWTs, mm 2,5+0,09 2,59+0,09 2,53+0,10 2,42 +£0,10
LVESD, mm | 2,84+0,17 | 2,87+0,18 2,73+0,18 2,64 +0,17
FS, % 57,9+2,01 | 58,1+2,38 60,7+2,31 61,3+2,05
Systolic
y . s', mm/s 21,3+0,59 | 22,4+0,86 21,8+0,78 20,6+0,53
function
EF, % 90,85+1,25 | 90,68+1,4 92,19+1,18 | 92,66+1,05
E, mm/s 0,78+0,031 | 0,88+0,04* 0,91+0,05* | 0,78+0,03
A, mm/s 0,55+0,034 | 0,65+0,04* 0,69+0,032* | 0,58+0,02
E/A 1,46+0,10 | 1,36+0,05 1,34+0,06 1,37+0,06
DT, ms 53,8+2,72 | 42,46+2,83* | 42,15+2,74* | 52,4+4,36
Diastoli DT/E, s2/mm | 71,4+5,31 49,52+3,44* 48,51+4,56* | 68,2+6,13
iastolic
. E/DT, m/s2 15,14+1,4 | 21,49+1,61* | 23,18+2,32* | 16,5+1,78
function
e', mm/s 20,38+0,64 | 23,33+0,73* | 24,24+0,65* | 19,4+0,60
a', mm/s 22,99+1,57 | 29,13+1,82* | 28,94+1,47* | 26,22+1,31*
e'/a’ 0,95+0,09 | 0,84+0,07 0,86+0,05 0,76+0,047*
Ele’ 38,03+0,99 | 37,49+1,2 37,45+1,24 | 40,22+0,82
HR, bpm 241+13 268+15 252+14 228+10
Overall cardiac
. SV, ml 0,64+0,04 | 0,68+0,05 0,71+0,04 0,68+0,05
function
CO, ml/min 151,548,13 | 177,2+11,27* | 175,15+9,4* | 153,2+10,67
N 13
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5.1. ABSTRACT

The pathological features of diastolic dysfunction in heart failure (HF) are strongly
associated with sarcoplasmic reticulum (SR) Ca* ATPase (SERCA2a) depression,
suggesting that SERCA2a is an interesting therapeutic target. Istaroxime is an ino-
lusitropic drug that combines the ability to inhibit the Na*/K* ATPase and stimulate
SERCA2a activity in failing animal models and in patients with acute HF. Novel SERCA2a
activators have been synthetized as PST3093 derivatives, the main metabolite of
istaroxime showing a more favourable pharmacokinetic profile than the parent drug.
PST3093 and its derivatives are selective SERCA2a stimulators. Compound 8 was
selected and here furtherly characterized to be a promising drug candidate for oral
(chronic) HF therapy. Effects were evaluated in a context of SERCA2a depression, by
using streptozotocin (STZ)-treated rats, a well-known model of diastolic dysfunction.
The impact of SERCA2a stimulation by compound 8 was assessed both at the cellular
level ad in vivo following i.v. infusion (acute effects) or oral administration (chronic
effects). Stimulating SERCA2a, compound 8 induced SR Ca?* compartmentalization at
resting in STZ myocytes. Echocardiographic analysis during i.v. infusion and especially
after oral treatment with single or repeated doses of compound 8, showed STZ-induced
diastolic dysfunction improvement. Moreover, compound 8 did not affect electrical
activity of healthy guinea pig myocytes, in line with the absence of off-target effects.
Finally, compound 8 was well tolerated in mice with no evidence of acute toxicity.

Overall, the pharmacological evaluation of compound 8 indicates that it is a safe and

selective SERCA2a stimulator and a favourable drug candidate for chronic HF therapy.
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5.2. GRAPHICAL ABSTRACT
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5.3. INTRODUCTION

Heart failure (HF) has become a global public health burden which affects people
worldwide with increasing in prevalence and high hospitalization and mortality rate.
The limited efficacy and the long-term safety concerns of the existing therapy of HF
indicate that there is still a critical medical need for the development of drugs that may
improve patient outcomes, without increasing untoward effects, including arrythmias,
and the mortality risk?.

Pathological features of HF refer to the inability of the failing heart to accomplish
the systolic and diastolic function with diminished contraction and relaxation activity.
The abnormality in cardiac compliance is strongly influenced by Ca% fluxes.
Sarcoplasmic reticulum (SR) SERCA2a ATPase is an enzyme involved in Ca?*
homeostasis, a fundamental process in the myocardial contraction-relaxation cycle.
The specific inhibition of SERCA2a transport activity, or a reduction in its expression,
causes changes in contractile function, whereas SERCA2a administration via the
lentiviral vector improves contraction in damaged cardiac tissues?. This suggests that
SERCAZ2a is one of the most important pathophysiological substrates for HF and makes
it a particularly interesting therapeutic target. Several SERCA2a activators as
therapeutic approach to HF have been explored, however no beneficial agent
successfully reached the clinic.

Istaroxime is an innovative and unique ino-lusitropic drug that combines the ability
to inhibit the Na*/K* ATPase and stimulate SERCA2a activity, resulting in improvement
of the failing heart function®**. SERCA2a stimulation by istaroxime is dependent on the
relief of phospholamban (PLN) inhibitory effect on SERCA2a, without inducing
spontaneous Ca2+ release from the SR®. In healthy and failing animal models and in
patients with acute heart failure syndrome (Phase Ilb clinical trials), istaroxime
improves the systolic and diastolic performance and the efficiency of cardiac
contraction with a low oxygen consumption, minimizing the risk of arrhythmias and
ischemia®®. Although endowed of an excellent pharmacodynamic profile,
pharmacokinetic studies have indicated that istaroxime has a short plasma half-life
(less than 1h)®, its plasma levels decrease quickly after drug infusion interruption due
to its extensive metabolization to a long-lasting metabolite, PST3093°. PST3093 retains

the ability to stimulate SERCA2a, it does not inhibit Na*/K* ATPase® and may participate
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to istaroxime beneficial effects on cardiac relaxation-contraction coupling, as shown in
pre-clinical settings!®. However, istaroxime extensive metabolization and its weak
gastrointestinal absorption limit the chronic use of the compound.

This let us to approach a rational design for novel SERCA2a activators as PST3093
derivatives, devoid of inhibitory activity on Na*/K* ATPase, orally absorbed and thus

suitable for a chronic treatment!

.Among the developed PST3093 derivates, compound
8 was one of the two selected compounds furtherly characterized through in vitro
assays, reporting its ability to recover streptozotocin (STZ)-induced SERCA2a activity
depression in a PLN-dependent manner, analogously to its parent compound
PST3093!. We present here the further pharmacological evaluation of compound 8
that proves to be a safe and selective SERCA2a stimulator and a favourable drug

candidate for oral HF therapy.
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5.4. RESULTS

5.4.1 Chemical structure of compound 8

The chemical structure of compound 8 is shown in Figure 1A in comparison to that
of PST3093 and istaroxime; the chemical synthesis of compound 8 has been extensively
described elsewhere!', Compound 8 is a novel PST3093 derivative with a saturated
bond in position 3 which ensures a greater metabolic stability compared to the
progenitor molecules. In compound 8, the length of the C3 linker is reduced to 2 carbon

atoms and the hydroxyl group in C6 is in the a-configuration®®.

5.4.2 Compound 8 is a selective SERCA2a activator

Compound 8 has been previously characterized!! for its stimulatory action on
SERCA2a activity at nanomolar concentration and its null effect on purified renal Na*/K*
ATPase up to 10* M, similarly to its parent compound PST3093°. Here, we further
characterized compound 8 in isolated cardiomyocytes to highlight its SERCA2a
stimulatory action in a physiological whole cell context.

Measurements of Na*/K* ATPase current (Inak) in V-clamped rat ventricular myocytes
confirmed the low affinity of compound 8 for the Na*/K* pump, similarly to its parent
compound PST3093 (Figure 1B). Indeed, at the limit concentration for solubility (100
uM), the effect of compound 8 (-21.8 + 2%) was in the same range of PST3093 (-9.2 +
1.1%)°, quite different from istaroxime effect in the same experimental settings
(estimated ICso 32 + 4 uM,?). According to this finding, measurements in isolated
myocytes to analyse effects on SERCA2a were performed by testing compound 8 at 1
KM,
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Figure 1. A) Chemical structures of compound 8 in comparison to istaroxime and its metabolite,
PST3093. B) Concentration-response curve for Inak inhibition by compound 8 (N=3, n=21), in
comparison to PST3093 and istaroxime (modified from °) in rat LV myocytes; Inak recording under
increasing concentration of compound 8 and finally ouabain (OUA as reference) is shown on the
right. Data are the mean + SEM.

STZ-induced diabetes was selected as a pathological model because of its
association with reduced SERCA2a function!? and relevance to diastolic dysfunction®3.
A comprehensive in vivo and in vitro analysis of STZ model was performed in previous
studies of our group®!+12,

To functional evaluate compound 8 effects on SERCA2a activity, we measured the
SR ability to accumulate resting Ca?* through a post-rest potentiation protocol in
control (healthy) and STZ myocytes (see paragraph 2.6.2 and Figure 1 of Chapter 2). As
shown in Figure 2A-B, following increasing resting pauses, the amplitude of the 1°* Car
increased progressively in healthy myocytes; according to STZ-induced SERCA2a down-
regulation??, post-rest potentiation was reduced in STZ myocytes at all resting intervals.
Compound 8 (1 uM) failed to affect post-rest potentiation in healthy myocytes, while
it restored the ability of SR to accumulate Ca%* in STZ myocytes, in agreement with its

stimulatory action on SERCA2a. Accordingly, in STZ myocytes resting Ca?* (Carest)
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increased and compound 8 fully restored it to control values. ssCar amplitude was not
significantly affected by STZ and compound 8, while ssCar decay kinetic was slower in
STZ myocytes in comparison to control myocytes and compound 8 failed to restore it
(Figure 2C). Similar findings were observed with the parent compound PST3093 in the
same experimental setting®. Moreover, SR Ca?* content (Casz) was evaluated by
measuring caffeine-induced Car amplitude evocated 0.5s and 20s following voltage
pacing train in the same cell (Figure 2D-E). While, as expected in healthy myocytes Casg
increased as the pause increased, in STZ myocytes this finding was severely blunted
according to SR function depression. In STZ myocytes, compound 8 stimulating
SERCA2a restored Casg pause-dependency to control level. Taken together, these
results suggest that compound 8 improved Ca?* sequestration into the SR during the

post-train quiescence period, particularly in conditions of SERCA2a depression.
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Figure 2. Modulation of SR Ca?" uptake at resting in field stimulated STZ myocytes. A) Post-rest
potentiation protocol in Fluo4 field stimulated (2 Hz) myocytes: steady state Ca®* transients
(ssCar) and superimposed first Ca®* transients (1° Car) following increasing resting pause (1-5-10-
20 s) are reported in Healthy and STZ myocytes, with or w/o 1 uM compound 8. Traces were
normalized to own diastolic Ca?* level (dotted line). B) Analysis of the 1%t Car amplitude
normalized to the amplitude of the pre-pause ssCat and its pause dependency; healthy N=3 (n=34
w/o compound 8, n=38 with compound 8), STZ N=3 (n=31 w/o compound 8, n=32 with
compound 8). *p<0.05 for the “interaction factor” in RM two-way ANOVA, indicating a different
steepness of curves. C) Statistics for Carest, ssCar amplitude and ssCat half decay time (ti2);
healthy N=3 (n=28 w/o compound 8, n=35 with compound 8), STZ N=3 (n=24 w/o compound 8,
n=28 with compound 8). *p<0.05 (one way ANOVA plus post-hoc Tukey’s multiple comparison).
D) Caffeine-induced Cat evocated (Casg) in field stimulated Healthy and STZ myocytes with or w/o
1 uM compound 8 following 0.5s (in grey) or 20s (in black) resting pause. E) Statistics for
CaSRa20s/CaSRoss; healthy N=3 (n=28 w/o compound 8, n=35 with compound 8), STZ N=3 (n=23
w/o compound 8, n=28 with compound 8). *p<0.05 (one way ANOVA plus post-hoc Tukey’s
multiple comparison).

To assess SR Ca®* uptake under conditions emphasizing SERCA2a role (NCX
inhibition), compound 8 effects were analysed under V-clamp by using the “SR loading”
protocol (see paragraph 2.6.2 and Figure 2 of Chapter 2). As previously shown?®, this
protocol allows functional evaluation of SERCA2a downregulation in failing myocytes;
in particular, in STZ myocytes, as compared to healthy ones, SR reloading was
significantly depressed (both in terms of Car amplitude and ER gain) and Car decay was
slower at all time-points during reloading®. Here we tested compound 8 (1 uM) effects
in STZ myocytes (Figure 3). Compound 8 sharply accelerated Car decay, Car amplitude
and ER-gain, restoring the profile observed in healthy myocytes®. Comparable results
have been obtained by istaroxime at a concentration marginally affecting Na*/K*
ATPase®?, by its metabolite PST3093° and another PST3093 derivative (compound 5 in
11).

Overall, these results are in accordance with the data observed in the cell-free
system?!, Compound 8, as its parent compounds, restored SR function in diseased
myocytes, i.e. the context of the pathological cellular environment, most likely through
SERCA2a enhancement, and are suggestive of a selective ability of the compound to

stimulate SERCA2a activity.
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Figure 3. Modulation of SR Ca?* uptake under NCX inhibition in V-clamped myocytes STZ
myocytes. SR Ca?* loading by a train of V-clamped pulses was initiated after caffeine-induced SR
depletion; NCX was blocked by Na* substitution to identify SERCA2a-specific effects (see
paragraph 2.6.2 of Chapter 2); myocyte from STZ w/o compound 8 are compared. Panels from
left to right: Car amplitude, Exitation-Release (ER) gain (the ratio between Car amplitude and Ca%*
influx through Icat), time constant (t) of Car decay; STZ N=3 (n=18 w/o compound 8, n=23 with
compound 8). *p<0.05 for the “interaction factor” in RM two-way ANOVA, indicating a different
steepness of curves.

5.4.3 Compound 8 does not affect electrical activity in healthy myocytes

To assess the electrophysiological safety of compound 8, its effects on AP of LV
myocytes were investigated. Guinea pig myocytes were used because their AP is closer
to the human one. Compound 8, tested at the concentration of 1 uM, did not induce
changes of AP parameters (APDoo, Ediast, dV/dtmax) (Figure 4A). Notably, also APD rate-
dependency at steady-state and the kinetics of APD adaptation following a step change
in rate, were unaffected by the agent (Figure 4B). STV of APDsy, a reporter of
repolarization stability, was also unaffected by compound 8 at all pacing rates (Figure
4C). Similar results were also obtained with compound 8 at lower concentrations (data

not shown).
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Figure 4. Modulation of electrical activity in healthy guinea pig myocytes. The effect of 1 uM
compound 8 was tested on action potential (AP) parameters and their steady-state rate
dependency in guinea pig myocytes. A) Effect on the rate dependency of AP duration (APDso and
APDso), diastolic potential (Egiast) and maximal phase 0 velocity (dV/dtmax); (n=13 w/o compound
8, n=11 with compound 8. B) Effect on the time constant (t) of APDso adaptation following a step
change in rate. 4Hz: n=9 w/o compound 8, n=10 with compound 8; 2 Hz: n=11 with or w/o
compound 8. C) Effect on the correlation between STV of APDgo and APDgo values on the right;
data from 1, 2 and 4 Hz were pooled. *p<0.05 for the “interaction factor” of RM two-way ANOVA.

5.4.4 Off-target effects

Off-target effects of compound 8 were analysed at 10 uM. Molecular targets other
than SERCA2a (50 items), including membrane receptors, key enzymes, ion channels
and transporters, are shown in Table S1. None among the 50 items met criteria for
significance of interaction. Thus, at least for the ligands shown in Table S1, no off-target
action of compound 8 is expected. Similar findings were observed with the parent
compound PST3093°.
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5.4.5 Invivo acute toxicity

Compound 8 acute toxicity was preliminarily evaluated in CD1 mice following i.v.
and oral administration. The compound was well tolerated and did not cause death up
to 300 mg/kg after i.v. administration, similarly to PST3093°. For comparison,
istaroxime LDso following i.v. infusion was 23 mg/kg®. Oral acute toxicity of compound
8 was higher than 700 mg/kg, the highest tested dose. As previously reported??,
PST3093 and istaroxime oral toxicities were higher than compound 8 (>200 mg/kg and
200 mg/kg respectively), underlying the suitable profile of compound 8 for chronic oral

treatment.

5.4.6 Hemodynamic studies in STZ diabetic rats

The effect of compound 8 on echocardiographic indexes in the STZ cardiomyopathic
rat model was assessed after i.v. infusion or oral administration.

For the first experimental setting (i.v. infusion), the evaluation was done under
urethane anaesthesia and previous published echocardiographic data in healthy and
diseased rats® were considered as reference for the model alterations. In comparison
to healthy controls, STZ rats showed an impairment of diastolic function, with
decreased early filling velocity (E), increased deceleration time (DT) and E wave
deceleration time over E ratio (DT/E), decreased TDI relaxation velocity (e’), and systolic
function, with decreased fractional shortening (FS), ejection fraction (EF) and TDI
contraction velocity (s’); stroke volume (SV) and cardiac output (CO) were similar

between STZ and healthy rats while heart rate (HR) was significantly reduced in STZ®.

5.4.6.1 i.v. administration

Compound 8 was i.v. infused in STZ rats at the rate of 0.2 mg/kg/min and the effects
on echocardiographic parameters were investigated at 15 and 30 min of infusion under
urethane anaesthesia. The echo measurement was additionally evaluated 10 min after
drug infusion discontinuation to establish whether the effects induced by the
compound during infusion were reversible (Figure 5, Figure S1). Compound 8 positively

affected transmitral Doppler flow indexes by increasing A wave, leading to a decreased
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E/A ratio (Figure S1); the compound shortened the DT, reduced the DT/E ratio,
enhanced the TDI relaxation velocity e’ and increased LVEDD. The compound improved
SV and CO, without affecting HR or systolic indexes, such as FS, systolic TDI velocity (s’)
and LVESD. Drug effects reached a plateau at 15 min of infusion; 10 min after infusion
discontinuation, most echo indexes affected by the compound reverted to the basal
level, except for LVEDD and SV that remained significantly increased over basal

condition.
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5.4.6.2 Oral administration

For the oral administration protocol, STZ rats were subjected to single or repeated
doses of compound 8 or saline, and urethane anaesthesia was substituted with
ketamine/pentobarbital to permit the recovery of the animals after each experimental
echocardiographic session. Compound 8 was orally administered at 40 and 80 mg/kg in
STZ rats for 1 or 4 once daily doses and a control group of STZ rats received vehicle only
(saline group) (Figure 6, Figure S2). Each echo parameter measured following 1 (day 5)
and 4 (day 8) doses of drug (or saline) treatment was normalized to its basal value (day
1) to better highlight dose-dependent or cumulative drug effects. Absolute values of
each echo parameter are shown in Table S2.

Saline group of STZ rats showed time dependent E wave and e’ relaxation velocity
reduction at day 8 vs day 1; the other echo indexes remained constant during the entire
protocol.

When compared to the saline group, echo parameters following 1 single oral dose
(40 mg/kg) of compound 8 were not significantly affected by the drug, excepting the
drug-induced e’ relaxation velocity enhancement; however, following 4 once daily oral
40 mg/kg administrations, compound 8 ameliorated several diastolic parameters, by
increasing E and A waves, e’ and a’ relaxation velocities and decreasing DT/E ratio; on
the other hand, DT (Figure 6), E/A, €’/a’ and E/e’ ratios (Figure S2) were not significantly
affected. Compound 8 at 40 mg/kg did not affect systolic parameters, such as FS, SV
and EF, while s’ was slightly increased after 4 doses of compound 8 (Figure 6). Increasing
in CO was mainly dependent on HR enhancement (Figure 6).

In comparison to the saline group, compound 8, administered in STZ rats at higher
dose (80 mg/kg) significantly affected several diastolic indexes following 1 single oral
dose. Indeed, it increased E and A waves, reducing the DT/E ratio, and it enhanced the
e’ and a’ TDI relaxation velocity (Figure 6). Similar effects were observed after 4 once
daily oral administrations at 80 mg/kg; moreover, compound 8 furtherly ameliorated
diastolic function by significantly reducing DT (Figure 6). Effects on systolic parameters
and on global cardiac function (HR, SV and CO parameters) were comparable but more

pronounced to those observed at the lower dose of compound.
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Overall, chronic effects of compound 8 after oral treatment in STZ rats were
comparable to those observed following acute i.v. infusion, they were dose-dependent
after 1 single oral dose of compound, and they were indicative of a specific lusitropic
action of the compound due to SERCA2a function rescue. Systolic function was
marginally affected by the compound, probably due to the lack of inhibitory activity on
the Na*/K* pump.
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5.5. DISCUSSION

The present study summarizes the preclinical data related to compound 8, a
derivate of istaroxime long-lasting metabolite PST3093, that has been previously
selected by an in vitro screening, showing its ability to activate cardiac SERCA2a, being
deprived of inhibitory activity on Na*/K* ATPase'. The preclinical profile of compound
8 indicates that it has a low acute toxicity, it is highly selective, and it is active in isolated
myocytes and in vivo in ameliorating STZ-induced cardiac function abnormalities after
i.v. and oral treatment. Thus, compound 8 can be considered an example of a small
molecule acting as a “pure” SERCA2a activator, suitable for chronic HF therapy.

Reliable data on compound 8 have been provided by using independent
methodologies indicating that the compound displays a specific molecular mechanism
as suggested by previous data in cell free systems!! and in this study at the cellular and
in vivo levels.

As previously shown?!, differently from istaroxime, compound 8 is devoid of any
inhibitory activity on Na*/K* ATPase while it is endowed of a selective SERCA2a
stimulatory activity that occurs at nanomolar concentrations in cardiac preparations
from normal guinea pig and diabetic (STZ) rats with impaired SERCA2a function. As
shown for istaroxime® and PST3093% compound 8 stimulatory activity of SERCA2a is
dependent on the presence of PLN, whose inhibitory activity on SERCA2a is dose-
dependently relieved by the compound*Z.

Studies in isolated myocytes (Figures 2-3) confirmed the ability of the compound to
compartmentalize Ca% in the SR at resting by stimulating SERCA2a, in line with previous
studies of our®!112, Effects were evident especially in myocytes isolated from STZ rats,
characterized by cardiac SERCA2a down-regulation®'?, suggesting that stimulation of
SERCA2a function is easily detected whenever its “reserve” is diminished. SR Ca%
compartmentalization has potential long-term effects on energetic efficiency and
biology of cardiac myocytes!#; thus, a pure SERCA2a activator might exert substantial
antiarrhythmic effects, at least under the common conditions characterized by SR
instability (e.g. HF). Indeed, an increase in SERCA2a activity may exert an antiarrhythmic
effect due to the inhibition of Ca* waves®™. Further studies focused on this are
necessary to better characterize potential antiarrhythmic effects of SERCA2a

stimulators.
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The main goal of this study was to evaluate chronic in vivo effects of compound 8
after oral administration in a failing cardiac model. All in vivo data available in literature

6810 its metabolite

are suggestive of the high therapeutic potential of istaroxime
PST3093° and PST3093 derivatives!, but this is the first study evaluating chronic effects
of one of these follow-on compounds through its oral administration in the STZ model.
STZ rats were chosen because of their well-known diastolic dysfunction.
Echocardiographic parameters were evaluated at two dosages of compound 8 and after
1 or 4 daily doses to evaluate potential dose-dependent effects and to indirectly
explore its pharmacokinetic in rats. Pharmacokinetics of compound 8 are still unknown,
but it is hopeful that its plasma half-life should be comparable to that of its parent
compound PST3093°. PST3093 showed a plasma half-life of about 9 hours in humans,
substantially longer than that of istaroxime (less than 1 hour)®. Even though species-
specific differences cannot be ruled out, results obtained in the present study using the
lower dosage (40 mg/kg) of compound 8 are indicative of a long plasma half-life of
compound 8 in rats. Indeed, cumulative effects were detected following 4 once-daily
doses at 40 mg/kg (Figure 6). The two dosages (40 and 80 mg/kg) were chosen
accordingly to the absence of in vivo acute toxicity up to 700 mg/kg in mice.

Overall, compound 8 improved diastolic relaxation in STZ rats after 60 min gavage
at 40 and 80 mg/kg, as 1 or 4 repeated once-daily doses versus control group receiving
vehicle only. This was particularly evident after 4 oral doses at 40 mg/kg and even 1
oral dose at 80 mg/kg. Similar results on diastolic indexes were obtained following
acute i.v. injection of compound 8 in STZ rats, thus strengthening the potency of
compound 8 in ameliorating diastolic function in diseased condition.

At any dose (oral ori.v. administration), compound 8 failed to affect systolic indexes,
except for the s’ enhancement following 4 doses (at 40 or 80 mg/kg). The absence of a
clear inotropic effect of compound 8 is probably due to the lack of Na*/K* ATPase
blockade. Similar results have been obtained with i.v. infusion with another PST3093
derivative!l. However, the parent compound PST3093 showed either lusitropic and
inotropic effects when i.v. administrated in vivo in STZ rats®. These differences might
depend on differences in the progressive pathogenesis of the diabetic cardiomyopathy,
starting with diastolic dysfunction (HF with preserved EF, HFpEF) that generally evolves
in symptomatic systolic dysfunction (HF with reduced EF, HFrEF). Thus, it is reasonable

that these compounds are able to ameliorate STZ-induced diastolic and even systolic
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abnormalities when they are present. Using other HF models (i.e pressure overload HF
models) with a clear systolic dysfunction might better clarify the inotropic action of
SERCA2a stimulation.

Following 4 doses of 40 mg/kg or 1 single dose of 80 mg/kg compound 8 orally
administrated, CO increased mainly as a consequence of HR enhancement. However,
following i.v. infusion HR left unchanged, while SV and CO increased, similarly to
PST3093 after i.v. infusion®. Differences related to different routes of administration
are likely and they might suggest the presence of different compensatory mechanisms.
Further studies are necessary to clarify this point.

In summary, the specific lusitropic effect of compound 8 in STZ rats detected after
i.v. infusion and oral administration may be ascribed to the stimulation of SERCA2a that
is downregulated in this model. The present data may be relevant in the clinical setting
even though the pathophysiological differences between the STZ rats and the patients
with acute HF have to be considered. In the STZ animal model, marked changes in body
fluids, sympathetic nervous system, and HR, may per se affect echocardiographic
parameters, independently from the changes in cellular Ca?* handling and decrease of
SERCA2a activity'’. Therefore, the similarities between rats and humans may be
considered as having the same underlying mechanism that is the stimulation of

SERCAZ2a activity by compound 8.

5.5.1 Study limitations

A limitation of the present study is the influence of different anaesthesia (urethane
for i.v. infusion versus ketamine/pentobarbital for oral administration) on
echocardiography parameters measured in STZ rats. The confounding effect of
anaesthesia on profiles of heart function in STZ rats must be taken into consideration

when commenting on the specific effects of the treatment with compound 8.
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Table S1. Effect of compound 8 (10 uM) on a panel of molecular targets (Eurofins, Taiwan). Data
are reported as A% effect (inhibition or activation).

Cat # Assay hame Batch Species de(i;;fect
107480 ATPase, Ca%*, skeletal muscle 438642 pig -1
118040 CYP450, 19 438644 human 0
124010 HMG-CoA Reductase 438610 human -4
140010 Monoamine Oxidase MAO-A 438645 human 1
140120 Monoamine Oxidase MAO-B 438647 human -2
143000 Nitric Oxide Synthase, Endothelial (eNOS) 438568 bovine 2
107300 Peptidase, Angiotensin Converting Enzyme 438641 rabbit 7
164610 Peptidase, Renin 438648 human 7
152000 Phosphodiesterase PDE3 438611 human -25
171601 Protein Tyrosine Kinase, ABL1 438612 human 13
176810 Protein Tyrosine Kinase, Src 438613 human 2
200510 Adenosine Al 438614 human -1
200610 Adenosine A2A 438614 human -1
203100 Adrenergic alA 438615 rat 5
203200 Adrenergic alB 438615 rat 6
203630 Adrenergic a2A 438616 human -2
204010 Adrenergic 1 438652 human 2
204110 Adrenergic B2 438571 human -6
204600 Aldosterone 438617 rat -3
206000 Androgen (Testosterone) 438618 human 6
210030 Angiotensin AT1 438653 human 1
210120 Angiotensin AT2 438653 human -6
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214600 Calcium Channel L-type, Dihydropyridine 438620 rat -20
219500 Dopamine D1 438660 human 13

219700 Dopamine D2s 439024 human -4
219800 Dopamine D3 438660 human 0
226010 Estrogen ERa 438622 human -3
226050 Estrogen ERPB 438622 hum -6
226600 GABA,, Flunitrazepam, Central 438624 rat 1
226500 GABA,, Muscimol, Central 438623 rat 2
232030 Glucocorticoid 438626 human -9
233000 Glutamate, NMDA, Phencyclidine 438627 rat -7
239610 Histamine H1 438628 human 12

241000 Imidazoline 12, Central 438629 rat 1
243000 Insulin 438654 rat 4
252710 Muscarinic M2 438621 human -20
252810 Muscarinic M3 438661 human -6
253010 Muscarinic M5 438661 human 0
258730 Nicotinic Acetylcholine o334 438656 human -3
260410 Opiate p (OP3, MOP) 438616 human 11
264500 Phorbol Ester 438624 mouse -7
265600 Potassium Channel (Katp) 438632 hamster -11
265900 Potassium Channel hERG 438633 human 0
299005 Progesterone PR-B 438638 human 1
270300 Ryanodine RyR3 438634 rat -10
271010 Serotonin (.S—Hydroxytryptamine) 5-HT1, 438668 rat 12

non-selective
299007 Sigma 02 438662 human 4
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278110 Sigma ol 438636 human 2
279510 Sodium Channel, Site 2 438637 rat -5
204410 Transporter, Norepinephrine (NET) 438597 human -4
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Structural and Electrophysiological
Changes in a Model of Cardiotoxicity
Induced by Anthracycline Combined
With Trastuzumab

Claudia Altomare™, Alessandra Maria Lodrini??, Giuseppina Milano#,

Vanessa Biemmi?, Edoardo Lazzarini?, Sara Bolis'3, Nicolo Pernigoni?, Eleonora Torre?,
Martina Arici?, Mara Ferrandi®, Lucio Barile®%7, Marcella Rocchetti?t and

Giuseppe Vassalli'68*t

" Laboratory of Cellular and Molecular Cardiology, Cardiocentro Ticino Foundation, Lugano, Switzerland, ? Department

of Biotechnology and Biosciences, Universita degli Studi di Milano — Bicocca, Milan, ltaly, ° Laboratory for Cardiovascular
Theranostics, Cardiocentro Ticino Foundation, Lugano, Switzerland, * Laboratory of Cardiovascular Research, Lausanne
University Hospital, Lausanne, Switzerland, ° Windtree Therapeutics Inc., Warrington, PA, United States, ° Faculty

of Biomedical Sciences, Universita della Svizzera italiana, Lugano, Switzerland,  Institute of Life Science, Scuola Superiore
Sant’Anna, Pisa, ltaly, ¢ Center for Molecular Cardiology, University of Zurich, Zurich, Switzerland

Background: Combined treatment with anthracyclines (e.g., doxorubicin; Dox) and
trastuzumab (Trz), a humanized anti-human epidermal growth factor receptor 2 (HERZ2;
ErbB2) antibody, in patients with HER2-positive cancer is limited by cardiotoxicity, as
manifested by contractile dysfunction and arrhythmia. The respective roles of the two
agents in the cardiotoxicity of the combined therapy are incompletely understood.

Objective: To assess cardiac performance, T-tubule organization, electrophysiological
changes and intracellular Ca?* handling in cardiac myocytes (CMs) using an in vivo rat
model of Dox/Trz-related cardiotoxicity.

Methods and Results: Adult rats received 6 doses of either Dox or Trz, or the two
agents sequentially. Dox-mediated left ventricular (LV) dysfunction was aggravated by
Trz administration. Dox treatment, but not Trz, induced T-tubule disarray. Moreover,
Dox, but not Trz monotherapy, induced prolonged action potential duration (APD),
increased incidence of delayed afterdepolarizations (DADs) and beat-to-beat variability
of repolarization (BVR), and slower Ca2* transient decay. Although APD, DADs, BVR
and Ca?™ transient decay recovered over time after the cessation of Dox treatment,
subsequent Trz administration exacerbated these abnormalities. Trz, but not Dox,
reduced Ca®* transient amplitude and SR Ca®* content, although only Dox treatment
was associated with SERCA downregulation. Finally, Dox treatment increased Ca?™*
spark frequency, resting Ca2t waves, sarcoplasmic reticulum (SR) Ca2t leak, and
long-lasting Ca?* release events (so-called Ca2t “embers”), partially reproduced by
Trz treatment.

Conclusion: These results suggest that in vivo Dox but not Trz administration causes
T-tubule disarray and pronounced changes in electrical activity of CMs. While adaptive
changes may account for normal AP shape and reduced DADs late after Dox
administration, subsequent Trz administration interferes with such adaptive changes.
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Intracellular Ca* handling was differently affected by Dox and Trz treatment, leading to
SR instability in both cases. These findings illustrate the specific roles of Dox and Trz,
and their interactions in cardiotoxicity and arrhythmogenicity.

Keywords: doxorubicin, trastuzumab, cardiotoxicity, T-tubules, electrophysiology, calcium handling

INTRODUCTION

Anthracyclines (e.g., doxorubicin; Dox) are among the most
efficient and frequently used chemotherapeutic agents,
being prescribed to more than 40% of women with breast
cancer (Giordano et al, 2012). Following anthracyclines and
cyclophosphamide treatment, the human epidermal growth
factor receptor 2 (HER2; ErbB2)/neu inhibitor trastuzumab
(Trz), in combination with paclitaxel, improves outcomes in
women with surgically removed HER2-positive breast cancer
(Romond et al., 2005). However, both anthracyclines-related
cardiotoxicity, including chronic congestive heart failure and
Trz-related cardiotoxicity (Mor-Avi et al., 2011; Sawaya et al.,
2012; Thavendiranathan et al., 2013), limit the clinical use of
these agents. Because the simultaneous delivery of the two
drugs results in enhanced cardiotoxicity, currently used clinical
protocols involve their sequential administration. However,
Dox/Trz combined therapy is still associated with a risk of left
ventricular (LV) dysfunction in up to one-quarter of breast
cancer patients (Ewer and Ewer, 2015; Advani et al, 2016;
Ghigo et al., 2016), along with an increased risk of arrhythmia
(Muraru et al., 2014; Santoro et al., 2017). In this regard, acute
arrhythmogenicity of Dox administration has been reported
(Steinberg et al., 1987). In a recent study from the Mayo Clinic,
episodes of non-sustained ventricular tachycardia (VT), atrial
fibrillation and sustained VT or ventricular fibrillation were
seen respectively in 73.9, 56.6, and 30.4% of patients with
anthracycline-related cardiomyopathy who had implantable
cardioverter defibrillators (Mazur et al., 2017). Rare cases of
malignant ventricular arrhythmias associated with Trz treatment
have also been reported (Piotrowski et al., 2012). However,
electrophysiological changes induced by Dox/Trz combined
therapy are poorly characterized.

The underlying mechanisms of anthracyclines-induced
cardiotoxicity are incompletely understood but increased
oxidative stress, abnormal intracellular Ca?* homeostasis
and mitochondrial energetics, degradation of ultrastructural
proteins, direct DNA damage via inhibition of topoisomerase
2, and inhibition of pro-survival pathways such as neuregulin
1 (NRG) and ErbB (Dubey et al., 2016; Cappetta et al., 2017a)
may be involved. In this regard, ErbB2 overexpression protected
against Dox-related cardiotoxicity (Belmonte et al, 2015),
whereas Trz-mediated inhibition of ErbB2 signaling interfered
with the protective effects of ErbB2 and NRG, potentiating
Dox-related toxicity in rat ventricular cardiac myocytes (CMs)
(Sawyer et al., 2002).

The respective roles of Dox and Trz in cardiotoxicity induced
by their combined administration remain to be fully elucidated.
Here, we investigated these roles in T-tubule (TT) disarray,
electrophysiological alterations and changes in intracellular Ca?*

handling using an in vivo rat model that mimics currently applied
clinical regimens, specifically with respect to the sequential
delivery of the two agents. Electrical measurements were
performed at a single cell level. Dox treatment induced severe
TT disarray, significant electrical abnormalities with a preserved
Ca?T handling. Although Trz monotherapy did not affect
electrical activity and TT organization, administration of this
agent following Dox pre-treatment exacerbated the abnormalities
observed after the initial Dox treatment. These results suggest
that CMs pre-stressed by Dox may become susceptible to Trz-
mediated toxicity, especially electrical instability.

MATERIALS AND METHODS

Animal Models

The animal protocol was approved by the Committee on the
Ethics of Animal Experiments of the Canton Ticino, Switzerland
(T132/18). The study was carried out in strict accordance with
the recommendations in the Guide for the Care and Use of
Laboratory Animals of the Directive 2010/63/EU. The study
protocol is depicted schematically in Figure 1A. Sprague Dawley
female rats (10-12 weeks old; from Charles River Laboratories)
were subdivided into four groups. In the Dox group, rats were
injected i.p. with 6 doses of Dox hydrochloride (Sigma-Aldrich),
one dose each other day (from dI to dl11), for a cumulative
dosage of 20 mg/kg, followed by six doses of phosphate-buffered
saline (PBS; pH 7.4), one dose each other day (from d19 to
d29), as described (Milano et al., 2014). In the Trz group, rats
received 6 doses of PBS (from d1 to d11) followed by 6 doses of
Trz (Roche), one dose each other day (from d19 to d29), for a
cumulative dosage of 20 mg/kg. In the combined Dox/Trz group,
rats received 6 doses of Dox hydrochloride (from d1 to d11)
followed by 6 doses of Trz (from d19 to d29). Control (Ctrl) rats
received 12 doses of PBS at the time points corresponding to drug
administration in treated groups (from d1I to d11, and from d19
to d29). Notably, Trz monotherapy was started at d19 of the study
protocol to match the time point of Trz administration in the
combined therapy group. Trz-mediated changes in LV function
at later points were measured in a separate series of experiments
(Supplementary Figure 1).

Echocardiography

Heart function was monitored by echocardiography using a
VEVO 2100 high-resolution imaging system (VisualSonics) at
do, d12, d19, d30, and d37, as described. Anesthesia was
induced using 2% isoflurane mixed with 100% oxygen in an
induction chamber. Rats were then placed on a heat pad in
the supine position and kept at 37°C to minimize fluctuations
of body temperature. Data acquisition was performed in
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FIGURE 1 | Effects of Dox and Trz on LV function. (A) Schema depicting the experimental protocol. Dox and Trz were administered sequentially (from d1 to d11, and
from d19 to d29, respectively). The timing of Trz administration was the same in the Dox/Trz and Trz groups. (B) Echocardiographic results for LV end-systolic
volume (LVESV), LV end-diastolic volume (LVEDV), LV ejection fraction (LVEF), and LV fractional shortening (LVFS) in different groups at varying time points. Two-way
ANOVA for multiple groups has been used. Data are mean + SEM; *p < 0.05 vs. Ctrl; Sp < 0.05 vs. Trz (Ctrl, n = 5; Dox, n = 6; Trz, n = 8; Dox/Trz, n = 6). Additional
data generated at later time points after Trz administration are shown in Supplementary Figure 1.

rats lightly anesthetized with 0.5-1% isoflurane in order to
maintain HR > 350 bpm. Two-dimensional short-axis M-mode
echocardiography was performed and LV end-systolic (LVESV)
and end-diastolic (LVEDV) volumes, ejection fraction (LVEF)
and fractional shortening (LVFS) were determined, as previously
described (Barile et al., 2018).

Cardiac Myocyte Isolation

Isolated CMs from in vivo treated rats were analyzed at d19
(early Dox time point), and at d37 (late Dox time point,
early Trz time point, combined Dox/Trz treatment). For CMs
isolation, rats were anesthetized using a cocktail of ketamine
(100 mg/kg) and xylazine (75 mg/kg) and humanly euthanized
by cervical dislocation. Hearts were harvested and perfused
ex vivo in a Langendorff mode, as previously described (Rocchetti

et al., 2014). CMs were isolated separately from LV and right
ventricular (RV) free walls. Rod-shaped, Ca?* tolerant CMs were
used for patch-clamp measurements and confocal microscopy
less than 12 h after tissue dissociation.

TT Analysis

To investigate the impact of each treatment on the organization
of T'T, sarcolemmal membranes were marked by incubating CMs
with 20 WM 3-di-ANEPPDHQ (Life Technologies, Carlsbad,
CA, United States) and TT oriented transversely along z-lines
were visualized (Rocchetti et al.,, 2014). 3-di-ANEPPDHQ was
dissolved in the following solution (in mM): 40 KCI, 3 MgCl,,
70 KOH, 20 KH;POy4, 0.5 EGTA, 50 L-Glutamic acid, 20
Taurine, 10 HEPES, 10 D-glucose (pH 7.4) for 10 min at RT
(Sacconi et al.,, 2012). Cell contraction was prevented by adding
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blebbistatin (17 wM; Sigma). CMs were washed with the same
solution before confocal microscopy analysis. Images of loaded
CMs were acquired by laser-scanning microscopy (images:
1,024 x 1,024 pxls, 78 um x 78 pm) using a confocal microscope
(Nikon C2 plus) with a 40x oil-immersion objective. Eight-
bit gray-scaled images were analyzed by spatial Fast Fourier
Transform analysis to quantify periodic components of pixel
variance. To compensate for staining differences among cells,
a raw power spectrum was generated with ImageJ (v.1.4) and
normalized to its central peak. TT density was quantified by
normalizing the area under the harmonic relative to the spatial
frequency of 0.5 pm~! (between 0.3 and 0.7 um™1) to the area
of the entire spectrum (Rocchetti et al., 2014).

Electrical Activity

Action potentials (AP) were recorded by pacing CMs at 1 Hz
in current-clamp conditions. AP duration measured at 90%
and 50% of the repolarization phase (APDgy and APDs,
respectively), diastolic potential (Egj,st) and maximal AP phase
0 depolarization velocity (dV/dtmax) were determined. Single
cells were superfused with standard Tyrode’s solution containing
(in mM): 154 NaCl, 4 KCI, 2 CaCly, 1 MgCl, 5.5 D-glucose,
and 5 HEPES-NaOH (pH 7.35). Experiments were carried out
in whole-cell configuration; the pipette solution contained (in
mM): 23 KCI, 110 KAsp, 0.4 CaCl,, 3 MgCl,, 5 HEPES-KOH,
1 EGTA-KOH, 0.4 NaGTP, 5 Na,ATP, 5 Na,PC (pH 7.3).
Delayed afterdepolarizations (DADs) were defined as diastolic
depolarizations with amplitude >1 mV. The percentage of
cells exhibiting DADs was quantified. Beat-to-beat variability of
repolarization (BVR) was expressed as the short-term variability
(STV) of APDgy (i.e., the mean orthogonal deviation from
the identity line (Heijman et al., 2013; Altomare et al., 2015),
calculated as follows:

STV = > (APDy1 — APD, )/ [ s x V2]

for 30 consecutive APs (pe,s) at steady-state level. STV data
are shown using APDy, versus APD,, ;| (Poincaré) plots.

Intracellular Ca2* Handling Analyses

Cardiac myocytes were incubated in Tyrode’s solution for 45 min
with the membrane-permeant form of the dye, Fluo4-AM (10
pmol/L), and then washed for 30 min to allow for the de-
esterification process. Fluo4 emission was collected through a
535 nm band pass filter, converted to voltage, low-pass filtered
(100 Hz) and digitized at 2 kHz after further low-pass digital
filtering (FFT, 50 Hz). Intact CMs were field-stimulated at
1, 2 and 4 Hz at 37°C during superfusion with standard
Tyrode’s solution. Ca?t transient (CaT) amplitude at steady-
state and the sarcoplasmic reticulum (SR) Ca®" content (CaSR)
estimated by an electronically timed 10 mmol/L caffeine pulse
were evaluated at each cycle length. The diastolic fluorescence
was used as reference (Fp) for signal normalization (F/F)
after subtraction of background luminescence. For intergroup
comparisons, Ca>* handling parameters measured at each cycle
length in a treated group were normalized to values measured

in Ctrl. Rate-dependency of CaT decay kinetic was expressed
as half-time decay (T 5). Na*/Ca?* exchanger (NCX) function
was estimated by mono-exponential fit of caffeine-induced CaT.
Frequency of resting Ca’" waves was assessed under 1 min
resting conditions before pacing. A Ca?* wave was defined as
a Ca®* oscillation occurring at rest with an amplitude >3 SD
over resting fluorescence levels (Frest). Comparable results were
obtained using amplitude cutoffs up to 5 Frest SD. Frequency of
spontaneous CaT occurring at rest (resting CaT) was assessed as
an additional parameter of SR instability and Ca?* overload.

Ca?t Sparks

Spontaneous unitary Ca?" release events (Ca?* sparks) were
recorded at RT in Fluo4-AM (10 pM)-loaded CMs under
resting conditions. Tyrode bath solution contained 2 mM
CaCl,. Images were acquired at 60x magnification in line-
scan mode (xt) at 0.5 kHz by confocal Nikon A1R microscope.
Each cell was scanned along a longitudinal line and #10
xt frames (512 x 512 pxls) were acquired. Background
fluorescence was measured. Confocal setting parameters were
kept constant among experimental groups. Images were analyzed
by SparkMaster plugin (Fiji) software (Picht et al, 2007).
Automatic spark detection threshold was 3.8. Only in-focus
Ca?* sparks (amplitude > 0.3) were included in analyses. The
following spark parameters were measured: frequency (event
number/s/100 pwm), amplitude (AF/F0), full width at half-
maximal amplitude (FWHM; pwm), full duration at half-maximal
amplitude (FDHM; ms), full width (FW; pwm) and full duration
(FD; ms), time-to-peak (TtP, ms), and decay time constant
(t; ms). Spark mass (AF/Fy*um?), an index of Ca?* spark
volume (Hollingworth et al., 2001), was calculated as spark
amplitude*1.206* FWHM?. Spark-mediated SR Ca?" leak was
calculated as the product of spark mass and frequency.

Western Blotting

Proteins from CMs extracts were separated by SDS-
polyacrylamide gel electrophoresis (4-12% Bis-Tris Criterion
BIO-RAD gels), blotted for 1 h, incubated with polyclonal anti-
SERCA2 primary antibody (N-19; Santa Cruz Biotechnology) at
4°C overnight, followed by incubation with a specific secondary
antibody labeled with fluorescent markers (Alexa Fluor or
IRDye) for 1 h. Signal intensity was quantified by Odyssey
Infrared Imaging System (LI-COR). SERCA2 protein levels
were normalized to actin levels, as measured using polyclonal
anti-actin Ab (Sigma). Data are shown as percent changes vs. Ctrl.

Statistics

Results are shown as mean £ SE. Unpaired Student’s t-test was
used to test for significant differences in two-group analyses.
One-way and two-way ANOVA were used to test for significance
among multiple groups, with post hoc comparison analyses using
Bonferroni’s multiple comparison test. Chi?-test was used for
comparison of categorical variables. The statistical test used
in each analysis is mentioned in the respective figure legends.
Statistical significance was defined as p < 0.05.
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RESULTS

Trz Treatment Aggravates Dox-Induced
LV Dysfunction

Echocardiographic results are shown in Figure 1B. Compared
to Ctrl, Dox-treated animals showed increases in LVESV at
d19, d30, and d37, and in LVEDV at d19 and d37, along with
decreases in LVEF and LVFS at all time points. In the absence
of Dox pre-treatment, Trz-treated animals showed an increase
in LVESV at d30 (i.e., one day after administration of the last
Trz dose), and decreases in LVEF and LVFS. Of note, in this
study Trz was administered from d19 to d29 to mimic clinical
protocols that involve the sequential administration of the two
agents to attenuate toxicity. In a separate study, we evaluated
the effects of Trz on LV function for up to 37 days (i.e., the
same time frame used for Dox). The results are shown in
Supplementary Figure 1. Trz induced a transient decrease in
LVEFS at d12 and a transient increase in LVESV at d19. Animals
receiving Dox/Trz combined therapy showed increases in LVESV
and LVEDV, along with decreases in LVEF and LVES at d30
and d37. Significant differences between Trz monotherapy and
the combined Dox/Trz treatment were observed for LVESV and
LVEF at d37, consistent with additive toxic effects by the two
agents. Body weight, tibia length, and heart weight did not
significantly differ among groups (Supplementary Table 1).

Dox Treatment, but Not Trz, Induces TT
Disarray

Representative confocal region of interest (ROI) of 3-di-
ANEPPDHQ-treated CMs in the different groups are shown in
Figure 2A. Disruption of TT architecture in the Dox and Dox/Trz
groups, but not in the Trz group, can be appreciated visually.
Representative spatial Fast Fourier Transform analyses of TT-
power in LV and RV CMs are shown in Figure 2B. Quantitative
analysis confirmed that Dox, but not Trz, treatment induces TT
disarray (Figure 2C).

Trz Treatment Enhances Dox-Induced
Action Potential Duration Prolongation
and DADs

LV and RV CMs were analyzed separately because electrical
measurements are influenced by ventricular loading conditions.
AP recordings in isolated CMs from either ventricle showed
increases in both APDsg and APDgg in the Dox group at d19,
but not at d37 (Figures 3A,B), indicating negligible effects at
later time points. In the absence of Dox pre-treatment, Trz
did not affect APD, whereas it significantly prolonged it in
Dox pre-treated rats (Supplementary Table 2). Depolarizing
events during diastole and systole were recorded as DADs and
early afterdepolarizations (EADs), respectively. The percentage
of cells exhibiting DADs at 1 Hz-stimulation was increased in
Dox-treated animals at d19, but not at d37. In analogy to its
effect on APD, Trz increased the frequency of DADs selectively
in rats pre-treated with Dox (Figures 3C,D). Similar changes
were found for beat-to-beat variability of repolarization (BVR),

which reflects APDg, time-variability (i.e., electrical instability)
and represents a pro-arrhythmic parameter (Johnson et al,
2010). The dispersion of APDgy values around the identity
line in Poincaré plots was increased in the Dox group at
d19 and in the Dox/Trz group, but not in the Dox group
at d37 neither in Trz monotherapy (Figure 4A). Quantitative
STV data are shown in Figure 4B. The slope of the linear
correlation between STV and APDgy was comparable in all
groups (Supplementary Figure 2), indicating that increases
in BVR were strictly dependent on APD prolongation. These
results indicate pro-arrhythmic conditions in both the Dox
and Dox/Trz groups.

Effects of Dox and Trz on Intracellular

Ca2* Handling

In principle, TT disarray and changes in APD, DADs, and BVR
can impact intracellular Ca?* handling. We analyzed evocated
Ca®™ transients (CaT) at 1, 2 and 4 Hz in field-stimulation, as
well as caffeine-induced CaT which reflects SR Ca?™ content
(CaSR; Supplementary Figure 3). Trz treatment resulted in
significant decreases in CaT amplitude and CaSR in LV CMs,
and to a slightly lesser extent in RV CMs. Unaltered or even
increased CaT amplitudes were observed in Dox and Dox/Trz
CMs (Figure 5A). Studies of the CaT decay kinetics showed
a smaller decay half-time (T 5) in Ctrl LV CMs compared to
Ctrl RV CMs, in line with faster SR Ca?* sequestration in LV
CMs compared to RV CMs (Sathish et al., 2006). CaT decay in
Dox d19 and to a lesser extent in Dox/Trz LV CMs was slower
than in Ctrl (Figure 5B), suggesting Dox-induced changes in
Ca?t removal kinetics; a similar trend was observed in RV CMs.
Accordingly, SERCA protein levels were significantly decreased
in LV and RV CMs in both Dox and Dox/Trz CMs (Figure 5C).
Trz alone did not significantly affect CaT decay kinetic and
SERCA protein levels. To assess removal of intracellular Ca2 ™"
through NCX, caffeine-induced CaT decay kinetic was evaluated.
As shown in Supplementary Figure 4, rate-dependent NCX
activity was observed in LV but not in RV Ctrl CMs, accordingly
to previous data on chamber-specific NCX expression (Correia
Pinto et al., 2006). However, rate-dependent NCX activity was
absent in CMs from treated animals, particularly in the Trz
group, suggesting faster NCX-dependent Ca?* removal under
these conditions, especially at slow pacing rates. The percentage
of LV CMs exhibiting Ca?T waves at resting was increased in all
treated groups, with a similar increase in RV CMs from Dox d37
rats. The frequency of spontaneous CaT at resting in LV CMs
was increased in both Dox and Dox/Trz groups (Figure 5D).
These findings are in good agreement with our results on DAD
frequency (Figures 3C,D).

To sum up, in spite of SERCA downregulation, global
Ca?* handling was preserved in field-stimulated CMs in
Dox and Dox/Trz groups, while SR instability was observed
mainly at resting. This suggests that compensative mechanisms
(i.e., increased Ca’* influx during prolonged APs) may
take place in Dox and Dox/Trz groups. Trz alone did
not affect electrical activity while directly affect intracellular
Ca?" handling.
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FIGURE 2 | Effects of Dox and Trz on TT organization. (A) Confocal regions of interest (ROI) of a 3-di-ANEPPDHQ-treated LV CM from a Ctrl rat, and representative
higher-magnification LV CM confocal ROI in all groups. Disruption of TT organization in the Dox and Dox/Trz groups, but not in the Trz group, is apparent. (B) Mean
TT power spectra in LV and RV CMs in Dox (red), Trz (black) and Dox/Trz groups (green) at the indicated time points, superimposed to those in the Ctrl group (blue).
(C) Quantitative analysis of the TT periodic component in LV and RV CMs. Data on the Dox group is shown at d19 and at d37. Unpaired Student’s t-test and one-way
ANOVA were used to test for significant differences at d19 and d37, respectively. Bars are mean + SEM (n = >15 cells from > 3 rats/group; "o < 0.05; *p < 0.01).
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FIGURE 3 | Effects of Dox and Trz on electrical activity. (A) Electrical recordings of stimulated (1 Hz) APs in LV and RV CMs in all groups. Measurements were
performed at d19 and at d37 (before and after Trz administration, respectively). (B) Quantitative analysis of APDsp and APDgg showing APD prolongation in the Dox
group (at d19) and in the Dox/Trz group (at d37). (C) Electrical recordings showing DAD at 1 Hz-stimulation, as well as EAD and trigger activity (TA) at
2 Hz-stimulation in the Dox/Trz group. (D) Quantitative analysis of cells (%) exhibiting DADs at 1 Hz-stimulation. Data were acquired at d19 and at d37 (see above).
Unpaired Student’s t-test and one-way ANOVA was used to test for significant differences at d19 and d37, respectively, in panel (B). Chi?-test was used for
comparison of categorical variables in panel (D). Bars are mean + SEM (n = >12 cells from >3 rats/group; *p < 0.05; *p < 0.01).
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FIGURE 4 | Effects of Dox and Trz on beat-to-beat variability of repolarization (BVR). (A) Poincaré plots showing the dispersion of APDgg values around the identity
line in LV and RV CMs in all groups. (B) Quantitative analysis of short-term variability (STV) of APD values. STV was increased in the Dox group at d19 and in the
Dox/Trz group at d37. Data are shown at d19 and at d37. Unpaired Student’s t-test and one-way ANOVA was used to test for significant differences at d19 and d37,
respectively. Bars are mean + SEM (n = >12 from >3 rats/group; *p < 0.05).

Dox, but Not Trz, Induces Ca?t Sparks of Ca" sparks was readily apparent in the Dox and Dox/Trz
The effects of Dox on Ca®" waves and resting CaT led us to  group, whereas Trz alone did not significantly impact this
investigate SR stability by quantifying spontaneous SR Ca?"  parameter. Spark mass was increased in LV CMs from Trz-
release events visualized as Ca>* sparks. Representative images of ~ treated animals, with similar trends in Dox-treated ones (Llach
Ca?™ sparks in the different LV groups are shown in Figure 6A. et al, 2019), but not in the Dox/Trz group. Dox, and to
A similar pattern was observed in RV CMs. Increased frequency a lesser extent Trz, induced an increased spark-mediated SR
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FIGURE 5 | Effects of Dox and Trz on intracellular Ca?* handling. (A) Quantitative analysis of Ca®* transient (CaT) amplitude and SR Ca?* content (CaSR)
estimated by a caffeine pulse at different pacing rates (1, 2, and 4 Hz) in field stimulated LV and RV CMs. Dox increased both CaT amplitude and CaSR in RV CMs
but not in LV CMs, whereas Trz reduced them in both CMs. (B) Rate dependency of CaT decay kinetics (CaT decay half time, T 5) in both RV and LV CMs. LV CaT
decay was slower in the Dox and Dox/Trz groups, but not in the Trz group, compared to Ctrl. *p < 0.05 vs. Ctrl, Sp < 0.05 vs. Trz. (C) Immunoblots showing SERCA
protein levels (n = 2-4 rats/group; data in the Trz group and respective Ctrl were analyzed separately). Densitometric analysis. (D) Left panel: Example of Ca®* wave
(arrow) and spontaneous CaT occurring at resting. Quantitative analysis of cells (%) exhibiting spontaneous Ca®* waves and resting CaT in both LV and RV CMs.
Data on the Dox group are shown at d19 and at d37. One-way ANOVA was used to test for significant differences among multiple groups in panel (A,C). Mixed
effect model of two-way ANOVA was used in panel (B) for statistical evaluation of CaT decay of multiple groups vs. pacing rate. Chi?-test was used for comparison
of categorical variables in panel (D). Bars are mean + SEM (n > 17 cells/group; *p < 0.05).

Frontiers in Physiology | www.frontiersin.org 9 April 2021 | Volume 12 | Article 658790


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

fphys-12-658790 April 1, 2021 Time: 14:58 #10

Altomare et al. Anthracyclines/Trastuzumab Cardiotoxicity
A Ctrl Dox d19 Dox d37 Trz Dox/Trz
30 um o
| =]
o
@
B
Ca?* sparks frequency Spark mass Spark mediated SR-leak
*
*
. >
60 2
E 45 * ]
= 30 * o =}
o 30 ° o
o . ° ° ,q_’
e P £
3] e 7]
L d
Lv. &% s $ 5 e 2
& £
e v ¥
o ‘ ©
n . 0 S % o
‘5 N A & A
& @« 5\0 S8 & S ¢ &
&° oci" o 9 ° & o8
>
2
L]
£ . o
=]
;' 15 L =3
o S . 4 o
= En
(3] ) CJ ° 7))
of 2 o
RV g S © g
£ : E
& ol |® x
Qo ©
" Q.
) 0 )
0\3\*.6’\% 6n_,’\ < 1&‘0 0\3\ » sg\ Ry &(" G\S\ & é‘g‘ Ry 4‘3\("
o ot o o o' " oF o'
oV o X Q Vo Q
c LV RV
_ * > *
% 80+ £ E 80+ *
2 * 3 *
o 704 * 3 704
2 o] > 60
o X
E 50 ; 504
§ 40 % 40|
8 304 S 30
B S
£ 204 £ 204
5 n
g 104 5 107
2, -g °
g (§ 8& 8);‘ <& 0‘ o (‘}5\ b\q 8‘;\ <& (1‘
& & o°+ & & o°
FIGURE 6 | Effects of Dox and Trz on Ca®* sparks. (A) Confocal xt-images of FLuo4-AM loaded LV CMs in all groups. (B) Quantitative analyses of Ca®*t sparks
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Frontiers in Physiology | www.frontiersin.org 10 April 2021 | Volume 12 | Article 658790


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

fphys-12-658790

April 1, 2021 Time: 14:58 #11

Altomare et al.

Anthracyclines/Trastuzumab Cardiotoxicity

Ca?™* leak quantified by the spark mass*spark frequency index
(Figure 6B). Dox, and to a lesser extent Trz, increased the
number of so-called Ca>* “embers,” defined as Ca®>* sparks with
FDHM > 20 ms, the peak value of the FDHM distribution
(Louch et al., 2013; Figure 6C and Supplementary Figure 5).
Moreover, FDHM and the decay time constant (taugecay), two
markers of altered RyR openings, were increased in LV myocytes
of Dox-treated animals (Supplementary Table 3), supporting
Dox-induced SR instability.

DISCUSSION

Cardiotoxicity limits the application of anthracycline-based
chemotherapy and anti-HER2 therapy combined regimens.
Here, we investigated selected aspects of this condition
including TT organization, electrophysiological changes, and
intracellular Ca?* handling using an in vivo rat model that
mimics clinically used combined regimens. Dox treatment
induced LV dysfunction lasting for more than 37 days. Trz
monotherapy likewise impaired contractile function, albeit
less severely than Dox, and for a shorter time period. The
sequential administration of the two agents is reported to
increase ROS levels and cardiac fibrosis, and to impair LV
function to greater extents than did either agent alone,
consistent with additive toxicity (Milano et al., 2014). Several
mechanisms may be responsible for these findings. First,
previous data in Erb2-mutated mice (Ozcelik et al, 2002),
as well as in human induced pluripotent stem cell (hiPSC)-
derived CMs suggested that pre-existing cellular stress
induced by Dox may exacerbate Trz-related cardiotoxicity
by inhibiting protective pathways including Erb2/4 (Tocchetti
et al, 2012; Hsu et al, 2018; Kurokawa et al., 2018). It also
has been shown that lapatinib, another HER2 inhibitor,
potentiates Dox-related cardiotoxicity via iNOS signaling
(Hsu et al., 2018).

Dox treatment, but not Trz, induced sustained TT disarray
that accounted for, at least in part, LV dysfunction in
this group. An association between TT disarray and heart
failure of various etiologies including dilated cardiomyopathy
has been reported previously in both human patients and
animal models (Heinzel et al, 2008; Crocini et al., 2014;
Crossman et al., 2015). Time course studies revealed that
TT disruption preceded the development of heart failure,
suggesting a causative role for the former in disease progression
(Wei et al, 2010). In addition, altered TT structure has
been shown to impair AP propagation (Crocini et al, 2017;
Manfra et al, 2017). In the present study, Dox treatment
resulted in APD prolongation in CMs. These results are
in line with previous data on Dox-induced QT-interval
prolongation in guinea pigs and reduced Ixs component in
stably transfected HEK293 cells (Ducroq et al., 2010). Another
study reported increased Ina leading to changes in Ca?™
and Na® handling in a model of Dox-induced LV diastolic
dysfunction (Cappetta et al., 2017b). Moreover, Keung EC
and coworkers (Keung et al., 1991) showed increased L-type
Ca?t current (Icar) density and fast decay time constant

of Ig,y inactivation in LV CMs from Dox-treated rats, due
to altered TT organization and excitation-contraction (EC)-
coupling mechanisms. Thus, Dox-induced increases in Ic,r,
and In,p, could potentially account for the huge drug-induced
APD prolongation in treated rats. Alternatively, K channels
downregulation cannot be ruled out.

In our model, Dox-mediated APD prolongation was
associated with increases in the frequency of DADs as a
reflection of spontaneously released Ca’* being extruded by
NCX, as well as in BVR as an index of arrhythmogenicity.
Trz treatment did not significantly impact APD, DADs, and
BVR in the absence of Dox pre-treatment. In pre-treated
rats, however, it induced changes in these parameters
similar to those induced by Dox itself. Of note, these Trz-
induced changes in pre-treated rats were observed after a
full recovery in these electrical parameters following Dox
treatment, suggesting that the latter exacerbated subsequent
Trz toxicity. Clinical evidence of arrhythmia in Trz-
treated patients has been reported (Piotrowski et al., 2012),
although infrequently.

The analysis of intracellular Ca?* handling revealed a
preserved global Ca?* handling in paced CMs from both
LV and RV. Indeed, in spite of the slower SR Ca?T uptake,
SERCA downregulation and SR instability, CaT amplitude
and CaSR were preserved in Dox and Dox/Trz LV CMs
and even increased in RV CMs. These counterintuitive
findings may reflect compensative mechanisms taking place
in intact field-stimulated cells. Under such conditions,
evocated CaT are influenced by changes in electrical activity.
Especially in Dox19 and Dox/Trz group, AP prolongation
may result in an increase in Ca?* influx, which may
compensate changes dependent on SERCA downregulation.
CaT decay was slower after Dox/Trz combined therapy,
and to a lesser extent after Dox monotherapy, but not after
Trz monotherapy.

Unlike Dox, Trz treatment resulted in a decrease in
both the amplitude of CaT and CaSR in LV CMs. Trz
treatment didn’t affect APD, indicating that its effect on
Ca?T handling was independent on changes in electrical
activity. While we did not analyze the precise mechanisms
underlying Trz effects in this study, we hypothesize that
the effect of this agent on Ca?* handling might reflect
metabolic changes, as previously described in hiPSC-
derived CMs (Kitani et al, 2019). Moreover, sorafenib, a
distinct tyrosine kinase inhibitor, is reported to reduce CaT
amplitude and CaSR in human atrial CMs and in mouse
ventricular CMs, inducing a reversible negative inotropic effect
(Schneider et al., 2018).

During cell relaxation, released Ca?t is recycled into
the SR by the action of SERCA and extruded from the
cell by NCX membrane protein, which plays a central
role in the induction of Ca’™ waves. Dox treatment
induced increases and in spontaneous Ca’* waves and
Ca?* sparks which reflect SR instability. Previous studies
have shown that low density of poorly organized TT
favors de-synchronized and protracted Ca’t  release
in failing CMs (Louch et al, 2004; Lyon et al, 2009),
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which has been linked to the slowed and decreased amplitude
of contraction typical of the failing heart (Bokenes et al., 2008;
Mork et al., 2009). Ca®>* spark mass, which reflects the amount
of Ca?* released within an individual spark, was increased
by Trz in LV CMs, with a trend in the same direction for
Dox. Previous data in isolated CMs suggest that ROS-dependent
activation of CAMKII pathway may result in CaMKII-dependent
SR Ca?* leak contributing to Dox-mediated impairment of Ca?*
handling (Sag et al., 2011). Accordingly, in the present study, Dox
induced an increase in prolonged spontaneous Ca?T events (so-
called Ca?* “embers”) previously described in congestive heart
failure (Louch et al., 2013), but not in chemotherapy-related
cardiotoxicity. Ca>* “embers” likely contributed to spontaneous
SR Ca?* leak, which was increased in all treated groups.

In conclusion, our data using an in vivo rat model of
chemotherapy-related cardiotoxicity suggest that Dox treatment
induces LV dysfunction, TT disarray, APD prolongation,
electrical and SR instability, which are associated with a
global preserved intracellular Ca?* content regardless of SR
abnormalities. Trz treatment alone induces a lesser degree of LV
dysfunction, no TT disarray, no significant electrical changes. On
the other hand, Trz affects intracellular Ca?* handling, a finding
that warrants further mechanistic characterization. However,
Dox pre-treatment exacerbates Trz-related cardiotoxicity. While
descriptive, our results highlight distinct yet interrelated
cardiotoxic effects, including arrhythmogenicity, by the two
agents when administered in combination.
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Abstract

Rationale: Aging in the heart is a gradual process, involving continuous changes in cardiovascular cells,
including cardiomyocytes (CMs), namely cellular senescence. These changes finally lead to adverse organ
remodeling and resulting in heart failure. This study exploits CMs from human induced pluripotent stem
cells (iCMs) as a tool to model and characterize mechanisms involved in aging.

Methods and Results: Human somatic cells were reprogrammed into human induced pluripotent stem
cells and subsequently differentiated in iCMs. A senescent-like phenotype (SenCMs) was induced by short
exposure (3 hours) to doxorubicin (Dox) at the sub-lethal concentration of 0.2 pM. Dox treatment
induced expression of cyclin-dependent kinase inhibitors p21 and pl6, and increased positivity to
senescence-associated beta-galactosidase when compared to untreated iCMs. SenCMs showed increased
oxidative stress, alteration in mitochondrial morphology and depolarized mitochondrial membrane
potential, which resulted in decreased ATP production. Functionally, when compared to iCMs, SenCMs
showed, prolonged multicellular QTc and single cell APD, with increased APD variability and delayed
afterdepolarizations (DADs) incidence, two well-known arrhythmogenic indexes. These effects were
largely ascribable to augmented late sodium current (Ina) and reduced delayed rectifier potassium
current (lkr). Moreover sarcoplasmic reticulum (SR) Ca?* content was reduced because of
downregulated SERCA2 and increased RyR2-mediated Ca?* leak. Electrical and intracellular Ca2*
alterations were mostly justified by increased CaMKII activity in SenCMs. Finally, SenCMs phenotype was
furtherly confirmed by analyzing physiological aging in CMs isolated from old mice in comparison to young
ones.

Conclusions: Overall, we showed that SenCMs recapitulate the phenotype of aged primary CMs in
terms of senescence markers, electrical and Ca?* handling properties and metabolic features. Thus,
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Dox-induced SenCMs can be considered a novel in vitro platform to study aging mechanisms and to
envision cardiac specific anti-aging approach in humans.

Key words: Induced pluripotent stem cell-derived cardiomyocytes; senescence; aging; heart

Introduction

It is estimated that by the year 2035, nearly one
in four individuals will be 65 years of age or older,
and this change in the world demographics will result
in a large increase in the prevalence of age-related
cardiovascular disabilities [1]. Primary drivers of
tissue damage in aging, such as oxidative stress, DNA
damage, mitochondrial dysfunction, and metabolic
dysregulation, play a role in inducing cellular
senescence. The latter represents a cellular response to
such stimuli, thereby being defined as an
"antagonistic" hallmark of aging [2]. The discovery
that senescent cells aberrantly accumulate in aging
tissues has substantiated the hypothesis that
senescence itself can drive aging [2-4]. Indeed,
accumulating  senescent  cells  secrete  pro-
inflammatory molecules triggering the senescence-
associated secretory phenotype (SASP), with deleteri-
ous effects on the tissue microenvironment leading to
age-dependent functional impairment [5, 6]
Advanced age has been identified as one of the
traditional risk factors for the development of aging-
related cardiovascular disease (CVD) [7], increasing
incidence of death, disability, and morbidity [8] with a
high impact on the utilization of healthcare resources
[9]. Cardiomyocytes (CMs) enduring exogenous
cellular insult may develop a stress-induced
premature senescence (SIPS) phenotype, which
recapitulates many cellular and molecular features as
those undergoing natural aging process [10, 11]. SIPS
has emerged as possible link between long-term
consequences of some pathological conditions such as
sepsis [12] or anthracycline cardiotoxicity [13] and
cardiovascular complications [14, 15]. Nowadays,
cellular mechanisms behind such unexplained cardiac
abnormalities regardless of age, are not completely
understood.

It has been shown that aging alters the pattern of
electrical activation in the heart of overtly healthy
older subjects, resulting in prolonged myocardial
repolarization [16], thus increasing the risk of
malignant ventricular arrhythmias and sudden death
[17]. Evidence in small animal model suggested that
cardiac performance in aging heart is affected by
electrical alterations at cellular level [18]. Increase in
the late Na* current (Ina) in senescent mouse CMs
prolongs the action potential (AP) and influences
temporal kinetics of Ca?* cycling [18]. However,
whether this applies also for human cells is unknown.

Therefore, studying the mechanisms underlying
intracellular ionic balance in senescent human CMs,
that constitute the vast majority of cardiac cell mass,
[19] might pave the way for understanding the
intricacies of age-related changes in the physiology of
human heart [18, 20] and the increased susceptibility
of the aged heart to injury [21].

Currently, the most used approaches to study
cellular senescence are based on aging prone
transgenic =~ organisms  [22]. However, the
cardiovascular phenotype of transgenic animals only
partially mimics the changes occurring in humans.
CMs derived from human induced pluripotent stem
cells (iCMs) offer an unprecedented platform that
overcomes not only species-specific limitations but
also the technical difficulties of accessing human
primary CMs as well as their limited lifespan in
culture. This study aimed to develop an in vitro tool
for understanding human cardiac senescence's
molecular basis that may affect age-related CVDs.
Based on extensive published data showing that
doxorubicin (Dox) can induce senescence in neonatal
murine CMs [23], cardiac progenitor cells (CPCs) [24,
25] and vascular smooth muscle cells [26], we used
sub-apoptotic doses of Dox as an inducer of SIPS in
human iCMs. We explored phenotypic, functional
and metabolic properties of human senescent CMs
(SenCMs) in comparison to untreated controls (iCMs).
Moreover, our model elucidated some basic aspects of
SIPS, which is well known to impact diastolic and
systolic function following stressors such as
myocardial infarction and cancer therapy-induced
cardiotoxicity [27, 28]. We compared our findings in
human cells with electrophysiological changes
occurring in CMs of naturally aged mice highlighting
the importance of modelling senescence in human
cells. By taking advantage of in-house biobank of
human atrial appendage tissue specimens we
correlated the expression of specific ion channels with
age in heart tissue of small observational cohort of
patients. Finally, some key markers of SIPS in CMs
were validated by analyzing open-access heart-tissue
transcriptomic data.

Methods and Materials

Data Source and Collection

Right cardiac atrial appendage tissue specimens
were collected from patients who underwent surgical
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repair of heart valves and had no concomitant
coronary artery disease. Patients gave written
informed consent. Protocols used in this study were
approved by local Ethical Committee for Clinical
Research (Comitato Etico Cantonale, Bellinzona,
Switzerland; Rif. CE 2923), and study was performed
in accordance with the Declaration of Helsinki. The
observational study for the expression of KCNH2
gene was performed on atrial appendage tissue from
13 consecutive enrolled male patients between Feb
2018 and Nov 2019. Mean age was 68+8.7 (55-78). All
experiments involving animals conformed to the
guidelines for Animal Care endorsed by the
University of Milano-Bicocca (project 29C09.N.5TB)
and to the Directive 2010/63/EU of the European
Parliament on the protection of animals used for
scientific purpose.

Data for single nuclei transcriptomic analysis
were obtained from Human Heart Atlas database
(https:/ /www heartcellatlas.org/), a specific section
of the Human Cell Atlas initiative (https://data.
humancellatlas.org/) [29].

Generation and characterization of human
Induced pluripotent stem (iPS) cells.

iPS cells were obtained by the reprogramming of
adult stromal cardiac-specific mesenchymal -cells
(cMSC). Somatic cells were derived as cellular
outgrowth from the explants using an ex vivo primary
tissue culture technique, as previously described
[30-32]. Briefly, atrial tissue was rinsed with
phosphate buffer saline (PBS) and cut into small
pieces that were placed into a 100-mm cell culture
dish (Corning). To facilitate cell outgrowth, atrial
tissue was treated with Trypsin/EDTA (SIGMA Life
Science) for 2-3 min. Tissue pieces were plated on
0,02% gelatin and cultured in IMDM medium
(Iscove's Modified Dulbecco's Medium)
supplemented with 20% fetal bovine serum (FBS) and
1%  penicillin/streptomycin ~ (all  from  Life
Technologies). The culture medium was changed
twice a week. After 25-30 days of culture, cMSC were
enzymatically detached using Trypsin/EDTA and
transferred to a gelatin-coated 35-mm dish (Corning,
2.5x105 cells/dish). After additional 48 hours, cMSC
were transduced with the integration-free Sendai
virus cocktail hKOS:hc-Myc:hKlf4 at a MOI of 5:5:3
(CytoTune-iPS 2.0 Sendai Reprogramming Kit,
Thermo Fisher Scientific), as per manufacturer's
instructions. The virus was removed after 24 h and the
medium was changed daily in the next 7 days. A week
after transduction, medium was changed to StemFlex
(Thermo Fisher Scientific). Individual colonies with
embryonal stem cells (ESC)-like morphology typically
appeared after 25-35 days and were transferred

manually into 12-well plates coated with Matrigel
(hESC Qualified Matrix, Corning) and expanded.
Established human iPS cell lines were maintained in
33-mm Matrigel-coated plates (Falcon), passaged with
TrypLe solution (TrypLE Express Enzyme 1x, Thermo
Fisher Scientific) and cultured in StemFlex medium.

Directed differentiation of iPS cells into iCMs

Directed differentiation of human iPS cells into
iCMs was performed via WNT signaling pathway
modulation. Differentiation was initiated at 90%
confluence in 12-well Matrigel-coated plates with a
differentiation medium composed of RPMI 1640
supplemented with B-27 minus insulin (Thermo
Fisher Scientific) with 4 pM CHIR99021 (Merck
Millipore) for 48 h and subsequently 5 pM IWP4
(Merck Millipore) for 48 hours [33]. The medium was
changed to a maintenance medium composed of
RPMI 1640 with B-27 plus insulin (Thermo Fisher
Scientific) at day 7. Metabolic selection of CMs was
performed using a selection medium composed of
RPMI 1640 without glucose (Thermo Fisher
Scientific), 0.5 mg/ml human recombinant albumin,
0.2 mg/ml L-ascorbic acid 2-phosphate, and 4 mM
lactate (Sigma-Aldrich) from days 10 to 17.
Afterwards, iCMs were cultured in maintenance
medium at least to day 30 for further maturation.

Mouse CMs isolation

Ventricular CMs were isolated from young (7
weeks) and old (18 months) mice (mCMs) as
previously described with minor modifications [34].
Rod-shaped, Ca?*-tolerant mCMs were used within 12
hours from dissociation.

Doxorubicin-induced CM senescence

Optimal conditions to obtain a Dox-induced
senescent phenotype were empirically determined by
dose response experiments, exposing iCMs to Dox at
concentration ranging from 0.2 pM to 5 uM. Briefly,
spontaneously beating iCMs were enzymatically
dissociated (Multi Tissue Dissociation Kit 3, Miltenyi
Biotec) and then plated in Synthemax II-SC Substrate
(Corning)-coated wells (5%10% cells/cm?). After 24-48
hours, part of the wells had medium replaced with
Dox-containing maintenance medium to obtain
senescent-like cardiomyocytes (SenCMs). After 3
hours from Dox administration, all cells were washed
twice with PBS and placed back in fresh maintenance
medium.

Senescence associated (SA)-B-gal staining

iCMs were stained for senescence-associated
B-galactosidase (SA-P-gal) activity as previously
described [35]. Briefly, cells were washed twice with
PBS, fixed with 2% formaldehyde and 0.2%
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glutaraldehyde in PBS, and washed twice in PBS.
Cells were stained in X-gal staining solution (1 mg/ml
X-gal, 40 mM/I citric acid/sodium phosphate, 5
mM/1 potassium ferricyanide, 5 mmol/1 potassium
ferrocyanide, 150 mM/1 NaCl, 2 mM/1 MgCl,, pH
6.0). After 6 hours, cells were washed twice with PBS.
For a sensitive determination of the total cell number,
cells were counterstained with 1 yg/ml Hoechst 33342
(Molecular Probes). Stained cells were examined
using Lionheart FX Automated Microscope (BioTek
Instruments Inc., Winooski, VT, USA) and analyzed
with Gen 5.0 software (Biotek Instruments).

Cell viability

Cellular viability was assessed by double
labeling of cells with 1 pM calcein-AM and 1.2
M DRAQY; total nuclei were stained with 1ug/ml
Hoechst 33342 (Merck). Viable total and dead cells
were counted using the Lionheart FX Automated
Microscope (BioTek Instruments Inc., Winooski, VT,
USA). Apoptosis was further evaluated by Terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay. CMs were treated and after 24hours
fixed in 4%methanol-free Paraformaldehyde (PFA)
for 15 min then processed with DEadEnd Fluorimetric
TUNEL system (Promega) following manufacturer
protocol. Total cells were stained with DAPI 1ug/ml
(Merck).

Stained cells were acquired using Lionheart FX
Automated Microscope (BioTek Instruments) and
analyzed with Gen 5.0 software (BioTek Instruments).

Immunocytochemistry

After treatment, iCMs were washed twice with
PBS and then fixed for 5 min at RT using a
PFA-4% /sucrose-2% solution. Fixed cells were
incubated for 10 min with glycine 0.1 M and then
washed with PBS for 5 min. Cells were then
permeabilized with 0.3% Triton X (Triton X detergent,
Sigma-Aldrich) in PBS for 30 min, followed by a 5-min
wash with PBS. Cells were then blocked with 2%
bovine serum albumin (BSA) (Merck) for 1 h at RT.
Subsequently, they were incubated with PBS
containing 0.1% Tween, 1% BSA, and the primary
antibody overnight at 4°C. To assess cardiac
differentiation, cells were stained using antibodies
against Sarcomeric Actin (a-S-Actin) (Abcam 9465),
cardiac Troponin I (cTnl, AbCam 47003), cardiac
Troponin T (cTnT) (13-11 Thermo Fisher Scientific),
Myosin light chain 2 atrial (MLC2a, Synaptic System
311011), and Myosin light chain 2 ventricular
(MLC2v, Proteintech 10906) to assess presence of
DNA breaks, cells were stained using antibodies
against y-H2AX (9718 Cell Signaling), to assess
cytotoxicity cells were stained with cleaved Caspase-3

Ab (Cell Signaling Technologies 9664). To assess
senescence induction cells were stained with P16 and
P21 (Proteintech 10355) Antibodies.

Nuclei were counterstained with DAPI 1ug/ml
or Hoechst-33342 1ug/ml

EdU (1 pM) was supplied to the cells 24hours
after Dox treatment. After further 48hours cells were
fixed and EdU incorporation was revealed through
Click-it kit (Thermo Fisher Scientific) following
manufacturer protocol to measure active DNA
synthesis. Stained cells were examined using
Lionheart FX Automated Microscope (BioTek
Instruments) and analyzed with Gen 5.0 software
(BioTek Instruments).

Real time PCR analysis

iCMs were washed twice with PBS and RNA
was extracted by adding 1 mL of TRI-Reagent
(Sigma-Aldrich) as per manufacture instructions. For
reverse transcription, 500ng of RNA was reverse-
transcribed using GoScript Reverse Transcription
System kit (Promega) as per manufacture instructions.
To perform real-time PCR, the following mix was
used: 2 pL DEPC water, 5 pL SsoAdvanced Universal
SYBR Green Supermix 2x (BioRad), 2 pL of cDNA
diluted 1:50 in DEPC water, 0.5 pL primers forward
10mM, and 05 pL primers reverse 10mM.
Amplification and detection of specific products were
performed in triplicate using a CFX Connect™
Real-Time PCR Detection System (Bio-Rad Labs). The
threshold cycle (Ct) of each gene was automatically
defined and normalized to the geometric mean
control housekeeping genes GAPDH and RPL27(ACt
value). To compare gene expression levels among
different treatments, AACt values in treated CMs were
calculated as the differences between the ACt value in
these groups and the ACt value in untreated CMs
following Livak method [36]. Primers sequences are
shown in Supplementary Table 1.

Western blot analysis

Total proteins were extracted by lysing cells and
then heated at 95 °C for 5 min (except for SERCA2 and
PLN detection) with Laemmli SDS sample buffer 6x
containing: 0.375 M Tris-HCl pH 6.8, 12% SDS, 60%
glycerol, 0.6 M DTT, 20% (v/v) beta-mercaptoethanol,
70.2% (w/v) bromophenol blue (VWR International
LCC). Proteins were separated on 4-20%
Mini-PROTEAN® TGX™ Precast Gel (Bio-Rad) (or
4-12% Bis-Tris Criterion BIO-RAD gels for SERCA2
and PLN detection) and transferred onto a PVDF
membrane with a semi-dry transfer system (Bio-Rad).
The membranes were blocked for 1 h with Intercept
(TBS) Blocking Buffer (Licor) or milk and incubated
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with the primary Abs at 4 °C overnight (anti-p16,
1:1°000, Proteintech  10883; anti-p21, 1:1°000
eBiosciences 14-6715-81; anti-KCNH2, 1:200, Alomone
APC-109; anti-P AMPK, 1:1°000, Cell Signaling 2537;
anti-CAMKII, 1:2°000, Abcam 92332; anti-P CAMKII,
1:2000, Abcam 171095; anti-SERCA2, 1:1000, N-19
Santa Cruz Biotechnology; anti-PLN 1:1000, 2D12,
Abcam; anti-actin 1:5000, Merck). Membranes were
then rinsed and incubated with appropriated
fluorophore-conjugated secondary antibodies (Li-
COR) at RT for 2 h. Subsequently, the membranes
were rinsed then acquired and analyzed using the
Odyssey CLx Detection System (LI-COR Biosciences).

ATP/AMP ratio

iCMs were lysed by incubation with an ultrapure
water buffer containing perchloric acid 2.5% for 10
min, followed by a freeze (-20 °C)-thaw cycle. The
lysate was then incubated with KHxCOs for 5 min,
resulting in precipitate and CO, formation. At the end
of the reaction, the supernatant was centrifuged
(18000 G for 15 min) to remove any precipitate. For
ATP detection, the supernatant was incubated with an
ultrapure water buffer containing (mM) 100 Tris, 50
glucose, 0.2 NADP+*, 5 MgCl,, 0.27 Hexokinase/
Glucose-6-Phosphate dehydrogenase. The increase in
absorbance over time indicated the reduction of
NADPH and it correlated with the ATP levels in the
supernatant. For AMP detection, the supernatant was
incubated with an ultrapure water buffer containing
(mM) 100 Tris, 0.15 NADH, 0.2 ATP, 1 Phospo-Enol-
Pyruvate, 5 MgCl,, 0.27 Pyruvate Kinase/Lactate
dehydrogenase, 0.27 Adenilate Kinase. The decrease
in absorbance over time indicated the oxidation of
NADH and it correlated with the AMP levels in the
supernatant.

Reactive oxygen species (ROS) detection assay

iCMs were seeded in 96-well/ clear bottom plates
for fluorescent measurements. Cells were washed
twice with PBS and then incubated at 37°C in the dark
with the ROS staining buffer containing
dihydroethidium (5 uM) (Thermo Fisher Scientific).
After 30 min of incubation, designated positive
control wells were treated with TBHT (100 pM). After
30 additional minutes, iCMs were gently washed with
PBS. The fluorescence was measured using the
Infinite M-series fluorescent plate reader (TECAN)
using an excitation wavelength of 480-520 nm and an
emission wavelength of 580-600 nm. To exclude
interference of Dox intrinsic fluorescence, fluorescent
values were subtracted of baseline-cells treated with
Dox but not incubated with dihydroethidium.

Mitochondrial Stress Test Assay
iCMs and SenCMs were harvested and seeded at

7.5%10* cells/well in a Seahorse XF miniplate
(Agilent). After 48h the maintenance medium were
chanced with Seahorse XF RMI supplemented 1 mM
pyruvate, 2 mM glutamine, and 10 mM glucose with
and cells were then analyzed for Oxygen
Consumption Rate (OCR) with Seahorse XFp
instruments, following Cell Mito Stress Test (Agilent)
manufacturer protocol. OCR was measured every 7
minutes, inhibitors concentration was Oligomycin
1uM, FCCP 0.5uM, Rotenone/Antimycin A 1pM.
Basal respiration was measured as OCR level
previous to Oligomycin treatment minus minimum
OCR level after Rotenone/Antimycin A injection.
ATP linked production was measured as Maximum
OCR level after Oligomycin injection minus Basal
Respiration. Normalization for cell number was
obtained with Sulforhodamine B assay. Briefly at the
end of the experiment cells were fixed in 10%
Trichloroacetic acid for 1h. Cells were washed and
incubated with 0.057% SRB solution for 30 minutes.
Cells were washed in acetic acid and air dried.
Remaining cell-bind SRB were eluted in Tris pH10.5
and absorbance measured at 510nm wavelength in
Tecan Infinite 2000 reader. Analysis was performed
with Wave software (Agilent).

Transmission electron microscopy (TEM)
acquisition and mitochondrial analysis

iCMs were cultured on glass coverslips, washed
with PBS and incubated overnight in a fixative
solution (2.5% glutaraldehyde in PBS) at 4°C. Cells
were then washed with PBS and post-fixed in aqueous
osmium tetroxide solution (1%). Next, cells were
dehydrated in a series of ethanol solutions
(50%-709%-90%-95%-100%), incubated in grated
absolute ethanol/propylene oxide solutions and
infiltrated in epoxy resin. Following removal of glass
coverslip, ultrathin sections (50-70 nm) were stained
with uranyl acetate and lead citrate solutions.
Samples were observed with JEOL JEM-2100 Plus
(JEOL, Italy) transmission electron microscope at 200
kV.

The images were analyzed using Image] to
quantify the following morphological mitochondrial
shape descriptors: mitochondria surface area, Feret's
diameter (longest distance between any two points
within a given mitochondrion), aspect ratio (major
axis)/(minor axis) as the measure of the “length to
width ratio”.

JC10 assay

Designed positive control cells were incubated
with maintenance medium containing CCCP
(carbonyl cyanide m-chlorophenyl hydrazine) at 37 °C
for 1 hour. All wells were then washed twice with PBS
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and incubated with the JC10 dye (Abcam) as per
manufacturer instructions. After 45 min of incubation,
the fluorescence was measured using the Infinite
M-series fluorescent plate reader (TECAN) using an
excitation wavelength of 490 nm and emission
wavelengths of 520-570 nm.

Microelectrode arrays (MEA)

Field potentials (extracellular recordings) of
spontaneously beating clusters of iCMs were recorded
at 37 °C using a 60MEA100/10iR-Ti-gr 64-electrode
Microelectrode Arrays (MEA, Multi Channel
Systems). iCMs were seeded in the Syntemax-coated
MEA chambers (volume 500 pl) for at least 4 days
before appropriate Dox treatment and recordings. The
latter were performed in maintenance medium. For
each time-point, measurements were taken 10 min
after signals had reached a steady state value. The
duration of field potentials (FPD), reflecting the
electrical systole, was measured from the onset of the
sharp positive deflection to the peak of the secondary
slow deflection. This measurement is representative
of the electrocardiographic QT interval. The rate
corrected QT intervals (QTc) were calculated by
applying Bazett's correction (QTc = QT/VRR). MEA
data analysis was performed with MC Rack, MC Data
Tool (both by Multi Channel Systems) and Clampfit
10.7 (Molecular Devices).

Patch clamp measurements

iCMs and mCMs were clamped in the whole-cell
configuration. During measurements, myocytes were
superfused at 2 ml/min with Tyrode's solution
containing 154 mM NaCl, 4 mM KCl, 2 mM CaCly, 1
mM MgCl,, 5 mM HEPES/NaOH, and 55 mM
D-glucose, adjusted to pH 7.35. A thermostated
manifold, allowing for fast (electronically timed)
solution switch, was used for cell superfusion. All
measurements were performed at 35 + 0.5°C. The
pipette  solution contained (unless otherwise
specified) 23 KCl, 110 KAsp, 0.4 CaCly, 3 MgCl,, 5
HEPES-KOH, 1 EGTA-KOH, 0.4 NaGTP, 5 Na,ATP, 5
NayPC, pH 7.3. Membrane capacitance (Cr) and series
resistance were measured in every cell but left
uncompensated.  Signals were acquired with
MultiClamp 700B amplifier (Molecular Devices)
connected to Digidata 1550A (Molecular Devices) and
analyzed via pClamp 10.6 (Molecular Devices).

Electrical activity

Action Potentials (APs) were acquired in iCMs
and mCMs in I-clamp mode at specific stimulation
rates. In particular, to overcome the low expression of
the inward-rectifier potassium current (Ix;) in iCMs, in
silico Ixa was injected through the Dynamic Clamp
(DC) technique as previously reported [37]. Briefly,

APs, recorded from iCMs, were acquired at a
sampling rate of 10 kHz into the computer memory to
drive the numerical Ik; according to the Nygren et al
[38]. Cin and the estimated liquid junction potential (8
mV) were computed in generating numerical Ixs; I
maximal conductance was set to 0.7 nS/uF, as
required to bring iCM diastolic potential (Edgi.st) near
-80 mV, and kept constant for all experiments. The AP
duration at 90% of the repolarization phase (APDyo)
and the Egast were quantified. Delayed
afterdepolarizations (DADs) were defined as diastolic
depolarizations with amplitude >1mV and their
incidence was evaluated. Beat-to-beat variability of
repolarization was expressed as the short-term
variability (STV) of APDy (i.e., the mean orthogonal
deviation from the identity line [39, 40], calculated as
follows: STV = Y [(| [APD] _(n+1)- (APD] _n
| /[n_(beats ) x 2] ] ) for 30 consecutive APs (nbeats)
at steady-state level.

Membrane currents

The rapid delayed rectifier K* current (Ix;) was
recorded as E-4031 (3 upM)-sensitive current by
applying depolarizing steps from -40 mV to +40 mV
in the presence of Ixs and Ica. blockers HMR1556 (1
uM) and nifedipine (1 pM) respectively. Ix. 1/V
relationships were obtained by measuring tail
currents at -40 mV. The late component of the Na*
current (Ina) was isolated as TTX (2 pM)-sensitive
current (Irrx) by applying slow voltage ramps (28
mV/s) from -100 mV to +40 mV. Irrx at 0 mV was
taken as representative of Ina, while peak Irrx value,
occurring at more negative potentials, was assumed
to reflect the Na* ‘window component’ (Inaw) as
previously described [41]. Current densities (pA/pF)
were obtained by normalizing current amplitudes to
Cun.

Intracellular Ca?* dynamics

Cytosolic Ca?* and membrane current were
simultaneously recorded in V-clamped iCMs loaded
with Fluo4-AM (10 pM). iCMs were superfused at 2
ml/min with the Tyrode’s solution added with 2 mM
4-aminopyridine and 1 mM BaCl, to block K*
currents. In the pipette solution EGTA was decreased
to 0.1 mM and 0.01 mM Fluo4-K* salt was added.
Fluorescence at the holding potential (-80 mV) was
used as reference (Fo) for signal normalization (F/Fo)
after subtraction of background. Ca?* transients (CaT)
and Ic,. were recorded during 300 ms steps to 0 mV
following 50 ms step to -35 mV to inactivate Na*
channels. Ica was isolated as nifedipine (10
pM)-sensitive current; nmols of Ca?* entering the cell
(CaLl influx) were quantified integrating Ic.. during
the step. Sarcoplasmic reticulum (SR) Ca?* content
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(CaSR) was estimated by both integrating the
Na*/Ca?* exchanger (NCX) current (Incx) and
measuring CaT amplitude elicited by caffeine (10
mM) pulse, obtaining comparable results.

Ca?* sparks

Spontaneous unitary Ca?* release events (Ca?*
sparks) were recorded at room temperature in
Fluo4-AM (10uM) loaded myocytes at resting
condition. Tyrode bath solution contained 1 mM
CaClp. Images were acquired at x60 magnification in
line-scan mode (xt) at 0.5 kHz by confocal Nikon A1R
microscope. Each cell was scanned along a
longitudinal line and #10 xt frames (512 pxls x 512
pxls) were acquired. Non-cell fluorescence was
acquired too to allow background fluorescence
measurement. Confocal setting parameters were kept
constant throughout experimental groups to permit
group comparison analysis. Images were analysed by
SparkMaster plugin (Fiji) software [42]. Automatic
spark detection threshold (criteria) was imposed to
3.8. Only in focus Ca?* sparks (amplitude > 0.3) were
considered to quantify their characteristics. In
particular, the following spark parameters were
measured: frequency (N of events/s/100pm), ampli-
tude (AF/F0), full width at half-maximal amplitude
(FWHM, pm), full duration at half-maximal
amplitude (FDHM, ms) and decay time constant (T,
ms). Spark mass (spark amplitude*1.206* FWHM?3)
was also calculated as index of Ca?* spark volume.

Expression analyses of significant genes
associated with SenCM

Cardiomyocytes transcriptomic data from
single-nucleus RNA sequencing (snRNA-seq) were
obtained from public repository Human Cell Atlas
https:/ /www.humancellatlas.org). Data were
referring to Litvifiukova et al [29]. We used atrial- and
ventricular-specific subset to derive expression profile
of specific genes. Data were normalized and scaled
through Serurat package for R environment (ver.
4.0.6). Analysis was performed with Seurat package
and heatmaps of the expression levels of
senescence-associated genes were visualized using
ggplot2 package on R environment. Heatmaps
display the average level of expression at single cell
level (colour scale 0-1) and frequency of expression
(dots dimensions) in the specific cell population. To
minimize the influence of pathological unknown
constituents, we did not included data from patients
presenting Diabetes or Hypertension.

Statistical analysis

Data are expressed as the mean * standard error
of the mean (SEM) of independent experiments. The
differences between groups were tested with

unpaired t-test or one-way ANOVA analysis as
appropriate. Post-hoc comparison between individual
means was performed with Tukey test. A p-value <
0.05 was considered statistically significant. For the
correlation between KCNH2 expression and age a
linear regression analysis showing 95% confidence
band of the best fit trend line, was performed.

Results

Sub-lethal concentrations of Dox induce cell
cycle arrest in human iCMs accompanied by
negligible cytotoxicity

We successfully generated three different cell
lines of human iPS from cardiac somatic cells source
that were reprogrammed to functional cardiomyo-
cytes (iCMs) using a small molecules protocol as
previously described [32, 43]. The differentiation
protocol reached an efficiency of about 90% (Supple-
mentary Figure S1A/B). Analysis of single cell electri-
cal activity by patch-clamp recording showed that
70% of differentiated cells had ventricular-like pheno-
type with typical AP morphology with a sustained
plateau phase. Those cells were distinct from iCMs
with triangular AP shape mostly recapitulating
atrial-like phenotype that account for about 30% of
differentiated cells (Supplementary Figure S1C).

Premature senescence was induced in iCMs by a
short-time exposure (3 hours) to sub-lethal
concentrations of Dox followed by drug washout
(Supplementary Figure S1D). Cells were analyzed for
the expression of SA-p-gal and simultaneously
monitored for cell death hallmarks. Cell death
(DRAQY7 positive cells) remained negligible upon
exposure to Dox at concentration ranging from 0.2 to
0.5 puM whereas at higher doses cell-viability
decreased and apoptosis (number of iCMs positive for
Tunel and expressing cleaved caspases-3) increased in
a  dose-dependent  manner  (Figure 1A-B;
Supplementary Figure S2A). The concentration of 0.2
uM significantly increased the expression SA-B-gal by
25%. Such increase remains stable at 0.5 pM and
decreased over higher doses in concomitance with
augmented cell death (Figure 1C). Since chromogenic
beta-gal substrate generates a far-red-shifted
fluorescent signal [44], we further co-localized
SA-B-gal expression with cardiac specific protein and
visualized its intracellular  distribution by
immunofluorescence analysis (Figure 1D). The dose of
0.2 uM Dox was selected as critical for inducing onset
of senescence phenotype with minimal cell death.
Thus, iCMs treated with 0.2 uM Dox are hereinafter
referred to as senescent-like CMs (SenCMs). Unless
otherwise specified, measurements were performed 4
days after Dox treatment.
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Figure 1: Response of human iPS-derived cardiomyocytes (iCMs) to doxorubicin (Dox). (A) Cell viability assay. Cells were labelled with Calcein-AM (green, viable
cells) or DRAQ7 (red, dead cells) as described in methods section. Quantitative data (ratio of DRAQ?7 positive and Calcein negative cells on the total number of cells) are shown
in the bar graphs representing means of four independent experiments + SEM. * P < 0.05, ** P < 0.01 vs iCMs. (B) Apoptosis was assessed by cleaved caspase-3 staining. Cleaved
caspase was stained in green. Counterstaining of nuclei was performed with DAPI (blue). Cardiomyocytes were stained with cardiac Troponin T antibody (cTnT Red).
Quantitative data (ratio of caspase positive cells on the total number of cTnT positive cells) are shown in the bar graphs representing means of four independent experiments
SEM. * P < 0.05, ** P < 0.01 vs iCMs. (C) representative bright-field microscopy images of SA B-gal staining in iCMs and in Dox-treated cells at different concentration (0.2-5 pM).
The percentages of SA B-gal-positive cells are shown in the bar graphs representing the mean of four independent experiments + SEM. * P < 0.05 vs iCMs. (D) representative
image showing SA B-gal-positive in SenCM upon excitation at 628 nm (far-red spectrum). Cardiac cTnT is shown in green, SA B-gal is shown in red correspondent bright-field
microscopy images of SA B-gal staining is shown in the right panel.
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SenCMs display senescence-associated
pathways

We performed a series of experiments aiming to
assess whether SenCMs exhibit typical features of
SIPS [45, 46].

Neonatal and adult CMs possess residual
capability of DNA synthesis leading to poly-
nucleation accompanied by limited cell division. New
DNA-synthesis is also a feature of differentiated iCM
and incorporation thymidine analogue 5-ethynyl-
2'-deoxyuridine (EdU) account for about 15% of total
cells in basal condition (Figure 2A). The number of
dividing cells (AURKB positive) in such condition is
about 0.9% (Supplementary Figure S2B). Thus,
suggesting that EAU incorporation very likely reflects
CM  Kkaryokinesis (without cytokinesis) during
binucleation process [47, 48]. In such context we
assessed whether Dox affected the capability of iCMs
to synthesize new DNA. We found that Dox treatment
dramatically decreased the incorporation of EAU by
16-folds as compared to untreated iCMs (Figure 2A).
In accordance with direct Dox-induced DNA damage,
we observed a significant increase in the number of
y-H2AX-positive nuclear foci more than 5-fold in
SenCMs compared to control iCMs (Figure 2B).
Accumulation of yH2AX in SenCMs was associated
with augmented expression of CDKN1A (hereafter
p21¢irl/wafly and CDKN2A (hereafter p16!NK4) at both
mRNA and protein levels (Figure 2C-E). Time-course
RT-PCR experiments showed a pick of expression of
p21cipl/wafl at 24hrs after exposure to Dox and a
subsequent decreasing overtime from day one to
seven. pl6INK4a showed slight but constant increase
overtime (Figure 2C). Most important p21¢ipl/wafl and
p16!NK4a were also increased at protein level as shown
by WB and immunostaining at day 4 after exposure to
Dox (Figure 2D-E). SenCMs were characterized by an
increased expression of SASP-associated genes
(Figure 3A). Transcripts of CXCL8, TGFB2, SERPINE1
and GDF15 genes were significantly overexpressed in
SenCMs vs iCMs. Remarkably, levels of expression of
CXCL8 and SERPINE-1 were 4-fold higher in SenCMs
vs iCMs. Finally since aged hearts develop significant
cardiac hypertrophy [49], we assessed whether this
also occurs in our model. The expression of atrial
natriuretic peptides (NPPA) and brain/B-type
natriuretic peptides (NPPB), known to be
predominantly expressed by the post-natal heart in
response to stress-associated hypertrophy [50], were
both significantly upregulated in SenCMs as
compared to iCMs (Figure 3B). The occurred

hypertrophy in Dox-treated CMs was also confirmed
by measuring the cell membrane capacitance (Cn)
which reflects cellular dimensions (Figure 3C) and
was further confirmed by direct measurement of CM
surface-area (Figure 3D).

Dox-induced senescence is associated with
mitochondrial dysfunction and oxidative stress
in SenCMs

Mitochondria are essential determinants of
cellular homeostasis in CMs due to the high energetic
demand of these cells. To gain insights into the
Dox-induced mitochondrial impairment in SenCMs,
we assessed key parameters of mitochondrial
respiration by using a Seahorse extracellular flux
analyzer.

SenCMs showed decreased OCR at basal
respiration phases, with significant decrease in
ATP-production linked respiration (Figure 4A-B). A
loss in mitochondrial membrane potential in SenCMs
was evaluated by JC-10 assay (Figure 4C). Membrane
potential (AWm) of mitochondria became significantly
depolarized in SenCMs (Figure 4C), suggesting a
potential disruption in organelle integrity. At
ultrastructural level SenCMs showed significant
mitochondrial perturbations that were characterized
by irregular architecture with loss of defined cristae
and changes in general shape with significant
decreased surface area, Feret's diameter and aspect
ratio, indicating a longitudinal shortening (Figure
4D). Moreover, a clear mitochondrial intracellular
clustering was observed in SenCMs, suggesting an
altered mitochondrial relocation. Mitochondrial
dysfunction occurring during senescence process is
generally associated with increased production of
ROS [51]. Indeed, SenCMs had significantly increased
in ROS levels as compared to iCMs (Figure 4E) and
generalized decline of metabolic capacity, as shown
by the significant decrease in the cellular ATP/AMP
ratio (Figure 4F). The imbalance in the energetic fluxes
in SenCMs was associated with increased activity of
the 5-AMP-activated protein kinase (AMPK) as
highlighted by the positive ratio between the Thr172
phosphorylated AMPK (pAMPK) and the total
protein level (Figure 4G). However, the increased
activity was not accompanied by concomitant
increase in mRNA expression level (Figure 4H). This
suggests that cytosolic AMP levels could intrinsically
increase AMPK activity by inducing its allosteric
activation [52].
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Figure 2: Expression of senescence markers in SenCMs. (A) EdU incorporation in iCM and SenCM. Cells were stained for cTnT followed by counterstaining with DAPI.
Quantitative analysis of double-positive cells for EdU and cTnT is shown in the bar graphs representing four independent experiments + SEM. * P < 0.05, ** P < 0.01 vs iCMs. (B)
Representative images of immunofluorescence analysis of iCMs and SenCM using anti-y-H2AX (green) and anti-sarcomeric o-actinin (red) antibodies. Cells nuclei were
counterstained with DAPI. The number of y-H2AX-positive foci per cell was calculated. Data are means of four independent experiments + SEM. ** P < 0.01 vs iCMs. (C)
Time-course for CDKN2A and CDKNITA mRNA relative expression in SenCMs versus iCMs (black dotted line). Data are means of four independent experiments + SEM; * P <
0.05. (D) Western blotting analysis of p16 and p21 proteins in iCMs and SenCMs. Quantitative data are densitometry analysis of four independent experiments + SEM; * P < 0.05.
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Figure 3: Expression of SASP and induction of hypertrophy in SenCMs (A) SASP-associated genes mRNA relative expression in SenCMs versus iCMs (black dotted
line). Data are means of four independent experiments + SEM. * P < 0.05, ** P < 0.01 vs iCMs. (B) NPPA and NPPB mRNA relative expression in SenCMs versus iCMs. Data are
means of four independent experiments + SEM. * P < 0.05, ** P < 0.0 vs iCMs. (C) Membrane capacitance (Cm) recorded by patch-clamp technique from SenCMs and iCMs. Data
are means of 65 and 45 cells respectively, pooled from four independent experiment + SEM. * P < 0.05. (D) Cell surface area in SenCMs and iCMs. Data are means of 577 and

459 cells respectively, pooled from four independent experiment + SEM. * P < 0.05.

Dox-induced senescence affects electrical
properties and intracellular Ca?* dynamics of
SenCMs

Aging is associated with an increased incidence
of cardiac arrhythmias and heart failure. Indeed, the
ability of SenCMs to respond to stressors is
compromised by ionic remodelling, abnormalities in
Ca?* handling, and defective SR-mitochondria
crosstalk [53, 54]. Dox is also known to cause
arrhythmias in humans as well as animal models
[65-57]. Using the MEA technology, we sought to
explore whether Dox-induced senescence may affect
FPD in spontaneously beating clusters. We found that
electrophysiological ~properties of multicellular
preparations of SenCMs were significantly altered as
compared to iCMs, with a time-dependent increase of
the corrected FPD (named QTcB) (Figure 5A).
Notably, the prolongation of QTcB worsened over
time and reached a steady-state value 5-7 days after
single Dox exposure at day 0.

As the QT interval reflects the duration of the
AP, we further investigated by patch-clamp analysis
the specific contribution of inward and outward ionic

currents that might explain the QT prolongation
observed at multicellular level. As first attempt we
measured at a single-cell level the electrical activity in
terms of the duration of the AP, measured at 90% of
repolarization (APDg). Both iCMs and SenCMs well
adapted in terms of APD shortenings as the
stimulation frequency increased; however, at low
stimulation rate (1Hz), SenCMs showed a huge APD
prolongation in comparison to iCMs (Figure 5B). As
the increase in APDy is directly linked with the
variability of repolarization phase, we assessed the
rate-dependency of STV APDg. As expected, STV
resulted increased in SenCM at 1 Hz (Figure 5C) as a
direct consequence of the prolongation of APDgyy.
Moreover, the linear correlation STV/APDg was
steeper in SenCMs than iCMs, suggesting that other
Dox-induced effects in addition to APDg
prolongation can affect the variability of APD.
Overall, these results indicate that SenCMs have a
pronounced tendency to arrhythmogenesis in
comparison to iCMs. This was further confirmed by
the higher number of cells exhibiting DADs among
the treated cells as respect to iCMs (Figure 5D).
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Figure 4: Ind of mitochondrial d. ge in SenCMs. (A) Measurement of oxygen consumption rate (OCR) by Seahorse-XF assay. Time-course of oxygen

consumption rate (OCR) is shown in iCMs (black line) and SenCMs (red line). Timing for injection of Oligomycin 1pM, FCCP 0.5uM, Rotenone/Antimycin A 1pM OCR are
indicated. (B) Basal respiration was measured as OCR level previous to Oligomycin treatment - minimum OCR level after Rotenone/Antimycin A injection. ATP linked
production was measured as maximum OCR level after Oligomycin injection — Basal Respiration. Normalization for cell number was obtained with Sulforhodamine B assay. Data
are means of three independent experiments + SEM; * P < 0.05, ** P < 0.01 vs iCMs. (C) Mitochondrial membrane potential (A%Wm) is evaluated by potential-sensitive dye JC-10.
The graph represents the means of four independent experiments + SEM ** P < 0.01 vs iCMs. (D) Representative TEM images and quantitative analysis (surface area, Feret’s
diameter and aspect ratio) of mitochondria morphology in SenCMs (N=136) vs iCMs (N=80). Data are pooled from three independent experiments + SEM ** P < 0.01. (E)
Reactive oxygen species were assessed in SenCMs vs iCMs using DHE assay. Cells were incubated with DHE for intracellular H2O; detection as described in Methods and
Materials. Quantitative data are shown in the bar graph as means of four independent experiments + SEM; * P < 0.05, ** P < 0.01 vs iCMs. (F) ATP/AMP ratio was by measuring
intracellular ATP and AMP levels as described in Methods and Materials. Data are means of four independent experiments + SEM; * P < 0.05 vs iCMs (G) pThr172 AMPK:AMPK ot
protein expression levels. Quantitative data of four independent experiments = SEM (densitometric values for the proteins of interest normalized for GAPDH). (H) AMPKa 1 and
AMPKa2 mRNA relative expression in SenCMs versus iCMs. Data are means of three independent experiments + SEM. * P < 0.05, ** P < 0.01 vs iCMs.
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Figure 5: Alterations of electrical activity in SenCMs. (A) The electrical activity of spontaneously beating clusters of iCMs and SenCMs was recorded using MEA for 7
consecutive days after Dox treatment. Data are means of five independent experiments + SEM; * P < 0.05 vs iCMs. QTcB: QT-interval corrected by Bazett's formula. Examples
of field potentials in iCMs and SenCMs at day | and 7 are shown. (B) Rate-dependency of APD in isolated SenCMs (N=17) vs iCMs (N=22). Data are pooled from four indipendent
experiments. + SEM. * P < 0.05. Representative APs recorded at | Hz in each group are shown. Numerical lx; (see Methods) was injected through Dynamic Clamp technique to
compensate the low expression of native lki in iCMs. (C) Rate-dependency of short term variability (STV) of APDso (left panel) and linear correlations between STV of APDgo and
APDyo values (right panel) in each group; data from all stimulation rates were pooled. Data are means of at least 20 cells for every group, pooled from four independent
experiments + SEM. * P < 0.05. (D) DAD:s incidence in each group; recordings at | Hz in each group are superimposed on the left to highlight DADs occurrence. *p<0.05 vs iCMs.

https://www.thno.org



Theranostics 2022, Vol. 12, Issue 11

5250

We investigated the rapid delayed rectifier K+
current (Ix,) I/V relationship, mediated by the HERG
(also known as KCNH2) channel, as possible
mechanism responsible for reduced repolarization
reserve in SenCMs. SenCMs showed significant
downregulation of I, density in comparison to
control iCMs (Figure 6A). Moreover, the protein
expression level of the HERG channel at this time
point was reduced in SenCMs vs iCMs (Figure 6B). As
it was the first time that a decrease in expression of
KCNH2 was associated with senescent CMs, we took
advantage of our in-house biobank of human atrial
appendage tissue specimens to verify a possible
correlation between the protein levels and the age of
the donors. Consistent with the in vitro data, we found
a significant inverse correlation between KCNH2
expression and age of the patient (Supplementary
Figure S3A).

A further cause of prolonged QT in CMs might
be ascribable to an increased inward current during
the plateau phase of the AP. Thus, we evaluated the
Dox-induced modulation of the late component of
Na* current (Inar), a good candidate accordingly to its
sensitivity to the cellular redox state [58]. Ina I/V
relationships were obtained by measuring TTX (2
uM)-sensitive current (Irrx) during slow voltage
ramps. Inward steady-state Irrx might be
representative of both Na* window current at
negative potentials and Ina at more positive
potentials [41]. While peak Itrx at -39 mV (mostly
representing Inaw) was not significantly affected in
SenCMs, Irrx measured at 0 mV (mostly representing
INa) significantly increased in SenCMs compared to
iCMs (Figure 6C). Accordingly, the proportion of
CAMKII phosphorylated on the Thr286 of its alpha
subunit (pCAMKII), a well-known modulator of InaL
[59], increased in SenCMs (Figure 6D). Overall, the
combination of Ik, downregulation and Ina
enhancement may largely justify the Dox-induced
senescence-dependent electrical remodeling leading
to QT/APD prolongation.

Next, to complete the characterization of SenCM
phenotype, we studied the intracellular Ca2*
dynamics in FLUO-4 voltage clamped iCMs (Figure
6E). In comparison to controls, Ca?* transient (CaT)
amplitude and sarcoplasmic reticulum Ca2* content
(CaSR), evaluated through a caffeine (10 mM) pulse,
were significantly reduced in SenCMs 5-7 days after
treatment, leading to a similar fractional release
(0.41£0.04 vs 0.44+0.04, ns). As expected, SR Ca?*
levels evaluated by measuring caffeine-induced CaT
amplitude (Figure 6E) or -caffeine-induced Incx

(Supplementary Figure S4A) showed comparable
results. Both Ca?* influx through L-type Ca2* channel
and peak ICa_ density (-9.8+1.4 pA/pF vs -11.1+1.1
PA/PF, ns) at 0 mV were not significantly affected in
SenCMs. SERCA2 protein levels were significantly
reduced in SenCMs, while the protein levels of the
physiological SERCA2 inhibitor phospholamban
(PLN) in both the monomeric (m) and pentameric
forms were not altered, leading to a SERCA2/PLN
ratio reduction in SenCMs (Figure 6F), a finding
previously reported in aged animal models[60]. To
have a complete overview of SR function in SenCMs,
potential alterations in SR Ca?* release in addition to
SR Ca?* uptake, was evaluated in SenCMs by
measuring Ca?* sparks rate and characteristics. While
Ca?* sparks rate was not significantly altered in
SenCMs in comparison to iCMs, analysis of Ca?*
sparks parameters underlined spatial and temporal
Ca?* spark duration enhancement in SenCMs, leading
to a greater global volume of SR Ca?* released by each
Ca?*release unit (namely spark mass) (Figure 6G and
Supplementary Figure S4B). This finding well fits
with the increased CaMKII activity in SenCMs,
known to increase SR Ca?* leak [61]. Moreover,
accordingly to SERCA2 depression, Ca?* sparks decay
became slower (that is Tt decay enhancement) in
SenCMs (Figure 6G). Overall, these data suggest a
huge alteration of intracellular Ca?* dynamics that
largely explain the proarrhythmic phenotype of
SenCMs (i.e. DADs occurrency).

Model comparison with aging mice CMs

To exploit potential specie-specific differences
with mouse CMs, key electrophysiological features
were also evaluated in CMs isolated from young
(y-mCMs) vs old mice (o-mCMs) (Figure 7). o-mCMs
exhibited a depolarized Egiast at all stimulation rates
(Figure 7B) and prolonged APDg at 2 and 4 Hz
(Figure 7C). Moreover, a significant number of
0-mCMs failed to adapt at higher stimulation rates (7
Hz) (inset Figure 7C). Of note, as expected, the
rate-dependency of APDy in mice shows opposite
trend as compared to human cells. In line with human
model, in o-mCMs the STV of APDg was significantly
increased at low stimulation rates (Figure 7D) and the
STV/APDy correlation tended to be steeper in
comparison to y-mCMs (Figure 7E). As observed in
SenCMs, the APD prolongation in o-mCMs was
largely dependent on enhanced Ina. (Figure 7F) that
contextually was ascribable to the increased
proportion of CAMKII phosphorylated on Thr286
(Figure 7G).
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Figure 6: Alterations of Ik, InaL and Ca?* handling in SenCMs. (A) E-4031 (3uM)-sensitive currents (Ik.) activated according to the protocol shown on top and relative I/'V
relationships in iCMs (N = 21) and SenCMs (N = 26) 5-7 days after treatment. Data pooled from four independent experiments are presented as + SEM. * P < 0.05, ** P < 0.01
vs iCMs. (B) HERG (KCNH?2) protein expression levels in iCMs and SenCMs. Quantitative data of four independent experiments + SEM (densitometric values for the protein of
interest normalized for histone H3). £ SEM. * P < 0.05, ** P < 0.01 vs iCMs. (C) TTX (2 pM)-sensitive current (Ir7x) activated during slow voltage ramps (28 mV/sec) from a
holding potential of -100 mV. Mean + SEM I/V relationships for iCMs (N = 12) and SenCMs (N = 13) are shown. Data pooled from four independent experiments are presented
as + SEM. *P < 0.05, *¥* P < 0.01 vs iCMs. Statistics of ltrx at 0 mV, representative of InaL, are reported on the right. (D) pThr286 CAMKII:CAMKII total protein expression levels
in SenCMs versus iCMs. Quantitative data are from four independent experiments + SEM (densitometric values for the proteins of interest normalized for GAPDH). * P < 0.05,
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#* P < 0.01 vs iCMs. (E) Membrane currents and Ca?* transients (CaT) were recorded simultaneously according to the voltage clamp protocol shown on top in Fluo4-loaded
iCMs. Examples (left panel) and statistics (right panel) of CaL influx, CaT amplitude and caffeine-induced CaT amplitude (estimating CaSR) in iCMs (N = 22) and SenCMs (N= 14)
5-7 days after Dox treatment. Data pooled from four independent experiments are presented as + SEM. * P < 0.05, ** P < 0.01 vs iCMs. (F) SERCA2 and monomeric (m) PLN
protein expression levels in iCMs and SenCMs. Quantitative data of five independent experiments * SEM (densitometric values for the protein of interest normalized for actin).
(G) Statistics of Ca2* spark rate and characteristics in SenCMs (N=410) vs iCMs (N=266). Line scan (xt) images are shown on the left (time bar: 100 ms). * P < 0.05, ** P < 0.01
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0-mCMs failed to adapt at 7 Hz (statistics in the inset on the right). Data pooled from four independent experiments are presented as + SEM; * P < 0.05, ** P < 0.01 vs iCMs. (D)
Rate-dependency of short term variability (STV) of APDso. (E) linear correlations between STV of APDso and APDyo values in each group; data from all stimulation rates were
pooled. Data pooled from four independent experiments are presented as + SEM; * P < 0.05, ** P < 0.01 vs iCMs. (F) TTX (2 uM)-sensitive current (lr7x) activated during slow
voltage ramps (28 mV/sec) from a holding potential of -100 mV. Mean + SEM I/V relationships for y-mCMs (N = 41) and o-mCMs (N = 42) (left panel) and statistics of Itrx at 0
mV, representative of InaL (right panel). Data pooled from four independent experiments are presented as = SEM; * P < 0.05, ** P < 0.01 vs iCMs. (G) pThr286 CAMKII:CAMKII
total protein expression levels in o-mCMs in comparison to y-mCMs. Quantitative data are from six independent experiments + SEM (densitometric values for the proteins of

interest normalized for GAPDH).
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Figure 8: Prevention of most aging markers by resveratrol treatment. (A) Protocol outline. (B-D) Statistics of SA B-gal positive cells, ROS levels through DHE assay,
and QTc prolongation in all experimental groups (iCMs, SenCMs and SenCms + Resv 25 uM). Quantitative data of three-four independent experiments + SEM. * P < 0.05, ** P

< 0.01 vs SenCMs.

Model validation using heart-tissue
transcriptomic data

To put in scale our human-based in-vitro model
of iCMs with naturally aging CMs, data from
repository-available snRNA seq was used to validate
age-related expression of key genes that were found
up-regulated in SenCMs. In-line with our model,
CDKNI1A (p21¢irl/wafly and CDKN2A (pl6'NK4) were
significantly upregulated in aging heart with marked
overexpression of the former. Similar trend was also
found for GDF15, CCL2 and NPPA, NPPB in
ventricular ~ and  atrial CMs  respectively
(Supplementary Figure S3B).

Model validation using pharmacological
approach

To validate our model as drug testing platform

[62, 63] we treated SenCMs with a well-known
antioxidant and anti-aging compound: Resveratrol
(Resv) (Figure 8). SenCMs treated with Resv showed
significant reduction in SA-B-gal expression as well as
in ROS production as compared to its counterpart.
Notably at functional level, Resv was able to rescue
prolongation of QTcB to basal level. All together,
these data showed that our model is a reliable
cardiac-specific platform for testing potential
senolytic and/ or senostatic agents.

Discussion

Stressors such as DNA-damaging agents [64],
overexpression of oncogenic genes [65], and oxidants
[66] can induce age-independent senescence. SIPS not
only plays a role in the arrest of cell cycle and cell
propagation in replicating tissues [67], but also
impairs the functionality of organs with scarce
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residual replicative capacity, as it is the heart. SIPS is
considered a novel mechanism in the heart
remodelling after acute myocardial infarction [27, 68],
cancer therapy-induced cardiotoxicity [28] and
long-term cardiovascular complications following
sepsis [12]. Maejima et al. reported that murine
neonatal CMs that undergo SIPS have common
features of  replicative-senescence,  including
upregulation of cell-cycle regulatory inhibitors,
expression of SA-B-gal, and the attenuation of
telomerase activity [23]. Here we extended existing
data to human iCMs, overcoming potential
specie-specific limitations, and exploring for the first
time functional electrophysiological properties of
aged human CMs. The present report showed that
sub-toxic concentration of Dox induced expression of
both p2lcpl/wafl and pl6NK42 in human CMs and
caused cellular senescence. Senescent cells displayed
components of DNA-damage response (DDR), such
as YH2AX-positive foci. Possible consequence of this
effect is that the residual CM renewal - which has
been demonstrated occurring in humans by
approximately 0.5% to 2% per year [69] and
accounting for a stable turnover of CMs in the healthy
adult heart [70], might be impaired by SIPS. In a
broader view, here we showed evidence that
underlying mechanisms of diminished cardiomyocyte
turnover with aging [69, 71] are likely attributable to
cardiomyocyte senescence. In fact, the synthesis of
new DNA was dramatically abrogated in SenCMs.
SenCMs well recapitulate features of senescence cells
in terms of “non-canonical senescence-associated
secretory phenotype” as shown by Anderson et al
[72]. The latter may contribute to age-related cardiac
dysfunction as SenCM-associated SASPs including
GDF15 and TGFB2 have been associated with
myofibroblast activation and CMs hypertrophy [72].
Finally, SenCMs showed mitochondrial damage
in terms of a depolarized mitochondrial membrane
potential, impaired energy production capability and
ultrastructural disruption, that have been previously
seen as effects of aging on mitochondria during the
development of heart failure [73]. Moreover, a clear
mitochondrial intracellular clustering was observed in
SenCMs, suggesting an altered mitochondrial
relocation. Such “clustering” of intracellular
organelles is coupled with p-gal signal that was
mostly distributed in the peri-nuclear area (Figure
1D), which is consistent with retrograde transport
along the microtubule system of intracellular
organelles, including lysosomes, that have been
previously described in aging CMs [74]. A second
possible explanation of mitochondrial accumulation is
an occurring insufficient mitophagy in SenCMs.
Under normal conditions, damaged mitochondria

undergo  asymmetrical  fission = where  the
dysfunctional mitochondrial fragments are then
eliminated by mitophagy. Overall, the findings in this
study support evidence in animal models, suggesting
a defective clearance of damaged mitochondria [51].

Impairment of mitochondrial function has a
direct consequence in increased level of ROS in
SenCMs in line with evidences showing the
involvement of ROS in cell senescence [75, 76].
Interventions against ROS production and improving
mitochondrial function represent attractive strategies
to reduce age-related cardiac remodelling [76, 77].
Consistent with this, iCMs treated with resveratrol
prevented key aging hallmarks induced by Dox.

We provided evidence showing that senescence
affects ionic currents in human CMs. We observed a
reduction of the rapid delayed rectifier K* current (Ix)
and enhancement of the late Na* current (Inar) in
SenCMs vs control ones, resulting in a prolonged QTc
interval. The latter constitutes a downright novel
finding that supports at cellular level a recent
population study by Rabkin and colleagues [78]. They
applied a rigorous analytical method to compare six
QTc formulae and clearly showed that older
individuals have a greater QTc. A significant
association between QTc and age was evident in both
sexes and regardless of whether they considered a
linear or non-linear relationship [78]. This finding was
sustained by our data in human tissue showing a
significant inverse relationship between age and
KCNH2 expression. Although some aspects of the
study from Rabkin and colleagues remain
controversial as other investigators have reported no
association between age and QTc [79, 80], our data
supports the hypothesis that elderly patients are more
vulnerable to situations and medications that might
prolong the QTc, leading to increased propensity to
arrhythmias.

The senescence-associated reduction of the
repolarization reserve related to Ina. enhancement in
iCMs was well reproduced in old mouse CMs. The
mechanisms underlying Ina. enhancement can be
related to changes in the cellular redox state and
increased CAMKII activity [81] as we observed in
both  aging models. Accordingly to its
rate-dependency, in both human and mouse models
Inar enhancement affected APD especially at low
rates, thus increasing temporal variability of
repolarization, a  well-known  proarrhythmic
condition [82]. Indeed, even though InaL enhancement
with aging might represent an inotropic support for
the aged heart, abnormal Ina. can contribute to the
pathogenesis of both electrical and contractile cardiac
dysfunction. Accordingly, we found that SIPS affects
the pro-arrhythmogenic susceptibility expressed in
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terms of STV index; moreover, increased DADs
incidence in SenCMs is symptomatic of a Ca?*
overload condition strictly dependent on intracellular
Na* and Ca?* levels alterations. Although we
confirmed the enhancement of the late Na* current
(Inar) in CMs from old mice as compared to their
young counterpart, we could not assess the
contribution of Ik, as such component of the
repolarizing current is not expressed in mice [83, 84].
Thus, highlighting the importance of having a
“human-based” model to critical dissect specific
mechanisms.

To analyse aging related functional changes in
proteins involved in excitation-contraction (EC)
coupling, Ca? handling measurements were
performed in voltage clamped iCMs, thus, controlling
membrane potential, any changes secondary to
altered electrical activity were avoided. This approach
was suitable to highlight in SenCMs SR Ca?* content
reduction, confirmed by a downregulated
functionality of SERCA2 pumping activity. A similar
finding has been reported in animal models [60] and
can justify the diastolic relaxation impairment in the
aged population [85].

Moreover, impairment of intracellular Ca?*
dynamics in SenCMs was underlined by measuring
Ca?* sparks characteristics and rate. SIPS induced
increased Ca?* spark mass, likely dependent on
increased CAMKII activity [37]. Thus, both increased
SR Ca?* leak and reduced SR Ca?* uptake by SERCA2
contributed to depress SR Ca?* content in SenCMs.
Overall, alterations in intracellular Ca?* compart-
mentalization in SenCMs can be considered a general
hallmark promoting aging-induced electrical activity
alterations (i.e. DADs incidence) [86]. Ca?* sparks
characteristics reported in senescent cells from old
mice and rats [87, 88] are not fully comparable to the
present ones, probably because of species-specificity
of the aging model. Thus, a “human-based” model of
cardiac senescence is once again useful to better
understand aging related mechanisms. We are aware
that iCMs have some limitations. Important
functional parameters such as the cells’ resting
membrane potential, the conduction velocities, and
the amplitudes of the mechanical forces generated do
not reach the same level of maturity as the adult CMs
[89]. This early maturity state represents a general
limitation in the iPS-derived CMs and nowadays
there are no available protocols that may completely
overcome such limitation. Ongoing efforts are aiming
to ameliorate the field and generate more mature CMs
by optimizing extracellular matrix composition,
mechanical and electrical training [90, 91].
Nevertheless, our data sheds light on the significance
of having a human in vitro platform for exploring

cellular senescence in CMs in terms of pathogenic
mechanisms and possible cardioprotective approach.
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ABSTRACT

We report the rational design, synthesis, and in vitro preliminary evaluation of a new small library of non-peptide
ligands of Gastrin Releasing Peptide Receptor (GRP-R), able to antagonize its natural ligand bombesin (BN) in the
nanomolar range of concentration.

GRP-R is a transmembrane G-protein coupled receptor promoting the stimulation of cancer cell proliferation.
Being overexpressed on the surface of different human cancer cell lines, GRP-R is ideal for the selective delivery
to tumor cells of both anticancer drug and diagnostic devices. What makes very challenging the design of non-
peptide BN analogues is that the 3D structure of the GRP-R is not available, which is the case for many
membrane-bound receptors. Thus, the design of GRP-R ligands has to be based on the structure of its natural
ligands, BN and GRP.

We recently mapped the BN binding epitope by NMR and here we exploited the same spectroscopy, combined
with MD, to define BN conformation in proximity of biological membranes, where the interaction with GRP-R
takes place. The gained structural information was used to identify a rigid C-galactosidic scaffold able to sup-
port pharmacophore groups mimicking the BN key residues’ side chains in a suitable manner for binding to GRP-
R.

Our BN antagonists represent hit compounds for the rational design and synthesis of new ligands and mod-
ulators of GRP-R. The further optimization of the pharmacophore groups will allow to increase the biological
activity. Due to their favorable chemical properties and stability, they could be employed for the active receptor-
mediated targeting of GRP-R positive tumors.

1. Introduction

releasing peptide (GRP) [7], a 27 amino acid peptide that shares the
same C-terminal decapeptide with BN with the exception of one amino

Peptide receptors have been shown to be over-expressed in several
types of human neoplasia [1,2]. These observations have led to the
development of diagnostic and radio-therapeutic applications, using
radiolabeled peptides for in vivo receptor scintigraphy or peptide
radiotherapy [3] in tumor patients. Furthermore, peptides linked to
cytotoxic drugs [4] or stable peptide agonists or antagonists [5,6] have
been used for long-term targeted chemotherapy in animal tumor models.

Bombesin (BN), a 14 amino acid (Pyr-QRLGNQWAVGHLM-NH;)
peptide isolated in amphibians, and its mammalian counterpart gastrin-

acid, are hormonally active peptides that function as autocrine or
paracrine growth factors in a variety of cells. Their sequence homology
accounts for an identical physiological action, triggered by the ability to
interact with the same receptors.

BN/GRP receptors (GRP-R) are G-protein coupled receptors (GPCR)
involved in several biological processes. The binding of BN/GRP to their
cognate receptors leads to a rapid intracellular calcium mobilization
from internal stores [8,9], as well as to the activation of multiple
transduction pathways, which act synergistically to promote cell
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proliferation [8]. For this reason, these receptors play an important role
in cancer development and are frequently over-expressed in many
human tumors [1]. The involved growth mechanisms and the possible
therapeutic potential have been well studied in the case of GRP-R,
particularly in lung, prostate and head/neck cancer cells. This evi-
dence suggests GRP-R as a very good marker of carcinogenesis and
possible target for receptor-mediated tumor targeting [10].

By preventing the receptor activation, GRP-R antagonists could have
a powerful application as potential anticancer compounds [11,12]. On
the other hand, GRP-R agonists can be a powerful tool for the devel-
opment of new tumor targeting strategies. In a mechanism that is typical
for GPCR, the GRP-R is internalized by endocytosis after binding to
agonists [13]. This feature can be exploited to promote the selective
internalization of cytotoxic drugs by tumor cells over-expressing GRP-R,
through the chemical conjugation of anticancer agents with GRP-R ag-
onists. However, also receptor antagonists, when showing a high affinity
for the target, can be exploited to deliver selectively cytotoxic drugs at
the tumor site, providing therapeutic effects [14,15]. High affinity GRP-
R ligands, independently of their putative agonistic/antagonistic activ-
ity, can also deliver diagnostic tools at the tumor site [16].

Notably, the use of GRP-R natural ligands GRP and BN as peptide
carriers for tumor targeting and/or therapy is anyway a very limited
strategy, because of their low metabolic stability [17-19]. Thus, the
design of synthetic and chemically stable GRP/BN analogues presenting
agonist/antagonist activities, and, possibly, also an increased affinity for
the receptor is of paramount importance.

Both GRP-R agonists and antagonists have been reported [17-19],
but these compounds are essentially peptide-pseudopeptide in nature,
and, consequently, due to the presence of amide bonds, proteolytically
unstable under physiological conditions. This evidence prompted the
search for GRP-R non-peptide ligands. Nevertheless, the only non-
peptide antagonist is the compound PD176252 and its derivatives;
however, it has poor selectivity, due to its excessive conformational
flexibility [20,21].

What makes very challenging the design of non-peptide BN ana-
logues is that the three-dimensional structure of the GRP-R is not
available, which is the case for many membrane-bound receptors. Thus,
the design of GRP-R ligands must be based on the structure of its natural
ligands, BN and GRP. For this reason, we recently exploited advanced
Nuclear Magnetic Resonance (NMR) spectroscopy techniques to study
the binding of BN to GRP-R, identifying the structural determinants of
this interaction [22]. Saturation Transfer Difference (STD) NMR exper-
iments acquired on samples containing BN and tumor cells expressing
the receptor on their surface afforded high-quality spectra, allowing the
identification of Trp and His belonging to the C-terminal fragment of the
peptide among the most important for GRP-R recognition and binding
[22].

Moreover, in this paper we combined Nuclear Overhauser Effect
SpectroscopY (NOESY) experiments and molecular dynamic (MD) sim-
ulations verifying the propensity of BN to adopt an a-helix conformation
in proximity of the cell membrane.

Hence, starting from the structural information gained, we designed
a small library of GRP-R potential ligands.

To this end, we exploited a carbohydrate scaffold, already reported
by our group [23], functionalizable at four different positions, with as
many pharmacophore groups. The cyclic structure of carbohydrates,
characterized by several hydroxyl groups presenting specific spatial
orientations, can be indeed properly functionalized for the generation of
libraries of compounds by the combinatorial decoration with different
pharmacophores [24-26]. Moreover, at variance with peptides, com-
pounds based on scaffolds from carbohydrate-derivatives, for example
C-glycosides, have a high chemical and metabolic stability and a poor
conformational flexibility, allowing to increase ligands’ affinity and
selectivity for the receptor.

The ability of the selected C-glycidic scaffold to bear the putative
pharmacophores properly oriented in space for the interaction with
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GRP-R was assessed by molecular mechanics (MM) and molecular dy-
namics (MD) simulations.

After their synthesis, compounds were preliminary evaluated for
their ability to act as agonists or antagonists of the receptor.

2. Results and discussion
2.1. Bombesin conformational analysis

BN conformation has been studied in various solvents, demon-
strating that it adopts an unordered structure in aqueous media and in
dimethyl sulfoxide [27], while a helical structure has been observed in
aqueous solutions containing trifluoroethanol (TFE) [28] or membrane
mimetics [29,30]. To deepen this point, we applied circular dichroism
(CD) and NMR spectroscopy to characterize BN conformational behavior
in presence of sodium dodecyl sulphate (SDS) micelles, a biological
membrane mimetic [31] recently employed for the study of its effect on
neuromedin C (NMC) conformation [32].

First, we performed a CD analysis of BN and BN (8-14), the minimal
carboxyl fragment interacting with the receptor, acquired in absence or
presence of SDS micelles (Supporting information - Figure S1). The CD
spectra of BN and BN (8-14), acquired in an aqueous solution, indicate
that in this condition the peptides are disordered, as evidenced by the
minimum located at 197 nm (Supporting information - Figure S1, blue,
red and green spectra) [33].

However, in both cases the addition of 150 mM SDS [32] induced a
conformational change characterized by a notable increment of the
a-helical content and a decrement of random coil regions, as indicated
by the positive band around 190 nm and the increase of the negative
ellipticities around 206 and 220 nm (Supporting information - Figure S1,
violet, yellow, black spectra). This behavior was independent from
temperature, as experiments collected at 10, 25 and 37 °C gave over-
lapping spectra. These results, in agreement with previous studies per-
formed in presence of membrane mimetics, indicate that both peptides
adopt a predominant o-helix conformation upon addition of SDS mi-
celles, at all the three tested temperatures.

Accordingly, NMR spectroscopy also supported this conformational
change. The direct comparison of 'H NMR (Supporting information -
Figure S2) and 2D-NOESY (Supporting information - Figure S3) spectra
acquired in absence (A) or presence (B) of 150 mM dys-SDS at pH 7.0,
25 °C, reveals dramatic differences. Analogous results were obtained
when experiments were performed at 10 or 37 °C (data not shown). In
fact, the inter-residual NOE connectivity in the fingerprint region of
NOESY spectra (Supporting information - Figure S3) suggested an un-
ordered (Supporting information - Figure S3-A) vs a folded (Supporting
information - Figure $3-B) conformation of the peptide. The 'H and '°N
NMR assignments (Supporting information - Table S1) were exploited to
calculate the solution structures of BN in presence of SDS micelles. The
secondary structure and RCI-S2 prediction window suggested the
involvement of all BN residues in a a-helix secondary structure (Sup-
porting information - Figure S4). NOEs intensities were used as
geometrical restraints during the simulated annealing molecular dy-
namics (SA-MD) calculations performed through the CYANA software
[34,35]. Asreported in Fig. 1A, the corresponding BN structure obtained
in presence of the membrane mimetic resembles an a-helix. The tridi-
mensional structure is freely available as .pdb files on Mendeley Data
repository [36].

The same conformational behavior was recently described for neu-
romedin C (NMC) [32], an endogenous decapeptide (GNHWAVGHLM-
NHy) highly conserved in mammals that exerts a variety of biological
effects both on the central nervous system (CNS) and in the gastroin-
testinal tract [37], belonging to the bombesin-like peptide family. As
confirmation, BN and NMC conformations obtained in presence of SDS
micelles present a significant overlap (Fig. 1B) showing the same
arrangement both of the backbone and of the side chains of the amino
acids important for the binding to the receptor (Trp8, His12 and Leul3
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Fig. 1. (A) Bundle of the 10 best BN conformers calculated through CYANA from NOESY conformational restrains obtained in presence of SDS micelles. (B) Su-
perimposition of BN and NMC structures [32] (one conformer for each) both calculated in presence of SDS micelles.

in BN) [22].

2.2. GRP-R ligands design and synthesis

The rational design of the non-peptidic BN-like compounds was
based on the analysis of BN conformation in SDS micelles solution,
supporting its a-helical conformation (Fig. 1A) in proximity of biological
membranes, where the interaction with GRP-R takes places, and the BN
binding epitope recently reported by our group [22], indicating the
involvement of residues Trp8, His12, Leul3 and, with a lower extent,
Met14 side chains in its molecular recognition of the receptor. These
structural data were exploited to design BN analogues based on a rigid
scaffold able to spatially orient, in an effective way, the potential
pharmacophores, as putative mimetics of the side chains of BN amino-
acids mainly involved in the binding to GRP-R.
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To this end, we evaluated the use of different glycidic scaffolds
deriving from natural sugars and their more stable derivatives (eg, C-
glycosides) [38]. We selected the scaffold depicted in Fig. 2, presenting
four different possible sites of functionalization and already described
by our group [23]. This scaffold was used to design a small library of
compounds, reported in Fig. 2, bearing the putative pharmacophores
properly oriented in space.

The proper pharmacophores’ orientation was supported by the
conformational analysis made on compound GRPR-L3 and carried out
using molecular mechanics (MM) and molecular dynamics (MD) simu-
lations. Calculations were performed by using AMBER* force field [39],
as implemented in the MacroModel program (Schrodinger Suite) [40]
(Supporting information - Figure S5A). Then the relative spatial
arrangement of GRPR-L3 pharmacophores was compared with that of
Trp8, His12 and Leul3 side chains in BN structure as calculated in
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Fig. 2. Structures of the bicyclic C-galactosidic scaffold, with indication of the four (R1, R2, R3 and R4) and the putative GRPR ligands (GRPR-L) 1-7.
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presence of membrane mimetic (Fig. 1A and B). Fig. 3 reports the su-
perimposition of the two structures and clearly shows that the imidazole
ring inserted in GRPR-L3 structure as R2 group overlaps with the side
chain of BN His12, the aromatic entity introduced as R1 with the indole
ring of Trp8, while benzylidene in position R3 and R4 is very closed to
the side chains of Leul3, reproducing a hydrophobic environment
suitably spaced from the other two groups of the BN binding epitope.

All the GRP-R ligands were prepared from the rigid bicyclic C-gal-
actosidic scaffold bearing a furan ring fused to the C1-C2 bond of the
sugar moiety, substituted with an azido-methylene group with an (R)
configuration on C8 (compound 4(R)). The synthesis of 3, as a mixture
of diastereoisomers at C8, is easily achievable from commercially
available methyl-a-p-galactopyranoside and has been previously re-
ported [23]. The regioselective introduction of a benzylidene group on
C4 and C6 hydroxyls allowed the separation of the two diastereoisomers
affording the core structure, starting material for the synthesis of the
GRPR ligands library (Scheme 1).

The synthesis of a first set of ligands (GRPR-L1, 3, 4, 5) containing
two common pharmacophoric entities, the 4-6 O-benzylidene moiety
and the imidazole group on C3-OH, and bearing different amide de-
rivatives, is described in Scheme 2.

Intermediate 4(R) was successfully alkylated at C3-OH with a trityl
protected imidazole [41] (5, NaH, THF/DMF) with acceptable yields
(77%, compound 6), attempts with differently protected imidazole
moieties such as BOC and Cbz did not lead to the desired alkylation

A
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product but instead basic reaction conditions lead to the transfer of the
protective group from the imidazole to the sugar C3-OH. The azide was
then selectively reduced through catalytic hydrogenation (Hy, Pd Lin-
dlar), and the obtained amine 7 was acylated with different aromatic
acyl-chlorides to afford the protected ligands compounds 8, 9, 10, 11 in
high yields. Removal of the trityl protection in mild acidic conditions
(5% HCOOH in MeOH) afforded GRPR-L1, 3, 4, 5. Compound 9 was
also deprotected from the benzylidene moiety (TFA 50%), in order to
afford GRPR-L2, containing only two pharmacophoric groups.

The second set of GRP-R ligands (GRPR-L6 and 7) (Scheme 3) are
analogues of GRPR-L3 but carry a different pharmacophoric group on
the C3-OH.

The groups were selected in order to verify the importance of the
imidazole entity and to simultaneously explore the possibility to intro-
duce detectable groups/elements that could be exploited by diagnostic
techniques such as fluorinated groups (CF3) that can be easily detected
by NMR. Compound 4(R) was alkylated at C3-OH with different benzyl
halide derivatives (NaH, THF/DMF), affording compounds 12-14 with
good yields. These were then converted to the final ligands GRPR-L6
and L7 through reduction of the azido group followed by reaction with
benzoyl chloride.

2.3. Screening and biological evaluation of new GRP-R ligands.

Compounds presenting three pharmacophoric groups, and therefore

Fig. 3. (A) Superimposition of BN structure calculated in presence of SDS micelles and GRPR-L3 structure obtained through MM and MD calculations; (B) Distances
among BN Trp, His and Leu residues involved in GRP-R binding and their overlap with R1, R2 and R3/R4 putative pharmacophores in GRPR-L3 structure; C)
Superimposition of BN structure calculated in presence of SDS micelles and GRPR-L2 structure obtained through MM and MD calculations.
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Scheme 1. Synthesis of intermediate 4(R), used as scaffold template: (a) BSTFA, MeCN dry, reflux, 1 h then (b) Allyl-TMS, TMSOT( rt, O.N. 74%; (c) NIS, DMF dry,
78%; (d) NaN3, DMF dry, quant %; (e) benzaldehyde dimethyl acetal, CSA, DMF dry, 70 °C, in vacuo, 75%, 48%(R) + 27% (S).
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Scheme 2. Synthesis of GRPR-L 1-5: (¢) NaH, THF/DMF dry O.N. rt, 77%; (d) Ha, Pd Lindlar, MeOH deg then e) Et;N, DCM dry; Dansyl-Cl, 92% (8); BzCl, 98% (9);
4-(Dimethylamino)benzoyl chloride, 87% (10); 4-Methoxybenzoyl chloride, 88% (11) (f) HCOOH 5%, MeOH dry, 50 °C; 92% (GRPR-L 1); quant. yield % (GRPR-L
3); 92% (GRPR-L4); 83% (GRPR-L5); g) TFA 50% in MeOH dry, quant. Yield (GRPR-L 2).
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Scheme 3. Synthesis of GRPR-L6, 7: (h) NaH, THF/DMF dry O.N. rt; 3,5-Bis(trifluoromethyl)benzyl chloride, 73% (12); 4-Methoxybenzyl chloride, 87% (13); (i) Ha,
Pd Lindlar, MeOH deg, then (1) BzCl, EtzN, DCM dry, 89% (GRPR-L6); 87% (GRPR-L7).

more promising as potential ligands, were screened for their ability to
agonize/antagonize BN activity in PC3 (Prostate Cancer) cells, chosen as
experimental models because of their GRP-R overexpression [42,43].
We tested their ability to stimulate intracellular Ca®* mobilization, as
expected for BN agonist, or decrease BN-induced intracellular Ca**

mobilization, as observed for antagonists. PC3 cells were loaded with
the Ca®" sensitive dye Fluo4-AM and intracellular Ca?>* mobilization
was measured in the presence of each ligand. No compound showed
significant agonist activity. However, our compounds showed, although
with different efficacy, an antagonistic effect against BN-induced Ca®*
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mobilization. Fig. 4 reports the increase of Ca>* levels induced by 200
nM BN with or without 30 min pre-treatment with 50 nM test
compounds.

As BN binding to GRP-R stimulates cell proliferation, our molecules’
ability to counteract this effect was assayed. PC3 cells were treated with
50 nM of the different compounds (GRPR-L) and then with BN to
stimulate proliferation. GRPR-L4-7 showed a very potent effect in pre-
venting PC3 BN-induced proliferation (Fig. 5A).

Moreover, to validate the results we performed the same experiment
in a second cell model represented by MCF-7 (Michigan Cancer
Foundation-7), a breast cancer cell line also characterized by GRP-R
overexpression whose proliferation is increased after treatment with
BN [44]. Results depicted in Fig. 5B confirmed those observed on PC3
cells except for compound GRPR-L7 whose activity, in this case, was not
statistically significant. This evidence fits with the lack of inhibition of
BN-induced Ca?* mobilization (Fig. 4) and suggests a different molec-
ular mechanism responsible for GRPR-L7 inhibition of PC3 growth.

Collectively, these preliminary experiments performed to charac-
terize GRPR-L’s ability to prevent the BN-induced activation of GRP-R
clearly demonstrated that compounds GRPR-L4-6 are able to antago-
nize both the BN-induced Ca®* mobilization and the BN-induced pro-
liferation of PC-3 and MCF-7 cell lines in the nanomolar range of
concentration. These bioactive compounds present three potential
pharmacophore groups: a benzylidene moiety in position R3 and R4, an
imidazole (GRPR-L4 and L5) or a 3,5-bis-(trifluoromethyl) phenyl
(GRPR-L6) group in R2 and a phenyl amide, with or without para
substituents, in R1 (Fig. 2). These findings support our scaffold ability to
orient the pharmacophore groups in an effective way to promote
interaction with the receptor mimicking the 3D pharmacophore tem-
plate of the natural ligands BN and NMC (Fig. 1B).

Moreover, due to the poor water solubility of GRPR-L4-6, we
decided to also submit compound GRPR-L2 to proliferation assays on
PC3 and MCF-7 cell lines. GRPR-L2 is a synthetic variant devoided of
the benzylidene pharmacophore that therefore presents a good solubil-
ity in water. Very interestingly, GRPR-L2 showed an ability to coun-
teract the BN-induced cell proliferation comparable to the best
inhibitors (Fig. 5). Notably, the superimposition of BN conformation
obtained in presence of SDS micelles (Fig. 1) and GRPR-L2 structure as
calculated by MM and MD (Supporting information - Figure S5B)
showed that also in this case the pharmacophores in R1 and R2 overlap
with Trp8 and His12 side chains (Fig. 3C). This evidence suggested that
the presence of two aromatic entities on the bicyclic scaffold, mimicking
Trp indole and His imidazole rings and oriented in a suitable manner,
could be enough to obtain a high affinity for the receptor and a
considerable antagonistic activity.
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The higher water solubility of compound GRPR-L2, together with
the presence of two free hydroxyl groups exploitable for further chem-
ical functionalization, makes also this GRP-R ligand an interesting hit
compound for the development of a new library of GRP-R ligand and
modulators.

3. Experimental section
3.1. General procedures and materials

BN and BN (8-14) were purchased as lyophilized powders from
Bachem AG (Bubendorf, Switzerland). Chemicals were purchased from
Sigma Aldrich (St. Louis, MO, US) and Thermo Fisher Scientific (Wal-
tham, MA, US) and used without further purification, unless otherwise
indicated. When anhydrous conditions were required, the reactions
were performed in oven-dried glassware under argon atmosphere.
Anhydrous solvents over molecular sieves were purchased from Acros
Organics® (Thermo Fisher Scientific, Waltham, MA, US) with a content
of water < 50 ppm. Thin layer chromatography (TLC) was performed on
silica gel 60F254 plates or RP-C18 Silica plates (Merck Darmstadt, Ger-
many) and visualized with UV detection (254 nm and 365 nm) or using
appropriate developing solutions. Flash column chromatography was
performed on silica gel 230-400 mesh (Merck KGaA, Darmstadt, Ger-
many), according to the procedure described in the literature. Auto-
mated flash chromatography was performed on a Biotage® Isolera™
Prime system (Biotage, Uppsala, Sweden). NMR experiments were
recorded on a Varian 400 MHz or a Bruker Avance III 600 MHz equipped
with a cryogenic probe instrument at 298 K. Chemical shifts () are
reported in ppm downfield from the residual solvent peak, whereas
coupling constants (J) are stated in Hz. The 'H and '3C NMR resonances
of compounds were assigned by means of COSY and HSQC experiments.
NMR data processing was performed with MestReNova v14.1 software
(Mestrelab Research, Santiago de Compostela, Spain). Mass spectra (ESI-
MS) were recorded on a Sciex 3200 Qtrap®.

3.2. BN conformational studies

3.2.1. Circular dichroism (CD)

CD spectra of BN and BN(8-14) were obtained on a Jasco-815
spectropolarimeter equipped with a thermostated cell holder
controlled by a Jasco Peltier element (Jasco Europe S.R.L., LC, Italy).
Far-UV CD spectra were acquired from 260 to 185 nm at 10, 25 or 37 °C
in a 1 mm pathlength quartz cuvette at a BN or BN(8-14) concentration
of 75 pM in 10 mM phosphate buffer (pH 7.4) in absence or in presence
of 150 mM SDS. The scan speed was 20 nm/min with a response time of

1.9 200 nM BN

—m—no L6 pre-treatment
—a— 50 nM L6 pre-treatment

T
-20 0 20 40 60
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Fig. 4. (A) Intracellular Ca®" mobilization in PC3 cells induced by 200 nM BN with or w/o pre-treatment with 50 nM GRPR-L. *p < 0.05 vs BN w/0 GRPR-L pre-
treatment (unpaired t-test) (two independent experiments with six replicates). (B) Time dependent changes of BN-induced Ca®* enhancement with (red line) or w/o
GRPR-L6 pre-treatment (black line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. PC3 and MCF-7 proliferation rate after treatment with BN in the absence or presence of 50 nM of test compounds (GRPR-L). Proliferation assay was performed

after 24 h of treatments. *p < 0.05 relative to BN treatment.

2 s and a step resolution of 0.2 nm, whereas 3 scans were accumulated.
Buffer spectra were subtracted for all spectra.

3.2.2. NMR spectroscopy and SA-MD

NMR experiments in presence of SDS micelles. Samples for the
NMR-based conformational studies were prepared by dissolving the
peptide in 500 pL of PB or d2s-SDS aqueous solution (9:1 Hy0:D,0, PB
buffer at pH 7.0) to make a final BN concentration of 0.7 mM and a SDS
final concentration of 150 mM. The NMR spectra were recorded at 10,
25 or 37 °C with a Bruker Avance III 600 MHz NMR spectrometer
equipped with a 5 mm QCI cryo-probe (Bruker Inc., Billerica, MA, US).
1- and 2D spectra were recorded suppressing water signal by excitation
sculpting. For each of these experiments, 512 t1 increments were used.
32, 64 and 96 transients were collected for 'H,'H TOCSY, 'H,'H NOESY,
'H,'>N HSQC experiments respectively. The TOCSY spectra were
recorded using the DIPSI pulse sequence with mixing times (spin-lock)
of 60-80 ms. The NOESY experiments were acquired with mixing times
of 50-100 ms. For reference, NOESY experiments on BN dissolved in PB
a NOE mixing time in the range 300-500 ms was used. Spectra were
acquired and processed using the TopSpin™ (Bruker Inc, Billerica, MA,
US) software. The peptide resonance assignments were obtained using
standard strategies based on the 2D NMR experiments.

BN structure calculation. Interactive peak picking using the CARA
software (http://cara.nmr-software.org/portal/) was exploited to
generate the peak lists for NOESY spectra. The NOESY cross-peak vol-
umes were determined using the automated CARA peak integration
routine. Conversion of NOE peak intensities to distance restraints was
done using automatic calibration as implemented in CYANA 3.98
[34,35]. Prediction of the peptide backbone torsion angles from chem-
ical shifts obtained through TALOS+ [45]. The three-dimensional
structures of BN in presence of SDS micelles were determined using
the standard protocol of combined automated NOE (nuclear Overhauser
effect) assignment and the structure calculation implemented in CYANA.
Seven cycles of combined automated NOESY assignment and structure
calculations were followed by a final structure calculation. The structure
calculation started in each cycle from 200 randomized conformers and
the standard simulated annealing schedule was used. The 20 conformers
with the lowest final CYANA target function values were retained for
analysis and passed to the next cycle.

The Maestro suite [46] as implemented in Schrodinger Release 2016-
4 was used to visualize 3D structures.

3.3. Conformational studies on potential GRP-R ligands

Molecular mechanics and dynamics studies were conducted with
MacroModel as implemented in Schrodinger Release 2016-4 [40], using
AMBER?* force field [39]. The starting coordinates for dynamics calcu-
lations were those obtained after energy minimization of the structures,
followed by conformational search. A systematic variation of the

torsional degrees of freedom of the molecules allowed different starting
structures to be constructed that were further minimized to provide the
corresponding local minima. For each compound, the conformer with
the lowest energy was considered. Simulations were carried out over 5
ns at 298 K with a 0.25 fs time step and a 20 ps equilibration step; 100
structures were sampled and minimized for further analysis. The con-
tinuum GB/SA solvent model was employed and the general PRCG
(Polak-Ribiere Conjugate Gradient) method for energy minimization
was used. An extended cut-off was applied and the SHAKE procedure for
bonds was not selected.

3.4. Chemical synthesis

Compounds 1-3 [23] and compound 5 [41] were synthetized ac-
cording to slightly modified procedures described in literature. The
synthesis and characterization, including NMR spectra, of all in-
termediates, compounds 1-14, are fully reported in Supplementary
materials.

Compound 4(R). To a stirred solution of 3 (1.3 g, 5.32 mmol) in
anhydrous DMF (10 mL), benzaldehyde dimethyl acetal (927 pL, 6.38
mmol) and (£)-10-Camphorsulfonic acid (CSA) (494 mg, 2.13 mmol)
were added under argon atmosphere and the resulting mixture was
stirred at 70 °C under reduced pressure for 2 h. Then, the reaction was
quenched by addition of EtsN (333 pL, 2.39 mmol) and the solvent was
removed under reduced pressure. The crude was purified by automated
flash chromatography (Hex:AcOEt gradient elution) obtaining pure
compound 4(R) as mixture of inseparable diastereoisomers (73:27) at
benzylidene function (yellow oil, 830 mg, 44% yield, total recovery
75%). TLC RF = 0.47 (petroleum ether: AcOEt 1:1). 1H NMR (400 MHz,
Methanol-d4) 6 7.58-7.45 (m, 2H, H17, H21), 7.41-7.31 (m, 3H, H18,
H19, H20), 5.76 (s, H15 minor isomer), 5.58 (s, 1H, H15), 5.04 (dt, J =
7.5, 4.1 Hz, 1H, 2), 4.74 (d, J = 8.3 Hz, H2 minor isomer), 4.68-4.61 (m,
minor isomer), 4.36 (bt, 1H, H3), 4.30 (m, minor isomer), 4.25 (d, J =
12.7 Hz, 1H, H13'), 4.19-4.13 (m, 1H, H13"), 4.08 (dt, J = 10.9, 5.4 Hz,
1H, H10), 4.03 (dd, J = 5.5, 2.1 Hz, H7 minor isomer), 4.00-3.95 (m,
1H, H7), 3.94 (m, H4, H10 minor isomer), 3.88-3.81 (m, 1H, H8), 3.71
(s, 1H, H4), 3.68-3.62 (m, minor isomer), 3.58 (dd, J = 13.2, 3.1 Hz,
H12' minor isomer), 3.44 (dd, J = 12.9, 3.4 Hz, 1H, H12' and H12"”
minor isomer), 3.33 (m, 1H, H12” over solvent peak), 2.50 (dt, J = 15.1,
7.8 Hz, H11’ minor isomer), 2.31 (dt, J = 14.3, 7.3 Hz, 1H, H11"),
1.94-1.88 (m, H11” minor isomer), 1.83 (ddd, J = 13.5, 6.9, 3.2 Hz, 1H,
H11"). 13C NMR: (100 MHz, Methanol-dy4) § 139.77 (C16), 138.41 (C16
minor isomer), 130.67, 129.90, 129.17, 129.11, 128.42, 127.45 (Ph),
105.05(C15 minor isomer), 101.87 (C15), 85.10 (C7), 78.46 (C10),
78.33 (C10 minor isomer), 78.17 (C2), 76.73 (C3), 76.08(C7 minor
isomer), 75.38 (C2 minor isomer), 74.52 (C8), 73.60 (minor isomer),
73.35 (C13), 73.18 (minor isomer), 70.58 (C4 minor isomer), 68.65
(C4), 62.79 (minor isomer), 61.53 (minor isomer), 55.41 (C12), 54.34
(C12 minor isomer), 37.72 (C11 minor isomer), 36.19 (C11). MS (ESI)
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calculated for [C16H19N305] 333.13; found 334.2 [M + H]*, 356.2 [M
+ Na]™, 351.3 [M + H,0 + H]™.

GRPR-L1. To a stirred solution of 8 (28.3 mg, 0.033 mmol) in
anhydrous MeOH (1.7 mL), formic acid (87 pL) was slowly added at 0 °C
and the resulting mixture was heated at 50 °C and stirred for 5 h under
argon atmosphere. Then, reaction was quenched by addition of EtsN
(100 pL) and concentrated under reduced pressure. The crude was pu-
rified by automated flash chromatography (AcOEt:MeOH gradient
elution) obtaining pure compound GRPR-L1 (19 mg, 91% yield). TLC
RF = 0.27 (AcOEt:MeOH 9:1). 'H NMR (400 MHz, Chloroform-d) 5 8.49
(d, J = 8.5 Hz, 1H, Harom), 8.40 (d, J = 8.6 Hz, 1H, H14), 8.37 (d, J =
8.6 Hz, H14* minor isomer), 8.20 (ddd, J = 7.3, 2.8, 1.3 Hz, 1H, Harom),
8.15 (s, 1H, H13), 8.08 (s, minor isomer), 7.58-7.41 (m, 3H, Harom),
7.39-7.31 (m, 3H, CH Ph), 7.31-7.27 (m, 2H, CH Ph), 7.15-7.08 (m, 2H,
H12, Harom), 6.98 (s, minor isomer), 5.67 (s, H15* minor isomer), 5.42
(s, 1H, H15), 5.05-4.93 (m, 1H, H1), 4.74 (d, J = 12.8 Hz, 1H, H10),
4.66 (d, J = 12.5 Hz, 1H, H10"), 4.55 (d, J = 12.6 Hz, H10'* minor
isomer), 4.50-4.41 (m, H10”* minor isomer), 4.38 (t, J = 2.5 Hz, 1H,
H4), 4.23-4.07 (m, 3H, H2, H8, H6"), 3.95 (d, J = 12.2 Hz, 1H, H6'),
3.85 (dt, J = 5.4, 2.6 Hz, 1H, H3), 3.67 (dt, J = 8.6, 4.5 Hz, minor
isomer), 3.59 (d, J = 5.9 Hz, 1H, H6'* minor isomer), 3.44 (bm, 1H, H5),
3.24 (dd, J = 14.2, 4.1 Hz, H9’* minor isomer), 3.08 (qt, J = 9.8, 5.4 Hz,
2H, H9), 2.84 (s, 6H, NMe), 2.30 (dt, J = 14.7, 7.4 Hz, H7'* minor
isomer), 2.07 (td, J = 13.4, 12.6, 6.1 Hz, 1H, H7), 2.00 (d, J = 13.6 Hz,
H7"* minor isomer), 1.65-1.55 (m, 1H, H7"). 3C NMR (100 MHz,
CDCl3) 6 151.95, 151.91 (Cq N), 137.76 (Cq S), 136.64 (Cq), 135.47
(C11), 135.30, 132.42, 131.50, 130.43, 130.29, 130.01, 129.94 (Cq),
129.72 (Cq), 129.68, 129.29, 129.23, 129.05, 128.83, 128.51, 128.42,
128.39, 127.88, 127.45, 126.41, 123.35, 119.42, 119.22, 118.50,
115.40, 115.34, 104.09, 100.81 (C15), 82.68 (C2), 80.17 (C3), 77.66
(C8), 76.54, 75.15, 74.54, 74.28, 72.87 (C4), 72.41 (C6), 72.31, 72.05,
69.98, 67.47, 67.05 (C5), 65.14, 63.64, 61.65 (C10), 47.39 (C9), 45.54
(NMe), 45.13, 36.40, 35.17 (C7). MS (ESI) calculated for [C5oH36N407S]
620.23; found 621.5 [M + H]™, 643.3 [M + Na]®, 655.3 [M + K] ™.

GRPR-L2. To a stirred solution of 9 (32 mg, 0.044 mmol) in anhy-
drous MeOH (1 mL), TFA (1 mL) was slowly added at 0 °C and the
resulting mixture was heated at 50 °C and stirred for 5 h under argon
atmosphere. Then, reaction was quenched by addition of EtsN (100 pL)
and concentrated under reduced pressure. The crude was purified by
automated flash chromatography (RP18, HyO:MeOH gradient elution)
obtaining pure compound GRPR-L2 (17 mg, quant % yield). TLC RF =
0.10 (AcOEt:MeOH 7:3). 'H NMR (400 MHz, Methanol-d4) 6 8.87 (bs,
1H, H13), 7.87-7.79 (m, 2H, Harom), 7.58-7.50 (m, 2H, H12, H14),
7.50-7.40 (m, 3H, Harom), 4.78 (d, J = 2.2 Hz, 1H, H10), 4.58 (m, 1H,
H1), 4.31-4.20 (m, 1H, H8), 4.17 (bt, 1H, H4), 4.01 (dd, J = 10.1, 5.3
Hz, 1H, H2), 3.91-3.76 (m, 2H, H5, H6"), 3.75-3.61 (m, 2H, H3, H6'),
3.57 (ddd, J = 21.6, 13.3, 5.2 Hz, 2H, H9), 2.30 (dq, J = 14.3, 7.3 Hz,
1H, H7"), 1.89 (m, 1H, H7'). *C NMR (101 MHz, Methanol-d4) 5 170.47
(CO), 135.67 (Cq), 132.74, 132.69 (C12, C14), 132.133 (C11), 129.64,
129.58, 128.24 (Carom), 82.51 (C2), 81.47 (C3), 78.18 (C8), 78.05 (C5),
74.49 (C1), 67.31 (C4), 61.71 (C10), 60.88 (C6), 45.31 (C9), 35.42 (C7).
MS (ESI) calculated for [CooHasN30g] 403.17; found 404.1 [M + H]Y,
426.1 [M + Na]™.

GRPR-L3. To a stirred solution of 9 (15 mg, 0.02 mmol) in anhy-
drous MeOH (1 mL), formic acid (54 pL) was slowly added at 0 °C and
the resulting mixture was heated at 50 °C and stirred for 5 h under argon
atmosphere. Then, reaction was quenched by addition of EtsN (100 pL)
and concentrated under reduced pressure. The crude was purified by
automated flash chromatography (AcOEt:MeOH gradient elution)
obtaining pure compound GRPR-L3 (10 mg, quant % yield). TLC RF =
0.19 (AcOEt:MeOH 9:1). 'HNMR (400 MHz, Methanol-dy) 6 8.36 (s, 1H,
H13), 7.90 (s, 1H, H14), 7.82 (m, 2H, Harom), 7.56-7.49 (m, 1H,
Harom), 7.49-7.39 (m, 5H, Harom), 7.39-7.30 (m, 3H, Harom), 7.17 (s,
1H, H12), 7.09 (s, H12* minor isomer), 5.74 (s, H15* minor isomer),
5.54 (s, 1H, H15), 5.10 (ddd, J = 7.1, 4.5, 2.7 Hz, 1H, H1), 4.71 (dd, J =
12.8, 2.2 Hz, 2H, H10), 4.64 (dd, J = 8.4, 2.5 Hz, minor isomer), 4.51 (t,
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J=2.6 Hz, 1H, H4), 4.42 (d, J = 5.3 Hz, H10* minor isomer), 4.26-4.21
(m, 1H, H6'), 4.22-4.16 (m, 1H, H8), 4.13 (dd, J = 12.6, 2.2 Hz, 1H,
H6"), 4.11-4.05 (m, 1H, H2), 4.02-3.98 (m, minor isomer), 3.81 (dd, J
= 5.5, 2.1 Hz, 1H, H3), 3.68-3.60 (m, 2H, H5, HY), 3.54 (dd, J = 13.8,
4.2 Hz, 1H, H9"), 2.52 (dt, J = 14.9, 7.8 Hz, H7’* minor isomer), 2.38
(dt, J = 14.3, 7.4 Hz, 1H, H7'), 1.85 (ddd, J = 13.9, 6.2, 2.6 Hz, 1H,
H7"). 13C NMR (100 MHz, Methanol-ds) 5 170.49 (CO), 139.67 (Cq),
135.81 (Cq), 134.57 (C11), 132.68, 129.97, 129.58, 129.55, 129.19,
129.14, 128.41, 128.38, 128.30, 127.45, 119.98 (C12), 105.09 (C15*
minor isomer), 101.80 (C15), 84.33 (C2), 81.52 (C3), 78.60 (C1), 78.51
(C8), 74.05 (C4), 73.52 (C6), 68.79 (C5), 65.59 (C10* minor isomer),
63.57 (C10), 45.22 (C9), 36.76 (C7). MS (ESI) calculated for
[Co7H29N306] 491.20; found 492.2 [M + H]", 514.2 [M + Na]*, 530.2
M+ KI*.

GRPR-L4. To a stirred solution of 10 (26 mg, 0.033 mmol) in
anhydrous MeOH (1.5 mL), formic acid (75 pL) was slowly added at 0 °C
and the resulting mixture was heated at 50 °C and stirred for 5 h under
argon atmosphere. Then, reaction was quenched by addition of EtsN
(150 pL) and concentrated under reduced pressure. The crude was pu-
rified by automated flash chromatography (AcOEt:MeOH gradient
elution) obtaining pure compound GRPR-L4 (16.4 mg, 92% yield). TLC
RF = 0.15 (AcOEt:MeOH 9:1). 'H NMR (400 MHz, Methanol-d4) & 8.34
(s, 1H, H14), 8.08 (s, 1H, H12), 7.78-7.65 (m, 2H, Harom), 7.55-7.49
(m, 1H, minor isomer), 7.48-7.40 (m, 2H, Harom), 7.35 (m, 4H,
Harom), 6.80-6.63 (m, 2H, Harom), 5.74 (s, H15*minor isomer), 5.54
(s, 1H, H15), 5.17-4.99 (m, 1H, H1), 4.72 (s, 2H, H10), 4.54-4.49 (m,
1H, H4), 4.47-4.34 (m, H10* minor isomer), 4.29-4.21 (m, 1H, H6'),
4.15 (m, 2H, H6", H8), 4.08 (t, J = 4.5 Hz, 1H, H2), 4.03-3.90 (m, minor
isomer), 3.80 (d, J = 5.4 Hz, 1H, H3), 3.67-3.63 (m, 1H, H5), 3.62-3.56
(m, 1H, H9"), 3.56-3.49 (m, 1H, HY"), 3.01 (s, 6H, NMe), 2.99 (s, NMe,
minor isomer), 2.50 (dt, J = 14.8, 7.8 Hz, H7’* minor isomer), 2.43-2.29
(m, 1H, H7), 1.84 (dd, J = 14.7, 10.2 Hz, 1H, H7"). '3*C NMR (100 MHz,
CDs0D) 6 170.66, 170.59 (CO), 154.27, 154.24, 139.66, 138.38,
130.70, 130.49, 129.98, 129.88, 129.76, 129.19, 129.15, 128.40,
127.45, 121.94, 121.69, 119.84, 112.18, 112.11, 112.07, 105.08,
101.81 (C15), 84.08 (C2), 81.64 (C3), 78.70 (C8), 78.57 (C1), 78.45,
75.84, 75.62, 74.04 (C4), 73.60, 73.48 (C6), 73.32, 70.77, 68.76 (C5),
68.73, 65.14, 63.13 (C10), 45.08 (C9), 43.34, 40.24, 40.23 (NMe),
38.13, 36.69 (C7). MS (ESI) calculated for [Co9H34N406] 534.25; found
535.2 [M + H]', 557.2 [M + Na]*.

GRPR-L5. To a stirred solution of 11 (26 mg, 0.33 mmol) in anhy-
drous MeOH (1.6 mL), formic acid (75 pL) was slowly added at 0 °C and
the resulting mixture was heated at 50 °C and stirred for 5 h under argon
atmosphere. Then, reaction was quenched by addition of EtsN (100 pL)
and concentrated under reduced pressure. The crude was purified by
automated flash chromatography (AcOEt:MeOH gradient elution)
obtaining pure compound GRPR-L5 (13 mg, 83% yield). TLC RF = 0.16
(AcOEt:MeOH 9:1). 'H NMR (400 MHz, Chloroform-d) 6 7.87-7.76 (m,
3H, Harom), 7.58-7.48 (m, 1H, H14), 7.45-7.29 (m, 5H, Harom), 7.01
(s, 1H, H12), 6.87 (m, 2H, Harom), 5.74 (s, minor isomer), 5.46 (s, 1H,
H15),5.13 (ddd, J=6.7, 4.3, 2.1 Hz, 1H, H1), 4.71 (dd, J = 13.3, 9.2 Hz,
2H, H10), 4.66-4.56 (m, minor isomer), 4.50 (d, J = 12.4 Hz, minor
isomer), 4.42-4.37 (m, 1H, H4), 4.31 (m, 2H, H8, H6), 4.23 (dd, J = 8.3,
1.7 Hz, minor isomer), 4.13 (t, J = 4.9 Hz, 1H, H2), 4.05 (dd, J = 12.9,
2.2 Hz, 1H, H6"), 4.01-3.87 (m, minor isomer), 3.80 (s, 1H, minor
isomer), 3.79 (s, 3H, OMe), 3.78-3.69 (m, 2H, H3, H9"), 3.63-3.55 (m,
1H, HY'), 3.53 (s, 1H, H5), 2.50 (dt, J = 15.1, 8.1 Hz, minor isomer),
2.37 (dq, J = 15.2, 7.6 Hz, 1H, H7"), 1.92-1.76 (m, 1H, H7). '3C NMR
(100 MHz, CDCl3) § 167.92 (CO), 167.81, 162.42, 162.25 (Cq), 137.78
(Cq), 136.54 (C11), 130.09, 129.34, 129.13, 129.08, 128.56, 128.46,
127.45, 126.79 (Cq), 126.43, 126.37, 113.87, 113.79, 104.20, 100.84
(C15), 83.34 (C2), 79.59 (C3), 77.77 (C8), 77.51 (C1), 76.98, 74.76,
74.15,72.97,72.68 (C6), 72.28, 72.18, 69.95, 67.92, 67.54 (C5), 64.52,
61.92 (C10), 55.56, 55.54 (OMe), 44.02 (C9), 43.18, 37.72, 35.95 (C7).
MS (ESI) calculated for [CogH33N307] 521.22; found 522.2 [M + H]™,
544.3 [M + Na] ™.
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GRPR-L6. To a stirred solution of 12 (30 mg, 0.053 mmol) in freshly
degassed MeOH (2.7 mL), a catalytic amount of Pd/CaCOgs (Lindlar’s
catalyst) was added, then the mixture was stirred under Hy atmosphere
at r.t. for 2 h. The crude was diluted with MeOH and the catalyst was
filtered off through a celite pad. Removal of the solvent under reduced
pressure afforded pure amine in a quantitative yield that was immedi-
ately used. Amine derivative was resuspended in anhydrous DCM (1.4
mL), benzoyl-chloride (12 pL, 0.106 mmol) and EtsN (22 pL, 0.159
mmol) were added at 0 °C. The mixture was allowed to return to room
temperature and stirred under argon atmosphere overnight. Then, the
reaction was quenched with MeOH and concentrated under reduced
pressure and the crude was purified by automated flash chromatography
(Hex:AcOEt gradient elution) obtaining pure compound GRPR-L6 (30
mg, 89% yield). TLC RF = 0.59 (EDP:AcOEt 1:1). H NMR (400 MHz,
Chloroform-d) § 7.86 (s, 1H, Harom), 7.83-7.73 (m, 3H, Harom),
7.61-7.30 (m, 8H, Harom), 6.76 (t, J = 5.2 Hz, 1H, NH), 6.62-6.51 (m,
minor isomer), 5.79 (s, minor isomer), 5.55 (s, 1H, H15), 5.19 (ddd, J =
6.5,3.9, 1.8 Hz, 1H, H1), 4.90 (d, J = 13.1 Hz, 1H, H10’), 4.84-4.75 (m,
1H, H10"), 4.68 (dd, J = 8.2, 2.5 Hz, minor isomer), 4.65-4.54 (m,
minor isomer), 4.51 (t, J = 2.6 Hz, 1H, H4), 4.38 (d, J = 12.7 Hz, 1H,
H6'), 4.33 (dd, J = 8.2, 1.8 Hz, minor isomer), 4.27 (dtd, J = 8.7, 5.7,
3.0 Hz, 1H, H8), 4.17 (t, J = 4.4 Hz, 1H, H2), 4.12 (dd, J = 12.8, 2.2 Hz,
1H, H6"), 4.04 (ddt, J = 12.8, 7.1, 3.3 Hz, minor isomer), 4.00-3.90 (m,
minor isomer), 3.83-3.67 (m, 2H, H3, H9"), 3.67-3.63 (m, minor iso-
mer), 3.63-3.55 (m, 2H, H5, H9'), 3.50 (ddd, J = 13.7, 7.6, 4.5 Hz,),
2.60 (dt, J = 14.7, 7.6 Hz, minor isomer), 2.44 (ddd, J = 14.8, 8.4, 6.8
Hz, 1H, H7'), 1.87 (ddd, J = 14.5, 6.0, 2.0 Hz, 1H, H7"), 1.84-1.76 (m,
minor isomer). '*C NMR (100 MHz, CDCl3) 5 168.03 (Cq), 167.70,
141.04, 140.92, 137.66, 136.49, 134.89, 134.29, 133.50, 131.84,
131.80, 131.75, 131.56, 131.51, 131.47, 130.16, 130.09, 129.32,
128.75, 128.69, 128.62, 128.56, 128.54, 128.52, 128.46, 127.61,
127.57,127.43,127.32, 127.08, 127.00, 126.24, 104.29, 100.68 (C15),
83.51 (C2), 81.14 (C3), 77.60 (C1), 77.29, 77.19 (C8), 74.80, 74.17,
72.79 (C4), 72.69 (C6), 72.23, 71.97, 71.95, 70.39, 69.58 (C10), 67.84,
67.69 (C5). MS (ESI) calculated for [C33H29F¢NOg] 637.19; found
638.28 [M + HI", 660.24 [M + Nal™, 676.26 [M + K]*.

GRPR-L7. To a stirred solution of 13 (26 mg, 0.057 mmol) in freshly
degassed MeOH (2.9 mL), a catalytic amount of Pd/CaCOg3 (Lindlar’s
catalyst) was added, then the mixture was stirred under H, atmosphere
at r.t. for 2 h. The crude was diluted with MeOH and the catalyst was
filtered off through a celite pad. Removal of the solvent under reduced
pressure afforded pure amine in a quantitative yield that was immedi-
ately used. Amine derivative was resuspended in anhydrous DCM (1.45
mL), benzoyl-chloride (13 pL, 0.114 mmol) and EtsN (24 pL, 0.171
mmol) were added at 0 °C. The mixture was allowed to return to room
temperature and stirred under argon atmosphere overnight. Then, the
reaction was quenched with MeOH and concentrated under reduced
pressure and the crude was purified by automated flash chromatography
(Hex:AcOEt gradient elution) obtaining pure compound GRPR-L7 (27
mg, 87% yield). TLC RF = 0.38 (EDP:AcOEt 4:6). 'H NMR (400 MHz,
Chloroform-d) 6 8.17-8.04 (m, minor isomer), 7.87-7.71 (m, 2H,
Harom), 7.65-7.34 (m, 9H, Harom), 7.32 (qAB, J = 8.5 Hz, 1H, Harom),
7.22(d, J = 8.5 Hz, minor isomer), 6.88-6.80 (qAB, 2H, Harom), 6.58 (t,
J = 5.6 Hz, NH), 5.79 (s, H15* minor isomer), 5.49 (s, 1H, H15), 5.16
(ddd, J=6.3,4.0, 1.7 Hz, 1H, H1), 4.76 (d, J = 11.8 Hz, 1H, H10'), 4.64
(d, J = 12.0 Hz, 1H, H10"), 4.49 (d, J = 11.7 Hz, 10’* minor isomer),
4.40 (d, J = 11.8 Hz, 10”* minor isomer), 4.37 (t, J = 2.6 Hz, 1H, H4),
4.35-4.24 (m, 2H, H8, H6"), 4.16 (t, J = 4.3 Hz, 1H, H2), 4.05 (dd, J =
12.7, 2.1 Hz, 1H, H6'), 4.01-3.95 (m, minor isomer), 3.82 (dd, J = 5.4,
3.1 Hz, 1H, H9"), 3.79 (s, minor isomer), 3.75 (s, 3H, OMe), 3.63 (dt, J
=4.7,2.4 Hz, 1H, H3), 3.60-3.51 (m, 1H, HY), 3.49 (d, J = 3.7 Hz, 1H,
H5), 2.55 (dt, J = 14.9, 7.7 Hz, H7'* minor isomer), 2.41 (ddd, J = 14.8,
8.5, 6.8 Hz, 1H, H7'), 1.86 (ddd, J = 14.3, 5.5, 1.8 Hz, 1H, H7"),
1.82-1.76 (m, H7"* minor isomer). "*C NMR (100 MHz, CDCl3) 5 167.87
(CO), 167.61(*), 159.25 (Cq), 159.14 (*), 137.71 (Cq), 136.54 (*),
134.85 (Cq), 134.23 (*), 133.44, 131.58, 131.34 (CHarom), 130.20
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(Cq), 130.09, 129.87, 129.65, 129.56 (CHarom), 129.54 (*), 129.39,
129.33, 129.09, 128.99, 128.59, 128.53, 128.47, 128.41, 128.39,
128.25, 127.34, 126.98, 126.93, 126.90, 126.25 (CH arom), 113.75 (CH
arom AB), 113.71 (*), 104.03 (*), 100.66 (C15), 83.75 (C2), 79.04 (C3),
77.44 (C1), 76.73 (C8), 74.85, 73.90, 73.17 (*), 73.03 (C4), 72.51 (C6),
72.10, 71.98, 70.45 (C10), 69.22 (*), 67.80, 67.54 (C5), 55.26, 55.23
(OMe), 43.93 (C9), 43.15 (*), 37.25 (*), 35.63 (C7). MS (ESI) calculated
for [C31H33NO;] 531.22; found 532.14 [M + H]", 554.20 [M + Na]™,
570.15 [M + K] ™.

3.5. Cell cultures

PC3 and MCF-7 cell lines were obtained from ATCC. PC-3 cells were
cultured in RPMI 1640 w/Glutamine supplemented with 10% (v/v) fetal
bovine serum (FBS), 100 U/mL penicillin, 100 pg/mL streptomycin (all
from Euroclone SpA, Pero, Italy). MCF-7 cells were cultured in EMEM/
NEAA supplemented with 10% (v/v) FBS, 2 mM r-glutamine, 100 U/mL
penicillin, 100 pg/mL streptomycin (all from Euroclone SpA, Pero,
Italy). Both cell lines were maintained at 37 °C in a humidified 5% CO4
incubator.

3.6. Calcium mobilization assay

Calcium mobilization was evaluated using the FLUO-4 Calcium
Assay kit (ThermoFisher Scientific, Waltham, MA, US, cat # F36206)
according to manufacturer’s instruction. The assay was performed using
a BMG OmegaStar (LabTech, Sorisole, BG, Italy) multiplate reader
equipped with a dual automatic injection system and fluorescence in-
strument settings appropriate for excitation at 494 nm and emission at
516 nm. The assay chamber was maintained at 37 °C for the whole
experiment duration. Briefly, PC3 cells were plated 4x10* cells/well in
96-well dark plates with transparent bottom. The next day, after
removing the culture medium, 100 uL/well dye loading solution was
added and incubated for 45 min at 37 °C in the dark. The plate was
transferred into the multiplate reader assay chamber. Using the auto-
matic injection system GRPR-L diluted in assay buffer was added to each
well to obtain a final concentration of 50 nM; fluorescence (F) was ac-
quired in each well every second for 20 s just prior to compound in-
jection and for 60 s after injection. Mean fluorescence prior compound
injection was used as reference (Fp) for signal normalization (F/F).
After 30 min using the automatic injection system, BN dissolved in assay
buffer was added (well concentration 200 nM) and fluorescence was
acquired as described above to monitor intracellular Ca>" mobilization.
Samples not pre-treated with any GRPR-L and stimulated only with
Bombesin 200 nM were also assayed. Cells treated with assay buffer only
represented the negative control.

3.7. PC3 cell proliferation assays

To assess the effect of the different GRPR-L compounds on PC3 cell
proliferation, the SRB (SulfoRhodamine B) assay was performed. PC3
cells were seeded 5000/well in 96-wells plate in complete medium,
consisting of RPMI 1640 w/Glutamine supplemented with antibiotics
and 10% Fetal Bovine Serum (FBS) (all from Euroclone). The day after,
the complete medium was replaced with RPMI 1640 w/Glutamine
supplemented with antibiotics without serum. After 36-48 h of serum
starvation, cells were treated with 50 nM of GRPR-L compounds in
complete medium for 1 h and subsequently BN was added to reach a
final concentration of 200 nM; samples not treated with BN received the
same amount of medium. Controls were treated with complete medium
without any drug. A BN control (cells treated with BN only) was also
performed. After 24 h of GRPR-L induction, 50 uL of 50% Trichloro-
acetic acid (TCA) was added to each well and the plate was incubated for
1 h at 4 °C. Plate was rinsed with tap water and allowed to dry at room
temperature. SRB solution (0.4% SRB in TCA 1%) was added (50 uL/
well) and incubated for 15 min. Excess dye was rinsed thoroughly with
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TCA 1% and the plate was allowed to dry at room temperature. SRB was
solubilized with Tris(Hydroxymethyl)aminomethane 10 mM 150 pL/
well and optical density at 540 nm was measured using a multiplate
reader (OmegaStar, BMG Labtech, Germany). To account for unspecific
staining, wells without cells but containing medium for the entire
experimental period were also assayed and the value obtained was
subtracted as background. Proliferation was calculated as ratio versus
control untreated cells. Three independent experiments were conducted,
each with six replicates.

3.8. MCF-7 cell proliferation assays

The activity of the GRPR-L compounds on MCF-7 proliferation was
measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. 4000 cells/well were seeded in 96-well plates.
The day after, the complete medium was replaced with EMEM-serum
free medium containing 0.1% BSA (Merck KGaA, Darmstadt, Ger-
many). After 24 h starvation, GRPR-L compounds were added at the
indicated concentrations from 1000X stocks in 100% DMSO, in the
presence or absence of 100 nM BN to stimulate proliferation; 0.1%
DMSO was added in the solvent control wells. After 24 h treatment, the
MTT solution (Merck, used at a final concentration of 0.5 mg/ml) was
added and plates were incubated for 2 h at 37 °C. The purple formazan
crystals were solubilized, and the plates were read on a Victor X3
Microplate Reader (Perkin Elmer inc., Waltham, MA, US) at 570 nm.
Growth of each condition was referred to solvent control, which was set
to 100%. All conditions were tested at least in three independent ex-
periments, all in technical triplicates. Wells without cells but containing
medium for the entire experimental period were also assayed and the
value obtained was subtracted as background. Proliferation was calcu-
lated as ratio versus control untreated cells.

4. Conclusions

Here we combined CD, NMR and MM/MD-based conformational
studies, organic synthesis and in vitro cellular assays to develop a new
small library of GRP-R ligands based on a rigid bicyclic C-galactosidic
scaffold.

Collectively, our results clearly indicate that we obtained new non-
peptide GRP-R high affinity ligands, some of which show a significant
BN antagonist activity. To the best of our knowledge, our compounds are
the only example of a small library of non-peptide GRP-R antagonists
active in the nM range of concentration, with the only exception of
compound PD176252, that, as already mentioned, shows poor selec-
tivity for GRP-R [20,21],

These molecules are hit compounds for the rational design and
synthesis of new ligands and modulators of GRP-R. Due to their favor-
able chemical properties and stability, they can be used for the active
receptor-mediated targeting of GRP-R positive tumors.

To give specific examples, the presence of free hydroxyl groups on
compound GRPR-L2 can be exploited to enable its chemical conjugation
to radiolabeled compounds for selective anti-tumor radiotherapy and/or
imaging, or well-characterized and potent anti-cancer agents, obtaining
very efficient molecular devices for drug targeting of tumor tissues.
Moreover, the bioactivity of compounds GRPR-L6, bearing a 3,5-bis-
(trifluoromethyl) phenyl group, suggests the possibility to synthesize
18FJabeled GRPR-L as potential PET agents for the imaging of GRP-R
positive tumors.

These new strategies, assuming the development of specific synthetic
approaches for the preparation of new derivatives and conjugates, will
be explored by our group in the near future.
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Liraglutide preserves CD34™" stem cells e

from dysfunction Induced by high glucose
exposure
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Abstract

Background: Glucagon like peptide-1 receptor agonists (GLP-1RAs) have shown to reduce mortality and cardio-
vascular events in patients with type 2 diabetes mellitus (T2DM). Since the impairment in number and function of
vasculotrophic circulating CD34" hematopoietic stem progenitor cells (HSPCs) in T2D has been reported to increase
cardiovascular (CV) risk, we hypothesized that one of the mechanisms whereby GLP-1 RAs exert CV protective effects
may be related to the ability to improve CD34" HSPC function.

Methods: In cord blood (CB)-derived CD34™" HSPC, the expression of GLP-1 receptor (GLP-1R) mRNA, receptor pro-
tein and intracellular signaling was evaluated by RT-gPCR and Western Blot respectively. CD34% HSPCs were exposed
to high glucose (HG) condition and GLP-1RA liraglutide (LIRA) was added before as well as after functional impair-
ment. Proliferation, CXCR4/SDF-1a axis activity and intracellular ROS production of CD34™ HSPC were evaluated.

Results: CD34™ HSPCs express GLP-1R at transcriptional and protein level. LIRA treatment prevented and rescued
HSPC proliferation, CXCR4/SDF-1a axis activity and metabolic imbalance from HG-induced impairment. LIRA stimula-
tion promoted intracellular cAMP accumulation as well as ERK1/2 and AKT signaling activation. The selective GLP-

1R antagonist exendin (9-39) abrogated LIRA-dependent ERK1/2 and AKT phosphorylation along with the related
protective effects.

Conclusion: We provided the first evidence that CD34" HSPC express GLP-1R and that LIRA can favorably impact on
cell dysfunction due to HG exposure. These findings open new perspectives on the favorable CV effects of GLP-1 RAs
in T2DM patients.

Keywords: GLP-1 receptor agonist, CD34™ hematopoietic stem progenitor cells, Type 2 diabetes mellitus,
Cardiovascular disease
.

Background
Type 2 diabetes mellitus (T2DM) has now attained the
status of a global pandemic with over 400 million indi-
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life years [2]. For these reasons, the development of new
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therapeutic strategies able to prevent CVD morbidity
and mortality is crucial. Patients with T2DM are char-
acterized by a significant decrease in circulating CD34%
stem/progenitor cells. CD34" hematopoietic stem/pro-
genitor cells (HSPCs) are known to possess vascular
regenerative and proangiogenic capacity [3]. Their func-
tional and numerical depletion is now considered a sig-
nificant contributor to CV homeostasis impairment in
diabetes. To this regard, Fadini et al. demonstrated that
CD34" HSPCs are reduced of about 40% in T2DM [4],
and that such impairment contributes to enhanced CV
risk [5]. Notably, in patients with T2DM, the reduction
of CD34" HSPCs number and function predicts adverse
CV outcomes, defined as major CV events (MACE), and
hospitalizations for CV causes [6, 7]. Recent large-scale
trials have unequivocally demonstrated the ability of
glucagon-like peptide 1 receptor agonists (GLP1-RAs)
to reduce the risk of MACE in T2DM patients with
established or at high risk of CVD [8-10]. GLP1-RAs
are now recommended by guidelines as first-line agent
for prevention of CVD in T2DM patients [11, 12]. Such
pleiotropic CV benefit appears to be additional to glu-
cose-lowering effects and the mechanisms whereby they
exert such striking CV protective effects are still largely
unknown. At cellular and molecular level, GLP1-RA
effects are mediated by GLP1-R, a Gs coupled receptor
family member, which is present in various human tis-
sues [13]. To date, there are no data describing the effects
of GLP1-RAs on CD34" HSPCs of T2DM patients. We
hypothesized that at least part of the unknown mecha-
nisms whereby GLP1-RAs exert CV protective effect are
mediated by its ability to improve CD34+ HSPC func-
tion. Here, by exploiting an in vitro model of diabetes, we
show for the first time that CD34" HSPCs express GLP-
1R and that its stimulation by liraglutide (LIRA), a GLP1-
RA, prevents and recovers the dysfunction induced by
hyperglycemia.

Methods

Experimental design

We recently established a stem cell culture model of
diabetes based on the use of cord blood (CB)-derived
CD34" HSPCs [14]. This method already provided
a consistent and reproducible recapitulation of the
major CD34" HSPC dysfunction hallmarks in diabe-
tes [14]. To assess the ability of GLP-1 RA to prevent
CD34" HSPC dysfunction induced by glucose overload
the cells were expanded in high glucose (HG; 30 mM)
conditions along with 50 nM or 100 nM LIRA treat-
ment (Fig. 1A). In a different experimental setting,
CD34% HSPCs were expanded in HG condition and
then treated with LIRA only after loss of glucose tol-
erance (Fig. 1B). Afterwards, we assessed the ability of
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the drug to recover a compromised phenotype. CD34"
HSPCs cultured in normoglycemic condition (NG;
30 mM mannitol) were used as control. At the end of
both experiments, the main dysfunctional hallmarks of
the cells, namely proliferation and CXCR4/SDF-1a axis
impairment, were evaluated (Fig. 1).

Cell culture

Umbilical cord blood (UCB) was collected from the
umbilical cord of full-term normal deliveries in col-
laboration with Milano Cord Blood Bank (IRCSS Ca’
Granda Foundation — Ospedale Maggiore Policlinico).
The mononuclear cell fraction was obtained by den-
sity gradient centrifugation using Ficoll-Paque (Lym-
phoprep, Sentinel Diagnostics) and CD34" HSPCs
were immunomagnetically isolated using CD34 Micro-
bead Kit (MiniMACS kit, Miltenyi Biotec). Flow-cyto-
metric analysis allowed to assess the purity of sorted
cell population, displaying 90% of CD34" HSPCs and
negligible presence of CD14" (monocytes) and CD3*
(lymphocytes) cells (Additional file 1: Figure S1). Iso-
lated CD34" HSPCs were cultured in Stem Span
medium (StemCell Technologies) supplemented with
20 ng/mL of interleukin (IL)-6 (PeproTech), 20 ng/
mL of IL-3 (PeproTech), 50 ng/mL of fms-like tyros-
ine kinase 3 (FLT3, PeproTech), and 50 ng/mL of stem
cell factor (SCF, PeproTech). Cells were cultured in HG
(30 mM of glucose, Sigma-Aldrich) or NG (30 mM of
mannitol, Sigma-Aldrich) conditions for up to 20 days
and treated or not with increasing concentration of
LIRA (50 nM and 100 nM; MedCHemExpress) + selec-
tive GLP-1R antagonist exendin (9-39) (150 nM EXE;
MedCHemExpress).

Capan-1 cells (HTB-79"™), used as GLP-IR positive
control, were purchased from ATCC and grown in RPMI
medium supplemented with 20% FBS, as indicated by the
supplier.

Isolation of CD34™ HSPCs from patient bone marrow

CD34% HSPCs were isolated from sternal bone mar-
row (BM) biopsy of T2DM patients underwent bypass
surgery. During surgical procedure, 2 mL of ster-
nal BM blood were withdrawn by biopsy needle
(15G x 25/90 mm; MDL) and suspended in saline buffer
solution. BM-derived CD34" HSPCs were isolated
as aforementioned and collected for GLP-1R mRNA
analysis.

All experiments were carried out upon approval
of local ethic committees (CCM 205—-RE 3428) and
informed written consent was obtained from all patients
before BM harvesting.
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Fig. 1 Schematic representation of the study. CD34" HSPCs were isolated via Mac-sorting from cord blood and characterized for GLP-1R transcript
and protein expression levels, and downstream signaling pathway activation. Then, CD34" HSPCs were expanded in HG condition with or without
LIRA (A). In a different experimental setting the cells were treated with LIRA only after the loss of glucose tolerance (B). CD34" HSPCs cultured in NG
(30 mM mannitol) condition were used as control (A, B). Proliferation, migration and oxidative stress were finally assessed at the end of experiments.

GLP-1R=glucagone-like peptide 1 receptor; HG=high glucose; LIRA =liraglutide; NG = normal glucose

Cell proliferation assay

CD34% HSPCs were seeded at an initial density of
2.0 x 10° cells/well and cultured for up to 20 days in NG
and HG£LIRA conditions. Cells were counted on days
5, 10, 15 and 20. Doubling time was calculated with the
following formula:

duration x log (2)
log (final concentration) — log (initial concentration)

Doubling time:

Migration assays

Cell migration was determined the use of Boyden modi-
fied chamber consisting of transwell culture inserts (5-
pum pore membrane; Corning Incorporated, Corning,
NY). In brief, 1 x 10° cells were seeded onto the upper
chamber and allowed to migrate toward the lower cham-
ber containing, or not, stromal cell-derived factor 1

(SDF-1a 50 ng/mL; PeproTech EC Ltd.). The transwells
were incubated at 37 °C, 5% CO,, for 4 h. Migrated cells
in the lower chamber were counted and migration index
were calculated with the following formula:

migrated cells in presence of SDF — la

Migration index:
igrationndex migrated cells in absence of SDF — la

Cyclic adenosine monophosphate (cCAMP) quantification
Intracellular cAMP was quantified by cAMP ELISA kit
(Enzo Life Science) according to manufacturer’s instruc-
tions. Briefly, 5x 10° CD34" HSPCs were stimulated
with LIRA+EXE and lysed in 0.1 M HCI and 0,1% Tri-
ton X-100. Sample absorbance was spectrophotometri-
cally evaluated at 405 nm by Tecan (Infinite M200 Pro,
TECAN).
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Intracellular Ca** handling
The measurement of intracellular Ca?* has been assessed
through single cell and population analysis by means of
confocal Nikon A1R microscope and FLUOstar Omega
(BMG Labtech) multiplate reader respectively. CD34"
HSPCs were starved for 2 h (with IMDM and albumin
0.1%) and incubated with the Ca**~sensitive dye Fluo-4
AM (ThermoFisher, 2 uM) in Tyrode’s solution (contain-
ing in mM: 154 NaCl, 4 KCl, 2 CaCl2, 1 MgCl2, 5 HEPES/
NaOH, and 5.5 d-glucose, adjusted to pH 7.35) for 1 h.
Confocal single cell analysis was performed by plating
CD34" HSPCs on fibronectin/polylisin D coated glass
coverslips; fluorescence (F) images (512*512 pxls) were
acquired at x 60 magnification every 5 s in basal condi-
tion and following 100 nM LIRA addition at 37 °C and 5%
CO2 thanks to Okolab incubator mounted on the micro-
scope stage. Changes in single cell mean F during acquisi-
tion time were quantified through NIS-Elements analysis
software following F backgroud subtraction. Population
analysis was performed by plating cells in 96-well dark
plates by means of the multiplate reader equipped with
an automatic injection system to inject LIRA (100 nM).
F was acquired in each well every 0.74 s for 20 s just
prior to compound injection and for 100 s after injection.
Mean F prior compound injection was used as reference
(F0) for signal normalization (F/FO0).

RNA extraction and RT-gPCR

Total RNA from both cord-blood and sternal CD34*
HSPCs was isolated by using the Direct-zol RNA Kit
(Zymo Research), following manufacturer’s protocol.
One pg of total RNA was converted to cDNA with the
Superscript III kit (Life Technologies) and used to assess
GLP-1R gene expression. qPCR reactions were per-
formed with SYBR Green Supermix 2X (BIO-RAD Labo-
ratories) on CFX96 Real-Time System PCR (BIO-RAD
Laboratories). Specific GLP-1R primers (Fw: 5-GTG
TGGCGGCCAATTACTAC-3; Rv: 5-CTTGGCAAG
TCTGCATTTGA-3’) were appositely designed to evalu-
ated mRNA expression by amplifying a region of 347 bp.
The qPCR products were loaded on a 1% agarose gel with
an appropriate molecular marker (PCR Marker Solution,
Sigma-Aldrich). Then, the 347 bp bands were excised and
purified with QIAquick Gel extraction kit (Qiagen) for
subsequent Sanger sequencing analysis.

Sanger sequencing

The RT-qPCR products, appropriately purified from aga-
rose, were sequenced with the help of an external service
(Microsynth Biotech) by Sanger method with the use of
GLP-1R Fw primer. Sequencing results were analysed
by a Multiple sequence ClustalW alignment (BioEdit
software) throughout the comparison of the published
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GLP-1R cDNA sequence (NCBI Reference sequence:
NM_002062.5).

Western blot

CD34% HSPCs and Capan-1 cells were lysed in lysis
buffer (50 mM TRIS-HCI, 150 mM NaCl, 1 mM EDTA,
1% Triton) added with protease inhibitors (1:10, Halt
Protease Inhibitor Cocktail, Thermo Scientific). Protein
lysate was then quantified by Pierce™ BCA Protein Assay
Kit (ThermoFisher Scientific). Fourty pug and 20 pg of
protein from CD34% stem cells and capan-1 cells respec-
tively were resolved on 10% SDS-PAGE in denaturing
conditions. Proteins were then transferred onto a poly-
vinylidene difluoride (PVDF) membrane (Millipore) at
400 mA, 4 °C for 90 min. To prevent aspecific binding,
the membrane was blocked with 5% bovin serum albu-
min (BSA) in PBS+0, 1% Tween-20 (PBST) for 1 h. The
membranes were then incubated with the primary anti-
bodies, appropriately diluted in 3% BSA-PBST, at 4 °C
O/N and with the appropriate secondary antibody linked
to horseradish peroxidase (HRP) the day after for 1 h.
Specific information about antibodies and appropriate
dilutions are reported in Table 1. The signal was detected
by Enhanced chemiluminescence (ECL) system and
quantified by Chemidoc MP Imaging System (BIO-RAD
Laboratories). GLP-1R-mediated AKT and ERK1/2 path-
way activation was evaluated by treating the cells with
100 nM LIRA£+1 pM wortmannin (Sigma Aldrich; WT;
inhibitor of phosphatidylinositol 3-kinase, PI3K), 100 uM
PD 98059 (Sigma Aldrich; PD; a specific inhibitor of
mitogen-activated protein kinase kinase 1/2, MEK1/2),
or 150 nM EXE (selective GLP-1R antagonist) and with
either no additions as control.

Table 1 List of Western blot antibodies

Code (purchased from) Source Dilution
Primary antibody
GLP-1R (D-6) Sc-390774 Mouse  1:200
(Santa Cruz Biotecnol-
ogy)
Phospho-p44/42 #4370 Rabbit  1:2000
MAPK (ERK1/2) (Cell signaling)
(Thr202/Tyr204)
p44/42 MAPK (ERK1/2) #9102 Rabbit  1:1000
(Cell signaling)
Phospho-AKT (Ser473) #9271 Rabbit  1:1000
(Cell signaling)
Secondary antibody
ECL Anti-rabbit IgG NA9340 donkey 1:10000
(Amersham Biosciences)
ECL Anti-mouse IgG NA9310 sheep  1:5000

(Amersham Biosciences)
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Flow cytometric assays

CD34" HSPCs were incubated for 30 min with allophy-
cocyanin-conjugated monoclonal antihuman CXCR4
antibody (BD Biosciences) or with CellROX Green
Flow Cytometry Assay Kit (Life Technologies) for the
detection of CXCR4 and reactive oxygen species (ROS)
respectively. The Gallios Flow Cytometer platform (Beck-
man Coulter Life Sciences) was used to analyze the sam-
ples after appropriate physical gating. At least 20* events
in the indicated gates were acquired.

Immunocytochemistry

CD34% HSPCs were temporarily adhered to a glass cov-
erslip surface by mixed fibronectin-polylysine D (1:1)
coating solution. Immediately after adhesion, cells were
incubated with Green CellROX (Life Technologies) for
20 min and then fixed with 2% paraformaldehyde solu-
tion. Before mounting, cells were counterstained with
Hoechst for the nuclei (1:1000) and Wheat Germ Agglu-
tinin for the cell membrane (WGA) (1:200). The images
were acquired by ZEISS Apotome fluorescence micro-
scope at 40X magnification.

Analysis of mitochondrial and glycolytic bioenergetic
parameters
Bioenergetic parameters were analyzed by using Seahorse
XFe96 Extracellular Flux analyzer (Agilent). Before the
analysis, cells were collected and counted: 35 x 10% cells
were suspended in 50 pL low buffered DMEM-based XF
assay medium (103575-100 Agilent) supplemented with
10 mM glucose, 2 mM glutamine, 1 mM Na-pyruvate,
and plated in a fibronectin-polylysine D coated 96-well
XF plate (Agilent). The XF plate was centrifuged at 200 g
(zero braking) for 1 min and incubated for 20 min at
37 °C in a no-CO, incubator. Before testing, 150 pL com-
plete XF assay medium was added to each well and cells
were furtherly incubated for 30 min at 37 °C.

Mitochondrial bioenergetic parameters were analyzed
according to the Seahorse Mito Stress test kit protocol
(Agilent) that include oxygen consumption rate (OCR;
pmolO,/min) measurements under basal condition
and after the sequential injection of the ATP synthase
inhibitor oligomycin A (1.5 uM), the ETC accelerator
ionophore FCCP (carbonilcyanide p-triflouromethoxy-
phenylhydrazone, 2 M), and the ETC inhibitors mixture
rotenone (0.5 uM) + antimycin A (0.5 pM). The minimal
doses of oligomycin A and FCCP causing the maximal
response used in the Mito Stress test assay were deter-
mined for each experimental group in a preliminary Sea-
horse assay (Additional file 2: Figure S2).

Glycolytic bioenergetic parameters were analyzed by
combining the Seahorse ATP rate and Glyco rate test
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kit protocols (Agilent) including extracellular acidifica-
tion rate (ECAR; mpH/min) measurements under basal
condition and after the sequential injection of 1.5 uM oli-
gomycin A, 0.5 pM rotenone + 0.5 pM antimycin A mix-
ture, and finally 50 mM 2-Deoxy-D-Glucose (2DG).

Seahorse parameters were normalized to cell number
in each well. To this purpose, at the end of the Seahorse
analysis, cell nuclei were marked with Hoechst 33342
(1 pg/mL) for about 15 min and acquired with Leica
Thunder Imager microscope through a 10x objective.
Cell number was quantified through Image] software.
Samples were analyzed with at least 10 technical repli-
cates from two independent experiments. Bioenergetic
parameters were calculated from the Seahorse data using
Wave2.6.1 (Agilent) software.

Respiratory parameters were calculated using the fol-
lowing formulas:

Basal Mitochondrial Respiration (Basal MR)=OCR
under basal condition (OCRy,,)-OCR following
rotenone/antimycin A injection (OCR,y,y); Maxi-
mal MR (Max MR)=OCR following FCCP injection
(OCRgccp) — OCR,yy/ans Spare respiratory capacity = Max
MR-Basal MR; Coupling efficiency=delta OCR follow-
ing oligomycin A injection (OCR},,5,"OCR jio)/OCRy, 5
Proton Leak= OCR ;- OCR /-

Glycolytic parameters were calculated using the follow-
ing formulas:

Proton Efflux rate (PER; pmolesH*/min) was calculated
from Extracellular Acidification Rate (ECAR) applying
the Buffer Factor of the XF assay medium; Basal glyco-
lysis=PER under basal condition (PER,,)—PER follow-
ing 2DG injection (PER,n); Maximal glycolysis=PER
following rotenone/antimycin A injection (PER
ant)_PERZDG‘

ATP rate parameters were calculated using the follow-
ing formulas:

rot/

ATP  linked respiration  (OCRypp) =OCR}, 01—
OCR,jjgsy mitoATP  production rate=OCR,rp *2
* P/O (P/O=275); mitoOCR=0CRy,,-OCR,,

ang MitoPER=mitoOCR * CO, Contribution Fac-
tor (CCF=0.61); PER=ECAR * Buffer Factor * VolXF
microchamber * Kvol (Kvol=1.6); glycoATP production
rate (glycoPER) = PER-mitoPER.

Statistical analysis

Results are given as mean=+ SEM. All experiments were
performed at least in triplicate, unless stated otherwise.
The data were tested for the normality by using the Sha-
piro—Wilk normality test. Differences between data were
evaluated by 1-way, 2-way repeated-measures ANOVA
followed by the post-hoc Newman-Keuls or Tukey’s
multiple comparison test, as appropriate. A value of
P <0.05 was considered significant. All statistical analysis
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was performed using GraphPad Prism software (Graph-
Pad Software Inc.).

Results

CD34% HSPCs express GLP-1 receptor

We profiled the expression of GLP-1R in CD34" HSPCs
at both mRNA and protein levels. In order to ensure
c¢DNA amplification of the target mRNA and exclude
PCR products from DNA contamination, we designed a
couple of primers spanning exon-exon junction (Fig. 2A).
Additionally, to confirm the correct amplification of the
target template, the amplicon of 347 bp, characterized by
a melting temperature of 83 °C, was resolved on 1% aga-
rose gel. The bands were then excised and sequenced. The
alignment of sequenced PCR end-point products with
reference coding cDNA (NM_002062.5) showed 99% of
identity (Fig. 2B, C and D). Additionally, in order to fur-
ther support our hypothesis, GLP-1R mRNA expression
was confirmed in CD34" HSPCs isolated from sternal
BM biopsy of T2DM patients underwent bypass sur-
gery (Additional file 3: Figure S3). Finally, total protein
cell lysates obtained from 3 different samples of CD34"
HSPCs were subjected to Western blot analysis. Protein
cell lysate of capan-1 cells was used as positive control.
As shown in Fig. 1E, GLP-1R antibody detected a unique,
distinct protein band of the expected molecular weight
(55 kDa) in all samples.

The administration of GLP-1 receptor agonist LIRA
stimulates intracellular cAMP production

GLP-1Rs are known to be coupled to activation of Gas
proteins. In pancreatic p cells the receptor agonist
engagement results in activation of adenylate cyclase
with consequent production of 3}5-cyclic adenosine
monophosphate (cAMP), intracellular Ca®" increase
and insulin release [15]. To determine whether CD34%"
HSPCs express a functional GLP-1R, we assessed intra-
cellular cAMP production and Ca’t mobilization after
LIRA stimulation.

Consistent with activation of Gas, the treatment of
cells with LIRA elicited a significant accumulation of
intracellular cAMP over basal level in a time- and dose
dependent manner reaching the highest value after
10 min of stimulation at 100 nM (Fig. 3A and B). Notably,
the addition of the selective GLP-1R antagonist exendin
(9-39) (EXE) prevented intracellular cAMP accumula-
tion at all tested LIRA concentrations, demonstrating a
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receptor-mediated effect (Fig. 3B). Interestingly, single
cell analysis showed occurrence of spontaneous Ca*"
transients in CD34" HSPCs not significantly altered by
100 nM LIRA addition (Additional file 4: Figure S4A).
Moreover, cell population analysis showed negligible
increase in intracellular Ca** following LIRA addition
(+4% over basal Ca’* level, Additional file 4: Figure S4B).
Thus, unlike pancreatic B-cells, acute GLP-1R stimula-
tion in CD34" HSPCs did not significantly alter intracel-
lular Ca?*.

GLP-1R stimulation prevents CD34* HSPC dysfunction
induced by chronic glucose overload

We recently published that metabolic stress induced
by prolonged HG exposure results in loss of cell prolif-
eration ability and CXCR4/SDF1-a axis impairment [14].
Herein, we tested whether LIRA, a GLP-1RA, was able to
avert all these functional damages.

Despite the chronical exposure to HG concentration,
LIRA dose-dependently (50 and 100 nM), prevented
cell proliferation impairment. Noteworthy, the presence
of 100 nM LIRA maintained cell proliferation rate to
the control values (NG) (Fig. 4A and B). Similarly, LIRA
treatment prevented CXCR4/SDF1-a axis defect pro-
moted by HG exposure. Indeed, LIRA significantly main-
tained in dose dependent manner the migration ability of
cells toward 50 ng/mL of SDF-1a (Fig. 4C) and CXCR4
expression (Fig. 4D and E).

LIRA reduces the oxidative state of CD34* HSPCs and
metabolic imbalance promoted by HG exposure

We previously demonstrated that the loss of function
promoted by HG-exposure was incident with mitochon-
drial ROS accumulation [14]. As shown in Fig. 5A and B,
the maintenance of functional parameters despite HG
presence was associated with a significant drug-induced
reduction of cell oxidative state.

Moreover, HG-induced mitochondrial ROS accumula-
tion was associated to oxidative metabolism dysfunction
(Fig. 6). HG exposed CD34" HSPCs showed reduced
maximal and spare MR, without significantly affecting
basal MR. LIRA (100 nM) was able to restore maximal
and spare MR to NG levels (Fig. 6A and Additional file 5:
Figure S5A). Notably, neither HG-exposure nor LIRA
treatment altered the percentage of the mitochondrial
machinery used under basal conditions, as indicated by
basal to maximal MR ratio, which remained constant

(See figure on next page.)

Fig. 2 GLP-1R expression in CD34™ HSPCs. mRNA expression was assessed by RT-gPCR in 3 different CD34" HSPC biological replicates. An
exon-exon spanning reverse primer was used to exclude any amplification of possible contaminating DNA; capan-1 cells were used as positive
control (A). The identity of RT-gPCR products was determined by melting curve (B), agarose gel run (347 bp) (C) and finally by Sanger sequencing
(D). CD34™ HSPC lysates (40 ug) deriving from three biological replicates were immunoblotted in order to evaluate GLP-1R protein expression.
Capan-1 cell lysate (20 pug) was used as positive control (E). S1,S2, S3=samples 1,2, 3
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Fig. 3 GLP-1R downstream signaling pathway activation after
stimulation by LIRA treatment. A CD34" HSPC stimulation with
100 nM LIRA determined a significant time-dependent accumulation
of intracellular cAMP, with a maximum peak after 10 min of treatment
(*p<0.01;**p<0.001 vs basal; one-way ANOVA). B The addition
of 150 nM EXE, a competitive antagonist of GLP-1R prevented the
intracellular cAMP accumulation induced by increasing concentration
of LIRA (10-100 nM) (*p <0.05, **p < 0.01 vs basal two-way ANOVA).
EXE =exendin 9-39, LIRA=liraglutide

in all groups. LIRA also restored the basal respiration
devoted to ATP production (here reported as coupling
efficiency, Fig. 6A). These effects of both HG and LIRA
treatment were correlated to a trend in proton leak alter-
ation (Additional file 5: Figure S5B). From the analysis of
the glycolytic parameters, it emerged that HG-exposure
increased the basal and maximal glycolysis and ATP
produced via this metabolic route (Fig. 6B). Unlike the
mitochondrial function, LIRA was unable to restore HG-
induced glycolytic bioenergetic parameters changes to
NG levels.

Overall, following HG exposure, LIRA treatment
improved mitochondrial metabolism, stimulated ATP
production via OXPHOS (Additional file 5: Figure S5C
and S5D) and thereby increased the ATP rate index
(Fig. 6).

GLP-1R stimulation promotes activation of ERK1/2

and PI3K signaling pathways

Stimulation of the GLP-1R is known to activate numer-
ous pleiotropic signaling pathways in human pancreatic
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islet cells including PI3K and extracellular regulated
kinases 1 and 2 (ERK1/2) [16, 17]. To determine whether
the stimulation of endogenous GLP-1R expressed in
CD34% HSPCs was also coupled to similar signal trans-
duction pathways, we assessed the phosphorylation of
ERK1/2 and AKT (a downstream effector of PI3K). As
shown in Fig. 7A and C, stimulation of the cells with
100 nM LIRA elicited a time-dependent activation of
both ERK1/2 and AKT kinases. LIRA-dependent kinase
activation was abrogated by the addition of the two selec-
tive ERK1/2 and PI3K inhibitors: PD and W, respec-
tively (Fig. 7E and G).

These data indicate that CD34* HSPCs express a func-
tional GLP-1R whose stimulation is coupled to additional
signaling pathways other than adenylate cyclase.

Exendin (9-39) antagonizes LIRA effects

against hyperglycemia

In order to confirm that LIRA-induced activation of
diverse pro-survival signaling pathways was acting
through GLP-1R activation, aforementioned experiments
were carried out in the presence or absence of EXE antag-
onist (150 nM) [18]. As shown in Fig. 8A, EXE abrogated
LIRA-dependent ERK1/2 and AKT phosphorylation as
well as its protective effect on cell proliferation, meas-
ured as doubling time, (Fig. 8D) and CXCR4 membrane
expression (Fig. 8E). Taken together, these findings sup-
port a GLP-1R-mediated effect of LIRA on intracellular
pathways and functions of CD34% HSPCs.

LIRA partially recovers the functional damage induced by HG
exposure in CD34% HSPCs

As we recently reported, a strong antioxidant machin-
ery confers to CD34" HSPCs a particular resistance to
HG-induced oxidative stress [14]. However, after anti-
oxidant defense exhaustion, irreversible functional altera-
tions take place. Here, in a different experimental setting
(Fig. 1B), we aimed at investigating whether LIRA was
also able to recover the compromised cell phenotype
induced by HG exposure.

While 100 nM LIRA modestly improved HG-CD34"
cell growth rate (Fig. 9A), we found that the same drug
concentration significantly recovered CXCR4 membrane
expression (Fig. 9B), and restored migration ability of
the cells (Fig. 9C), although the latter less efficiently than
when added concomitantly to HG. Again, these effects
were associated with a significant drug-dependent reduc-
tion of intracellular ROS levels (Fig. 9D).

Discussion

CV complications remain the major cause of morbidity
and mortality of patients with DM and first-generation
glucose lowering agents have proved to be inadequate
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[19] or only partially able to favorably impact CV prog-
nosis [20]. Recently, large-scale trials unequivocally
demonstrated the CV protective effects of two novel
classes of glucose-lowering agents characterized by dif-
ferent dominant mechanism of action: sodium-glucose
cotransporter-2 (SGLT?2) inhibitors and GLP-1RAs. Both
classes of drugs showed to significantly reduce the risk
for MACE and all-cause mortality on top of standard of
care in T2DM patients [8-10, 21, 22]. These CV benetfits,
independent from their glucose-lowering action, rely on
the enrolment of different and not definitively under-
stood mechanisms at multiple organ systems. Among the
numerous pleiotropic actions of GLP-1RAs that favora-
bly affect diabetes comorbidities, the metabolic changes
of the patients are determinant. LIRA showed to improve
beta cell function, especially in subjects treated with
multiple daily insulin injection [23], and to ameliorate

circulating metabolome, with particular regard to sphin-
golipids (e.g. ceramide) [24] and LDL metabolism, this
latter by reduction of plasma PCSK9 level [25]. Col-
lectively, these metabolic effects, along with a direct
and complementary activity of the drugs at CV level,
concur to the beneficial features of GLP-1RAs [26, 27].
Nevertheless, the existence of additional mechanisms
has been postulated. CD34" HSPCs are known to play
a central role in the maintenance of CV homeostasis by
regulating vascular repair and regeneration [28-30]. The
importance of CD34" HSPC biological functions on CV
outcome [6] is supported by the common ontological ori-
gin of vascular and hematopoietic system [31]. Notably,
Nandula and colleagues demonstrated that the amelio-
ration of metabolic, CV and renal parameters of T2DM
patients after canagliflozin therapy, a SGLT2 inhibitor,
was associated with the improvement of CD34% HSPCs
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function [32]. Although different mechanisms of action
are involved in CV protection of SGLT?2 inhibitors, this
study further supports the hypothesis that part of the
mechanisms whereby GLP-1RAs improve CV outcome
could rely on LIRA ability to reverse the functional
impairment of CD34" HSPC provoked by HG.

CD34% HSPCs express a functional GLP-1R

We firstly provided unprecedented evidence that cord
blood- and BM-derived CD34" HSPCs express GLP-
1R (Fig. 2 and Additional file 3: Figure S3). The dem-
onstration of GLP-1R expression by the identification
of mRNA transcripts encoding for GLP-1R open read-
ing frame and the use of validated antisera is often
lacking and controversial in literature [33]. Therefore,
to assess mRNA expression, we designed a couple of
primers containing a reverse primer spanning an exon-
exon junction. This granted the sole amplification of
GLP-1R transcripts excluding any products deriving
from possible DNA contamination, as we successfully
confirmed by qPCR amplification of genomic DNA

(data not shown). Afterwards, qPCR products were
sequenced and aligned with the reference coding cDNA
(NM_002062.5) confirming their identity. GLP-1R pro-
tein expression was finally detected by a top cited and
validated antibody [34, 35], whose specificity was fur-
ther proven in capan-1 cell lysate, a pancreatic cancer
cell line expressing GLP-1R [36].

GLP-1R is a member of the secretin family or class
B G protein-coupled receptors (GPCRs) [37]. Con-
sistently with its canonical Gs mediated pathway
activation, we showed that CD34% HSPCs express a
functional GLP-1R. In fact, LIRA elicited a time- and
dose-dependent accumulation of intracellular cAMP
that was abrogated by the competitive receptor antag-
onist EXE (Fig. 3). Noteworthy, differently from what
reported in pancreatic P-cells, we observed a weak
intracellular intracellular Ca*" mobilization, suggesting
that, in CD34" HSPCs, Ca®*-mediated signaling path-
ways may not be fundamental for the biological activity
of the receptor [38] (Additional file 4: Figure S4).
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Fig. 6 LIRA recovered HG-damaged CD34" HSPC oxidative metabolism. Analysis of bioenergetics profiling with Seahorse in control (NG), after

20 days HG exposure alone (HG) or in the presence of 100 nM LIRA (HG 100LIRA). A Oxygen Consumption Rate (OCR) profiles of cells subjected

to sequential injections of 1.5 uM oligomycin A, 2 uM FCCP and 0.5 uM rotenone + 0.5 uM antimycin A (XF Mito Stress Test protocol). OCR values
were normalized to cell number by counting Hoechst-positive nuclei at the end of the experiment. B Statistics of mitochondrial parameters,
including basal Mitochondrial Respiration (Basal MR), maximal Mitochondrial Respiration (Max MR), basal to maximal MR ratio and coupling
efficiency. C Proton Efflux Rate (PER) profiles of cells subjected to sequential injections of 1.5 uM oligomycin A, 0.5 uM rotenone + 0.5 pM antimycin
A and 50 mM 2-Deoxy-D-Glucose (combined XF ATP and Glyco rate protocols). D Statistics of glycolytic bioenergetic parameters, including basal
Glycolysis (Basal GlycoPER), maximal Glycolysis (Max GlycoPER), basal to maximal GlycoPER ratio, ATP rate index (Mito ATP/Glyco ATP). *p <0.05 vs
NG, # p <0.05 vs HG (one-way ANOVA plus Tukey's multiple comparison). Bioenergetic parameters were calculated from Seahorse data as described
in Methods. Mean £ SEM from two individual experiments (n= 10-24 technical replicates). HG = high glucose, LIRA=liraglutide, NG=normal

GLP-1R stimulation prevent HG-induced CD34 HSPC

dysfunction and promotes mitochondrial metabolism

In the last years, a number of preclinical and clinical stud-
ies have demonstrated that native GLP-1 as well as GLP-1
RAs exert pleiotropic effects on different tissue sub-
sets through both GLP-1R-dependent and independent
mechanisms [27, 39]. At CV system level, they showed
to improve endothelial function, reduce atherosclero-
sis, as well as oxidative stress and vascular and cardiac
inflammation [27]. After GLP-1R expression in HSPC
was confirmed, we were puzzled to evaluate its biological

effects in a diabetic environment. We recently reported
that the loss of glucose tolerance in CD34" HSPCs was
associated with the reduction of proliferation rate,
increase in mitochondrial ROS production and CXCR4/
SDF-1a axis impairment [14]. These functional deficits
are known to be primarily involved in the impairment
of CD34" HSPC mobilization and migration capacity
from the BM to sites of ischemia and endothelial injury
in diabetic patients [40, 41]. Here we found that the con-
comitant administration of LIRA in HG setting was able
to prevent HG-induced CD34" HSPC dysfunction and

(See figure on next page.)

Fig. 7 Intracellular pathway cross-talk after GLP-1R1 stimulation with 100 nM LIRA. A Representative immunoblots of ERK1/2 and C AKT
phosphorylation in CD34™ HSPCs treated with 100 nM LIRA for 5, 10 and 15 min and after the addition of MEK1/2 and PI3K selective pathway
inhibitors, PD (E) and WT (G) respectively. GAPDH was used as loading control. B, D, F, H Immunoblotting quantification presented as arbitrary units
after normalization to the GAPDH protein levels of three independent experiments. AKT = protein kinase B, ERK1/2 = extracellular signal-regulated
kinases 1 and 2 GAPDH = Glyceraldehyde 3-phosphate dehydrogenase, LIRA = liraglutide, p-AKT = phospho-AKT, p-ERK1/2 = phospho-ERK1/2,

PD=PD 98,059, WT=wortmannin
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to improve their oxidative state (Figs. 4 and 5). It is well
known that HG-induced overproduction of ROS can dis-
rupt the mitochondrial membrane potential and damage
mitochondrial function [42-45]. Seahorse analysis con-
firmed that exposure to HG of CD34" HSPCs induces a
significant reduction of ATP produced by mitochondrial
respiration (OXPHOS), as well as a reduced maximal and
spare respiratory capacity. HG-exposed cells compensate
for the impairment of mitochondrial function with an

improvement of glycolytic ATP production, associated
with increased basal and maximal glycolytic capacity.
GLP-1R stimulation by LIRA affected cellular bioener-
getics and restored mitochondrial function. These results
further support the hypothesis that GLP-1RAs are able to
reverse the functional impairment of CD34" HSPC pro-
voked by HG.

Interestingly, in line with recent findings, the protective
effects of LIRA persisted throughout the entire duration
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of the experiment, suggesting a sustained endosomal
cyclic AMP generation induced by internalized activated
receptor complex [46, 47].

GLP-1R stimulation promotes the activation

of cytoprotective pathways

GLP-1R stimulation is known to promote transactiva-
tion of multiple intracellular pathways including PI3K,
and ERK1/2. These pathways, which exert proliferative
and cytoprotective functions [48], have been described
in numerous extra glucose-lowering actions of incretins
[39, 49]. In our hands, the treatment with 100 nM LIRA
promoted in CD34% HSPCs a time dependent ERK1/2
and AKT phosphorylation that was completely abolished
by the addition of PD 98059 and wortmannin, selective

MEK1/2 and PI3K inhibitors respectively, and by the co-
treatment with the GLP-1R antagonist EXE along with
the related protective effects (Figs. 7 and 8). Albeit we are
aware that we have not provided a full demonstration of
the exact mechanism by which GLP-1R activation medi-
ates ERK1/2 and AKT phosphorylation, we think we pro-
vided enough evidence that the protective effect of LIRA
in CD34% HSPCs is mediated by GLP-1R, even if other
mechanisms cannot be excluded.

According to guidelines, GLP1-RAs are now recom-
mended to reduce the risk of CV events and mortality in
T2DM patients. According to our hypothesis, this implies
that LIRA cardiovascular protective effects are exerted
after CD34" HSPC dysfunction has taken hold. To assess
the ability of LIRA to recover a HG-related compromised



Sforza et al. Cardiovascular Diabetology (2022) 21:51

stem cell phenotype, the drug was given after the dys-
functional phenotype emerged. LIRA was able to recover
CD34% HSPC function, even if less efficiently than early
administration (Fig. 9). This observation corroborates
accumulating evidence for supporting the use of GLP-1
RAs for CVD prevention in T2DM patients.

Conclusion

We provided first evidence that CD34+ HSPCs express GLP-
1R, and that the GLP-1RA LIRA prevents proliferation and
migration impairment induced by chronic HG exposure.
LIRA was also able to improve, even if less efficiently, CD34"
HSPC function when previously exposed to HG conditions.
Taken together these data suggest that the reported CV ben-
efits of GLP-RAs can at least in part be related to cytoprotec-
tive effects on CD34* HSPCs.
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Additional file 1: Figure S1 Flow-cytometric evaluation of sorted CD34*
cell purity vs CD14 and CD3 cell contamination.

Additional file 2: Figure S2 A FCCP-uncoupled respiration (Maximal

MR) and B coupling efficiency calculated from a Mito stress test assay
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Aims Diabetic cardiomyopathy is a multifactorial disease characterized by an early onset of diastolic dysfunction (DD)
that precedes the development of systolic impairment. Mechanisms that can restore cardiac relaxation improving
intracellular Ca®* dynamics represent a promising therapeutic approach for cardiovascular diseases associated to
DD. Istaroxime has the dual properties to accelerate Ca>" uptake into sarcoplasmic reticulum (SR) through the SR
Ca* pump (SERCA2a) stimulation and to inhibit Nat/K™ ATPase (NKA). This project aims to characterize istarox-
ime effects at a concentration (100 nmol/L) marginally affecting NKA, in order to highlight its effects dependent on
the stimulation of SERCAZ2a in an animal model of mild diabetes.

Methods and Streptozotocin (STZ) treated diabetic rats were studied at 9 weeks after STZ injection in comparison to controls

results (CTR). Istaroxime effects were evaluated in vivo and in left ventricular (LV) preparations. STZ animals showed (i)
marked DD not associated to cardiac fibrosis, (ii) LV mass reduction associated to reduced LV cell dimension and
T-tubules loss, (jii) reduced LV SERCA2 protein level and activity and (iv) slower SR Ca®" uptake rate, (v) LV ac-
tion potential (AP) prolongation and increased short-term variability (STV) of AP duration, (vi) increased diastolic
Ca”", and (vii) unaltered SR Ca®" content and stability in intact cells. Acute istaroxime infusion (0.11 mg/kg/min for
15 min) reduced DD in STZ rats. Accordingly, in STZ myocytes istaroxime (100 nmol/L) stimulated SERCA2a activ-
ity and blunted STZ-induced abnormalities in LV Ca®* dynamics. In CTR myocytes, istaroxime increased diastolic
Ca”" level due to NKA blockade albeit minimal, while its effects on SERCA2a were almost absent.

Conclusions SERCA2a stimulation by istaroxime improved STZ-induced DD and intracellular Ca®" handling anomalies. Thus,
SERCA2a stimulation can be considered a promising therapeutic approach for DD treatment.
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SERCAZ2a stimulation by istaroxime in STZ-treated rats
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1. Introduction

Diabetes affects more than 300 million people globally and type 1 diabe-
tes (T1D) accounts for up to 10% of cases." Heart failure (HF) is the pre-
dominant cardiovascular complication of diabetes and represents the
leading cause of morbidity and mortality. Diabetic cardiomyopathy
(DCM) is a complex and multifactorial disease characterized by an early
onset of diastolic dysfunction (DD), which precedes the development of
systolic impairment.*™

The molecular and pathophysiological mechanisms underlying diabe-
tes include abnormalities in the regulation of Ca** homeostasis in cardi-
omyocytes and the consequent alteration of ventricular excitation—
contraction coupling. In the diabetic heart, a dysregulation of Ca*" cy-
cling includes a reduction of SERCA2 activity, which may be accompa-
nied by a decreased SERCA2 protein expression (mostly SERCA2a
isoform).®” A key role in the regulation of SERCA2a activity is played by
phospholamban (PLN), a protein that behaves like its endogenous inhibi-
tor when it is in its non-phosphorylated state.? In most diabetic models,
PLN expression level appears increased while its phosphorylation state
is reduced, thus, contributing to the inhibition of SERCA2a function.®®
This defect generates an impairment of sarcoplasmic reticulum (SR)
Ca®" refilling that results in slow diastolic relaxation. An abnormal Ca**
distribution may facilitate cardiac arrhythmias appearance and myocyte
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Therefore, SERCA2a may represent a molecular target for a pharma-
cological intervention aimed at increasing the mechanical function and
the energetic efficiency of the diabetic heart characterized by a defective
SR Ca?* loading. To date, the current medications have shown a limited
efficacy in preventing the progression to HF in patients with DCM and di-
abetic com|:>lications.1(HZ New hypotheses have been recently pro-
posed in HF aimed at improving cardiac contractility,"*™'? however, all
these attempts are still far from being considered as beneficial treatment
options available for clinicians and the treatment of HF and DCM
remains an open field of research. The development of a small molecule
as SERCA2a activator represents a promising strategy for HF and DCM
treatment. Along this line, istaroxime is the first-in-class original luso-ino-
tropic agent, shown to be highly effective and safe in patients.”
Istaroxime is endowed of a double mechanism of action that consists in
the ability to inhibit Na*/K* ATPase (NKA) and enhance SERCA2a
ATPase activity,” this last obtained through the relief of PLN inhibitory
effect on SERCA2a,%* without inducing spontaneous Ca>" release (SCR)
from SR*"?* In healthy and failing animal models and in patients with
acute HF syndrome, istaroxime improves systolic and diastolic perfor-

20,2428

mance and efficiency of cardiac contraction with a low oxygen

consumption,26 minimizing the risk of arrhythmias or ischaemia, without
affecting other cardiovascular functions.?*~
In this study, we characterized the streptozotocin (STZ) model on dif-

ferent levels of biological organization, such as: (i) in vivo, to evaluate
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STZ-induced DD, (i) in isolated left ventricular (LV) cardiomyocytes, to
evaluate structure, intracellular Ca>* (CaZ";) dynamics, electrical activ-
ity, and (iii) in LV and renal preparations (cell-free systems) to assess
SERCA2a and NKA activity. We tested whether SERCA2a stimulation
by a small molecule can improve the altered Ca®*; handling responsible
for the DD in STZ-treated rats. To this end, istaroxime was tested (i)
in vivo after iv infusion in STZ rats, (i) in LV myocytes at a concentration
marginally affecting NKA to highlight its effects mostly dependent on
SERCA2a stimulation, and (i) in the cell-free systems.

2. Methods

All experiments involving animals (methods detailed in the online
Supplementary material) conformed to the guidelines for Animal Care
endorsed by the University of Milano-Bicocca and to the Directive 2010/
63/EU of the European Parliament on the protection of animals used for
scientific purposes. Male Sprague Dawley rats (150-175 gr) were used
to generate a STZ-induced T1D cardiomyopathy model according to
the Health Minister of Italy permission.

2.1 STZ rat model

T1D was induced through a single STZ (Sigma-Aldrich, 50 mg/kg) injec-
tion into a rat-tail vein; littermate control (CTR) rats received only cit-
rate buffer (vehicle). Overnight fasting or non-fasting glycaemia was
measured after 1week by Contour XT system (Bayer). Animals were
considered diabetic with fasting glycaemia values >290 mg/dL.

2.2 Echocardiography

Eight weeks after vehicle/STZ injection, rats were submitted to a trans-
thoracic echocardiographic and Tissue Doppler evaluation, performed
under urethane anaesthesia (1.25 g/kg i.p.) (M9 Mindray Echographer
equipped with a 10 MHz probe, P10-4s Transducer, Mindray, China).
Systolic and diastolic parameters were measured in CTR and diabetic
(STZ) animals by a blinded investigator. Details are shown in the online
Supplementary material.

A group of STZ rats was subjected to istaroxime infusion at 0.11 mg/
kg/min for 15 min accordingly to a previous study.” Drug was infused
through a polyethylene 50 cannula inserted into a jugular vein under ure-
thane anaesthesia. Echocardiographic and Tissue Doppler parameters
were measured under basal condition (before) and following 15 min
istaroxime administration.

2.3 Morphometric parameters

Rats were euthanized by cervical dislocation under anaesthesia with ke-
tamine-xylazine (130-7.5 mg/kg i.p) 9 weeks after STZ injection. Body
weight (BW), heart weight (HW), LV weight (LVW), and kidney weight
(KW) were measured. Body weight gain (BW gain) was obtained by sub-
tracting the initial BW from the BW at sacrifice. HW and KW were nor-
malized to tibia length (TL) to assess respectively cardiac and kidney
indexes in CTR and STZ groups.

2.4 Myocyte dimensions and T-tubules (TT)
analysis

Sarcolemmal membranes were stained by incubating isolated LV myo-
cytes with 20 pmol/L di-3-ANEPPDHQ?? (Life Technologies, Carlsbad,
United States) to measure cell dimensions and TT organization/periodic-
ity by a method based on Fast Fourier Transform.>*

2.5 SERCA2a and Na"/K" pump (NKA)
activity measurement
SERCA2a activity was measured in vitro as >*P-ATP hydrolysis at different
Ca”* concentrations (100-3000 nmol/L) in heart homogenates as previ-
ously described.”> Ca®* concentration—response curves were fitted by
using a logistic function to estimate SERCA2a Ca>" affinity (K4 Ca*")
and Vo

NKA activity was assayed in vitro by measuring the release of 2P-ATP,
as previously described.>® The concentration of compound causing 50%
inhibition of the NKA activity (ICso) was calculated by using a logistic
function.

2.6 Intracellular Na™ and Ca”" dynamics
Intracellular Na™ (Na*;) and Ca>* (Ca®*;) dynamics were evaluated by
incubating LV myocytes with the membrane-permeant form of the dyes
lon NaTRIUM Green-2 AM (5 pmol/L) and Fluo4-AM (10 pmol/L),
respectively.

Na™; dynamics were monitored in I-clamp under physiological condi-
tion (Tyrode’s solution) and in V-clamp under modified Tyrode’s solu-
tion suitable to measure NKA current (Inia) at the same time.

Ca?*; dynamics were analysed in field stimulated (2 Hz) and in patch-
clamped myocytes. In field stimulated cells, SR Ca>" loading and stability
were evaluated through a post-rest potentiation protocol
(Supplementary material online, Figure 7). Ca*" transient (Car) parame-
ters and SR Ca** content (Casg) were estimated at steady state (2 Hz)
and following caffeine (10 mmol/L) superfusion, respectively. Moreover,
incidence of SCR events was evaluated in each group during resting
pauses and diastole.

To better highlight changes in Ca?* handling not affected by modifica-
tions on electrical activity, Ca**; dynamic was also evaluated in voltage-
clamped cells. Firstly, action potential (AP) clamp experiments were per-
formed to verify whether Car amplitude and Casg were dependent on
AP durations (APDs). To this end, two AP waveforms were used to dy-
namic voltage clamp STZ myocytes: a ‘short AP’ and a ‘long AP’ repre-
sentative of the CTR and STZ group in terms of AP characteristics,
respectively. CaZ"; dynamics were then evaluated in voltage-clamped
cells by standard V-clamp protocols.

Finally, to estimate SR uptake function in the absence of Na*/Ca®" ex-
changer (NCX) and NKA function, SR reloading protocol was applied in
V-clamped cells by removing Na™ from both sides of the sarcolemma
(Supplementary material online, Figure $2).2" Kinetics of SR Ca®* reload-
ing was evaluated, in particular, we considered the time constant of Car
decay (Tgecay) reflecting in this setting Ca®* transport rate across the SR
membrane, a functional index of SERCA?2a activity.

2.7 Ca”" sparks rate and characteristics
Spontaneous unitary Ca** release events (Ca>" sparks) were recorded
at room temperature in Fluo 4-AM (10 pmol/L) loaded myocytes at rest-
ing condition. Tyrode’s bath solution contained 1 mmol/L CaCl,.

2.8 AP rate-dependency and variability

APs were recorded in |-clamp condition by pacing myocytes at 1, 2, 4,
and 7 Hz under Tyrode superfusion. Rate-dependency of APD at 50%
(APDsg) and 90% (APDgg) of repolarization and diastolic potential
(Egiast) Were evaluated at steady state. Moreover, at each rate, a mini-
mum of 30 APs were recorded at steady state to evaluate the short-
term variability (STV) of APDgo, a well-known pro-arrhythmic index,*®
according to Eq. (1):
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STV = (IAPD(s.1) — APD,)/[Mseas X 2] 0]

Incidence of delayed afterdepolarizations (DADs) was evaluated.

2.9 Statistical analysis

Normal distribution of the results was checked by using the Shapiro—
Wilk test. Paired or unpaired Student’s t-test, one-way or two-way
ANOVA were applied as appropriate test for significance between
means. Post hoc comparison between individual means was performed
by Tukey or Sidak multiple comparison tests. %2 test was used for com-
parison of categorical variables. Results are expressed as mean + SEM.
A value of P < 0.05 was considered significant.

Except when specified, in vitro istaroxime effects were analysed by in-
cubating cells with the drug for at least 30 min, thus group comparison
analysis was performed. Number of animals (N) and cells (n) are shown
in each figure legend.

3. Results

3.1 Morphometric parameters

Diabetic rats were obtained by a single injection of STZ (50 mg/kg) into a
tail vein and were compared to CTR rats receiving only vehicle. Fasting
and non-fasting glycaemia increased significantly 1 week after STZ admin-
istration (Table 1).

At the time of STZ administration, BW was comparable among CTR
and STZ groups (data not shown), while 9 weeks after STZ infusion,
BW gain was largely different among groups because of a BW signifi-
cantly lower in STZ than in CTR. TL was also measured as a rat growth
index and resulted slightly reduced in STZ compared to CTR. HW was
significantly lower in STZ than in CTR, even when HW was normalized

Table | Glycaemia values, morphometric parameters,
and LV cell dimensions

CTR STZ Pvs. CTR
Fasting glycaemia (mg/dL) 94+2 390+14 ’
Non-fasting glycaemia (mg/dL) ~ 126+4 560+8
BW (g) 4007 20246
BW gain (g) 230+14 2618
HW (g) 1.65£0.08  1.03+0.03
TL (cm) 43£0.02  3.63£0.03
HW/BW (g/kg) 4112017 5.16x0.11 .
HWITL (g/cm) 0.40£0.03  0.28+0.009 ’
LVW/HW (%) 679410 63407 -
KW (g) 223+005  2.19+0.07 NS
KWITL (g/cm) 052001  0.6+0.02 ’
LV cell length (um) 136+2.8 120£2.1 -
LV cell volume (10% um?) 65+1.9 37+1.03 *
LV CSA (um?) 482+138  309+7.5
LV C, (pF) 1796 13644

BW, Body weight; HW, heart weight; KW, kidney weight; LVW, left ventricular
weight; TL, tibia length.

Morphometric parameters: CTR N =15-21, STZ N =23-34. Cell dimensions
(length, volume, and CSA): CTR N =4 (n =58), STZ N =6 (n =108). Cell mem-
brane capacitance (C,): CTR N =12 (n =75), STZ N =13 (n =83).

*P<0.05 vs. CTR (unpaired t-test).

to TL. Analogously, LVW normalized to HW, was significantly reduced
in STZ in comparison to CTR. Likewise, LV cell length, volume, cross-
sectional area (CSA), and cell membrane capacitance (Cy,), a further in-
dex of cell dimension, were significantly reduced in STZ in comparison
to CTR. Conversely, KW did not differ between the two groups, but
KWI/TL ratio resulted modestly increased in STZ rats vs. CTR, suggesting
STZ-induced kidney hypertrophy (Table 7).

It was further investigated whether the decrease of cardiac weight/
mass observed in STZ rats might be associated with cardiac fibrosis de-
position. To this end, a western blot analysis for collagen type 1 and ma-
trix metallopeptidase 9 (MMP-9) protein expression level was
conducted on LV homogenates from CTR and STZ rats (Supplementary
material online, Figure S3). The results indicate that any significant differ-
ence of collagen type 1 and MMP-9 protein content could be detected
between the two rat groups.

3.2 STZ induces DD, reverted by acute
istaroxime infusion

The echocardiographic parameters were measured in CTR and STZ rats
8 weeks after STZ injection (Table 2). Wall thickness for the interventric-
ular septum (IVST) and posterior wall (PWT) both in diastole and sys-
tole did not differ between CTR and STZ rats. Analogously, LV end-
diastolic and systolic diameter (LVEDD, LVESD) remained unchanged.
The calculated fractional shortening (FS) did not differ while the TDI
contraction velocity (s’) was reduced in STZ animals when compared to
CTR, thus suggesting an overall systolic function only partially compro-
mised in STZ rats at this stage (Table 2).

The transmitral Doppler parameters were altered in STZ rats indicat-
ing an impairment of diastolic function. In particular, in STZ rats, while
early (E) peak diastolic velocity was unchanged, E wave deceleration
time (DT) was prolonged, thus, the mitral deceleration index (DT/E) and
the deceleration slope (E/DT) tended respectively to increase and de-
crease; late peak diastolic velocity (A) was significantly increased and
thus, E/A ratio resulted significantly reduced. Tissue Doppler examina-
tion showed in STZ rats a significant reduction of early diastolic myocar-
dial velocity (") and a significant increase of late diastolic myocardial
velocity (a’), similarly to A wave. Thus, a significant reduction of e’/a’ ratio
and increase of the E/e’ ratio was observed in STZ rats in comparison to
CTR (Table 2).

The overall cardiac function indicated that stroke volume (SV), ejec-
tion fraction (EF), and cardiac output (CO) were not significantly affected
in STZ rats although heart rate (HR) was reduced. Echocardiographic
data mostly indicate that, at this time point, STZ induced a DCM charac-
terized by DD and mostly preserved systolic function. Furthermore, the
diastolic impairment observed in STZ rats at this early stage was not as-
sociated with cardiac fibrosis (Supplementary material online, Figure S3).

To analyse early in vivo effects of istaroxime in reducing STZ-induced
DD, istaroxime was infused in STZ rats at 0.11 mg/kg/min®® and echocar-
diographic parameters were collected 15 min later. The results (Table 2)
showed that the compound was able to revert the DD documented in
STZ rats with a significant reduction of DT and DT/E and an increase of
E/DT and €'. No effect on CO, SV, and HR was observed following istar-
oxime infusion at this early time point (Table 2). Moreover, to exclude
changes due to time dependent effects of urethane, echocardiographic
parameters were collected every 5 min in a set of animals not treated
with the drug. Up to 20 min in urethane anaesthesia, diastolic and systolic
parameters remained constant (Supplementary material online, Figure
$4). It should be noted that in a parallel study, we estimated istaroxime
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Table 2 Echocardiographic and tissue Doppler parameters

CTR STZ STZ +
basal istaroxime

1.88+0.12

IVSTd (mm) 1.940.09 1.81+0.12

PWTd (mm) 1.71£0.17 1.45+0.08 1.47£0.07
LVEDD (mm) 6.6+0.35 7.08+0.32 7.2740.23
IVSTs (mm) 2.6+0.22 2.54+0.18 2.57+0.19
PWTs (mm) 271402 2.5240.1 2.55+0.21
LVESD (mm) 3.07+0.39 3.1140.28 314034
FS (%) 53.845.66 562424 57.7437
E (m/s) 0.88+0.03 0.89+0.05 0.95+0.05
A (m/s) 0.52+0.07 0.7+0.03" 0.81+0.05™
E/A 1.82+021 1.26+0.03" 1.18+0.05
DT (ms) 53.5+1.55 61+2.17" 48.4+3.8™
DT/E (107 s%/m) 61.3+1.43 69.3+4.5 522456
E/DT (10° m/s?) 16.340.35 147409 208+2.8™
s’ (mmVs) 3324118 248+1.19" 25.2+1.11
€' (mm/s) 26.7+1.73 21.240.63" 2454146
a’ (mm/s) 20.7+1.61 27.8+1.99" 31142
ela’ 1.31£0.063 0.7740.03" 0.79+0.02
Ele’ 3324156 423+243" 39.141.57
HR (bpm) 30349.5 233+10" 240+13
SV (mL) 0.59+0.1 0.73+0.08 0.78+0.05
CO (mL/min) 179.8+30.3 1702417 186.9+15
EF (%) 83.6432 89.9+1.6 90.242.3
N 7 7 7

Average values in CTR and STZ animals before (basal) and after infusion with
istaroxime at 0.11 mg/kg/min for 15 min.

A, @, late diastolic peak velocity; CO, cardiac output; DT, deceleration time; E, €',
early diastolic peak velocity; EF, ejection fraction; FS, fractional shortening; HR,
heart rate; IVSTd, telediastolic interventricular septum thickness; IVSTs, telesys-
tolic interventricular septum thickness; LVEDD, left ventricular early-diastolic di-
ameter; LVESD, left ventricular early-systolic diameter; PWTd, telediastolic
posterior wall thickness; PWTs, telesystolic posterior wall thickness; s', systolic
peak velocity; SV, stroke volume.

*P<0.05 vs. CTR (unpaired t-test),

#kP<0.05 vs. STZ basal (paired t-test). CTR N=7, STZ N=7.

plasma level in male rats after 1 hour infusion at 0.11 mg/kg/min, resulting
780 nmol/L (N = 3, unpublished data); this suggests that drug concentra-
tion at 15 min infusion should be reasonably around 200 nmol/L.

3.3 Istaroxime affinity for rat NKA

To identify the in vitro istaroxime concentration suitable to limit its effects
dependent on NKA inhibition, [yka was isolated in CTR rat LV myocytes
and the concentration—response curve for istaroxime was evaluated as
previously shown for guinea-pig*® and mouse myocytes.”> A saturating
concentration of ouabain (1 mmol/L) was used (Supplementary material
online, Figure S5) to evaluate the Inka inhibition by istaroxime as percent-
age of the ouabain-induced change. Moreover, a subgroup of cells was in-
cubated with lon NaTRIUM Green-2 to monitor Na™; changes under
istaroxime or ouabain superfusion. The estimated |Csq for Ik inhibition
by istaroxime was 32 + 4 pumol/L (Figure 1A); a similar value was detected
in cardiac (84 + 20 umol/L) (inset Figure 1A) and renal preparations
(55 £ 19 umol/L, Supplementary material online, Figure $6). Moreover,
while NKA inhibition by 100 nmol/L istaroxime was detectable by mea-
suring Inka in isolated myocytes (-6.9 + 1.2%, P < 0.05, N = 14),

istaroxime effects on NKA were not detectable up to 1 pmol/L in car-
diac and renal preparations.

In isolated rat ventricular myocytes Na™; increased slightly under cu-
mulative istaroxime concentrations (20 pmol/L istaroxime +2.2 £ 0.7%,
P < 0.05, N = 5), while it was evident under saturating ouabain concen-
tration (48 6 + 1.4%, P <0.05, N = 5) (Figure 1A).

Consistently with the aim of the study, istaroxime effects on STZ-
induced changes were evaluated by testing the compound at concentra-
tions marginally affecting NKA (100 or 500 nmol/L).

3.4 STZ induces SERCA2a down-regulation
and TT loss

LV homogenates from CTR and STZ rats were used to measure
SERCA2a and PLN protein level by western blot analysis.
Representative western blots from CTR and STZ samples and the rela-
tive densitometric analysis indicized for actin content are shown in
Figure 1B. SERCA?2a protein expression resulted significantly reduced in
STZ vs. CTR samples (-45%, P < 0.001); while monomeric (m) PLN lev-
els were unchanged, pentameric (p) PLN levels were slightly increased
(422%, P < 0.05). As a consequence, both mPLN/SERCA2a and pPLN/
SERCA2a ratio were significantly increased (+-89% and +128%, respec-
tively, P < 0.001), suggesting higher SERCA?2a inhibitory activity by PLN
in STZ group. Moreover, in STZ samples, while the fraction of phosphor-
ylated Thr'”-mPLN (pThr'”-mPLN/mPLN) resulted unchanged, the frac-
tion of phosphorylated Ser"®-mPLN (pSer'®-mPLN/mPLN) was reduced
(-42%, P < 0.05), thus highlighting reduced PKA-dependent SERCA2a
modulation in STZ. Most of these measurements were also performed
in isolated LV myocytes showing comparable results as those shown in
LV homogenates (Supplementary material online, Figure S7).

SERCA2a activity was measured in cardiac SR homogenates from
CTR and STZ rats as *2P-ATP hydrolysis assay (Figure 1C). In comparison
to CTR preparations, SERCA2a V., Was significantly decreased (-25%,
P < 0.05) in STZ, while the K4 Ca®* did not differ (Supplementary mate-
rial online, Figure $8). Overall, SERCA2a protein level and activity were
reduced in STZ preparations, a result in line with echocardiographic
parameters showing STZ-induced DD.

Disarray of the TT system has been described in several failure models
and was generally characterized by loss of the transverse component. A
sharp pattern of transverse striations was observed in CTR myocytes
(Figure 1D); accordingly, in these myocytes, pixel variance was largely
represented by the periodic component, whose period was consistent
with transverse TT arrangement. LV disarray of the transverse TT was
visually obvious in STZ myocytes, a result confirmed by the quantitative
analysis of the power of the periodic component (Figure 1D).

3.5 Istaroxime effects on STZ-induced
changes in Ca?" dynamics
Istaroxime (500 nmol/L) stimulated SERCA2a activity in cardiac SR
homogenates from STZ diabetic rats by increasing SERCA2a V.
(425%, P < 0.01) to a value similar to CTR rats (Figure 1C) without affect-
ing the K4 Ca®" affinity (575 + 98 nmol/L vs. 450 + 51 nmol/L, NS,
Supplementary material online, Figure $S8). Conversely, in CTR rat prepa-
rations, Vmax (Figure 1C) and Ky Ca**(Supplementary material online,
Figure $8) parameters were unchanged in the presence of istaroxime.
Istaroxime effects on STZ-induced DD were then evaluated at the cel-
lular level by measuring the SR ability to accumulate resting Ca®* through
a post-rest potentiation protocol in field stimulated myocytes. As shown
in Figure 2A, following increasing resting pauses, the amplitude of the first
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Figure | Istaroxime affinity for rat NKA. Changes in SERCA2, PLN levels, and TT expression in STZ vs. CTR rats. (A) Top: recordings of NKA current
(Inka) and lon NaTRIUM Green-2 fluorescence (Hp -40 mV) during exposure to increasing concentrations of istaroxime and, finally, to 1 mmol/L ouabain
(OUA). Bottom: concentration-dependent I\ inhibition by istaroxime in isolated CTR LV myocytes (the best logistic fit and confidence intervals are
shown, N = 5, n = 6-27). Concentration-dependent NKA activity inhibition by istaroxime and OUA in cardiac preparations is shown in the inset (N = 5).
(B) Left: western blot for SERCA2, monomeric (m) and pentameric (p) PLN, pSer'®-PLN and pThr'’-PLN in STZ (N = 6,7) and CTR (N = 5,6) cardiac
homogenates. Right: densitometric analysis; values are expressed as optical density in arbitrary units. *P<0.05 vs. CTR (unpaired t-test). (C) Left: Ca®" acti-
vation curves of SERCA2a activity measured as cyclopiazonic acid sensitive component in cardiac SR homogenates from CTR (N = 8) and STZ (N = 10)
rats with or w/o 500 nmol/L istaroxime. Right: statistics of the maximum velocity (Vinax) of the Ca®" activation curves estimated by sigmoidal fitting.
*P<0.05 vs. CTR (unpaired t-test), #P<0.05 vs. STZ (paired t-test). (D) Top: confocal images of di-3-ANEPPDHQ (20 pmol/L) loaded CTR and STZ myo-
cytes (horizontal bars 2 pum). Bottom: mean power spectrum profile of TT in CTR (N = 5,n = 114) and STZ (N = 9, n = 181) group; average results of
the power of the periodic component on the right. *P<0.05 vs. CTR (unpaired t-test).

Car increased progressively in CTR myocytes; according to STZ-induced
SERCA2a down-regulation, post-rest potentiation was reduced in STZ
myocytes at all resting intervals. Istaroxime at 100 nmol/L failed to affect
post-rest potentiation in CTR myocytes, while it improved the ability of
SR to accumulate Ca>* especially at long resting pauses in STZ myocytes,
in agreement with its stimulatory action on SERCA2a.

At steady-state, STZ increased diastolic Ca?" (Cap) and CaT decay time
(tos), while leaving unchanged Car amplitude and Casg (Figure 2B and C).
Istaroxime (100 nmol/L) significantly increased Cap in CTR myocytes, while
blunted STZ-induced Cap enhancement in STZ myocytes. This was fur-
therly appreciable monitoring the time course of Cap enhancement during
the SR reloading process following caffeine superfusion (Figure 2D). On the
other hand, Car amplitude, decay kinetics, and Casg were not significantly af-
fected by istaroxime in both CTR and STZ myocytes. Overall, STZ-induced
SERCA2a down-regulation resulted in cytosolic Cap enhancement probably

due to a reduced ability of SR to compartmentalize Ca** into the SR; how-
ever, SR Ca** content was preserved. In parallel, the effect of istaroxime on
Cap in CTR myocytes was likely attributable to a partial NKA blockade, that
was blunted in STZ myocytes by the simultaneous action on SERCA2a.

SCR events were evaluated in CTR and STZ cells. SCR events were
absent in CTR while a not significant number of events occurred in STZ
myocytes; istaroxime not affected their incidence in both CTR and STZ
myocytes.

3.6 STZ induces changes in electrical
activity affecting Ca"; dynamics. Analysis
of istaroxime effects

Potential changes in electrical activity in STZ myocytes might mask
expected changes directly resulting from SERCA2a down-regulation
(e.g. changes in Cagp).
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Figure 2 STZ-induced changes in Ca%* dynamics in field stimulated myocytes. Analysis of istaroxime effects. (A) Left: post-rest potentiation protocol
in Fluo4 field stimulated (2 Hz) myocytes; steady state Ca>" transients (ssCar) and superimposed first Ca®* transients (1 Car) following increasing rest-
ing pauses (1-5-10-20 s) are reported in CTR and STZ myocytes, with or w/o 100 nmolL istaroxime. Traces were normalized to own diastolic Ca**
(Cap) level (dotted lines). Right: analysis of the 1°* Car amplitude normalized to the amplitude of the pre-pause ssCar and its pause-dependency. CTR N
= 5 (W/o istaroxime n = 44, with istaroxime n = 34), STZ N = 3 (w/o istaroxime n = 35, with istaroxime n = 23). *P<0.05 vs. CTR w/o istaroxime;
#P<0.05 vs. STZ w/o istaroxime (two-way ANOVA plus post hoc Sidak’s multiple comparisons). (B) ssCar and caffeine-induced Car evocated in field
stimulated CTR and STZ myocytes with or w/o 100 nmol/L istaroxime (the dotted line indicates the Cap, in CTR w/o istaroxime). (C) Statistics for ssCap,
ssCat amplitude, caffeine-induced Car (named Casg), and ssCay half decay time (tos). CTR N =5 (n = 36 w/o istaroxime, n = 31 with istaroxime), STZ N
=7 (n= 52 w/o istaroxime, n = 42 with istaroxime). ¥P<0.05 vs. CTR w/o istaroxime (one-way ANOVA plus post hoc Tukey’s multiple comparisons). (D)
Changes in Cap, during the reloading process after caffeine-induced SR depletion. Cap, values (Cap,,) were normalized to the 1°* pulse Cap, (Cap1). CTR
N =5 (n= 36 w/o istaroxime, n = 29 with istaroxime), STZ N = 7 (n = 49 w/o istaroxime, n = 43 with istaroxime).

Thus, to verify STZ-induced changes in electrical activity, AP rate-de-
pendency was evaluated in STZ myocytes in comparison to CTR. STZ
induced a significant APD prolongation at all stimulation rates (Figure 3A),
accordingly to voltage-dependent K* channels down-regulation.*”®
Moreover, rate-dependency of Egp,s observed in CTR myocytes was
absent in STZ myocytes, probably due to STZ-induced NKA down-
regulation.” In both CTR and STZ myocytes, istaroxime at 100 nmol/L
not affected APD, while slightly depolarized E s especially in STZ myo-
cytes (Figure 3A).

All these measurements were done following istaroxime incubation
for at least 30 min to allow drug accumulation inside the cell and stimu-
late SERCA2a. On the other hand, to better understand drug effects on
Egias likely attributable to NKA inhibition, a group of CTR myocytes

were loaded with lon NaTRIUM Green-2 and membrane potential plus
Na™; were simultaneously recorded at 7 Hz (to highlight the contribu-
tion of NKA to Egpgs) under basal condition and following istaroxime
(100 nmol/L) superfusion; ouabain at saturating concentration was also
tested as reference compound inhibiting NKA (Figure 3B). Istaroxime at
100 nmol/L slightly depolarized E s (A-0.58 £ 0.1 mV, n = 8, P < 0.05)
in comparison to ouabain superfusion (A-13.5 + 12 mV, n = 13,
P < 0.05); in parallel, a significant Na™; enhancement was detectable dur-
ing ouabain only (+-3 £ 0.5% n =13, P < 0.05).

Overall, as expected, STZ treatment largely affects ion channels and
pumps resulting in AP shape changes; istaroxime at 100 nmol/L substan-
tially leaved unchanged STZ-induced AP changes and further slightly
depolarized E g1, resulting from a minimal (about -7%) NKA inhibition.
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Figure 3 STZ-induced changes in electrical activity. Analysis of istaroxime effects. (A) Top: representative AP recorded at 1 Hz in CTR and STZ myo-
cytes with or w/o 100 nmol/L istaroxime. Bottom: rate-dependency of AP parameters (APDso, APDgo, Eqiast) in CTR and STZ myocytes with or w/o
100 nM istaroxime. CTR N = 4 (n = 29 w/o istaroxime, n = 25 with istaroxime), STZ N = 3 (n = 24 w/o istaroxime, n = 19 with istaroxime). *P<0.05 vs.
CTR w/o istaroxime, #P<0.05 vs. STZ w/o istaroxime (two-way ANOVA plus post hoc Sidak’s multiple comparisons). (B) Effects of 100 nmol/L istaroxime
superfusion on Es: (top, AP y axis zoomed to highlight changes) and Na;™ (bottom) in comparison to the effect of 1 mmol/L OUA in CTR myocytes
loaded with lon Natrium Green-2 and stimulated at 7 Hz. (C) Top: rate-dependency of APDgy STV in each experimental group. CTR N = 4 (n = 27 w/o
istaroxime, n = 21 with istaroxime), STZ N = 3 (n = 24 w/o istaroxime, n = 20 with istaroxime). *P<0.05 vs. CTR w/o istaroxime (two-way ANOVA plus
post hoc Sidak’s multiple comparisons). Bottom: linear correlation between STV of APDgg and APDgg values in CTR and STZ groups; data from all stimula-

tion rates were pooled.

The STV of APD was evaluated in all groups, as a well-known pro-ar-
rhythmic index. In comparison to CTR, STZ increased STV of APD at all
pacing rates (Figure 3C); in both CTR and STZ myocytes, STV was not
significantly affected by istaroxime, even though tended to be reduced in
STZ myocytes. As expected, STV was directly correlated to APDy in all
groups; the slope of this correlation tended to increase in STZ group
without reaching statistical significance (0.016 vs. 0.012, NS) and it was
not significantly affected by istaroxime in both groups. These results sug-
gest the absence of major mechanisms other than APD prolongation sig-
nificantly affecting STV in all groups.>”

Likewise to SCR incidence, DADs were completely absent in CTR
myocytes and were present only in few cells in STZ groups (data not
shown).

Given the STZ-induced APD prolongation, we verified if APD could
effectively affect Ca?*; handling in STZ myocytes. To this end, AP-clamp
measurements were performed (Figure 4A). Cat were evocated in the
same cell by using as voltage commands waveforms named ‘short’ AP

(CTR AP) and ‘long’ AP (STZ AP) (see Section 2). In comparison to the
short AP waveform, the long AP one caused a huge increase in Car am-
plitude (+66 + 9.4%, P < 0.05) and Casg (436 £ 9.8%, P < 0.05), confirm-
ing the hypothesis that the prolonged AP in STZ myocytes affected
Ca®"; handling.

3.7 STZ-induced Ca’"; handling changes
under control of membrane potential are
reverted by istaroxime SERCA2a
stimulation

To clarify direct effects of SERCA2a down-regulation and its stimulation
by istaroxime on Ca?*; handling, analysis on voltage-clamped myocytes
was performed (Figure 4B) through a standard V-clamp protocol. Cells
were superfused with Tyrode’s solution to allow evaluation of both SR
and NCX function. As shown in Figure 4B, STZ induced Cat and Cagg am-
plitude reduction, leaving unchanged fractional release. Influx through L-
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STZ APs named short and long APs, respectively) and corresponding Car evocated in V-clamped STZ myocyte through AP-clamp experiments (2 Hz).
Caffeine-induced Car (caff-Car) and the corresponding NCX current (Incx) were recorded at -80 mV following steady state stimulation with short and
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striped area) (N = 5, n = 22) under short and long AP stimulation. Fluorescence signals were converted to free Ca®" estimating Frnay in €ach cell. *P<0.05
vs. short AP (paired t-test). (B) Top: transmembrane currents and Car simultaneously recorded in voltage-clamped cells (Hp -35 mV) from CTR and STZ
myocytes with or w/o 100 nmol/L istaroxime. Bottom: statistics of Car amplitude, Cagg, Ca>" influx through L-type Ca** channel (Ca, influx), and ER
gain. CTRN = 3 (n=22-24), STZ N = 5 (w/o istaroxime n = 26-33, with istaroxime n = 28). Fluorescence signals were converted to free Ca*" estimating
Frnax in €ach cell. *P<0.05 vs. CTR (one-way ANOVA plus Tukey’s multiple comparison). (C) Statistics of Car parameters (CaT amplitude, ER-gain, and
CaT decay time constant) measured during each pulse after SR depletion under NCX blockade (see Supplementary material online, Figure S2) in CTR
and STZ myocytes with or w/o 100 nmol/L istaroxime. *P<0.05 vs. CTR; #P<0.05 vs. STZ w/o istaroxime (two-way ANOVA); CTRN =5 (n = 13-21),

STZ N =4 (w/o istaroxime n = 13-28, with istaroxime n = 19-24).

type Ca?" channels (Cay influx) was not affected in STZ group, leading to
an excitation—release (ER) gain that tended to be reduced in comparison
to CTR. Moreover, in STZ myocytes, I, peak density at 0 mV was signif-
icantly reduced, but the current decay tended to be slower; in particular,
the fast decay time constant (trs), reflecting Ca>*-dependent inactiva-
tion, tended to increase in comparison to CTR myocytes (Supplementary
material online, Figure $9). Thus, all I, changes justify a global unaltered
Ca®" influx in STZ myocytes under these settings. Finally, the slope of the
linear correlation between NCX current (Incx) and the Casg (Aluex!
ACagg) was similar in CTR and STZ myocytes (Supplementary material
online, Figure $10), suggesting that SERCA2a down-regulation was not as-
sociated to changes in NCX activity in STZ myocytes. Treatment of STZ
myocytes with istaroxime blunted differences between CTR and STZ.

Lastly, to estimate SR Ca?" uptake function in the absence of NCX
and NKA function, SR reloading protocol was applied in V-clamped cells
by removing Na™ from both sides of the sarcolemma as previously de-
scribed.?" As shown in Figure 4C, after SR depletion by caffeine superfu-
sion, in comparison to CTR myocytes, the SR reloading process was
slower in STZ myocytes, clearly confirming the SERCA2a down-regula-
tion. In particular, in STZ myocytes, the rate of Cat increment was re-
duced and this was associated with a slower enhancement of the ER-
gain. Moreover, the decay time constant, mostly representing SR Ca"
uptake function, increased at each pulse, accordingly to a reduced
SERCA2a function in STZ myocytes. Stimulation of SERCA2a by istarox-
ime caused faster SR reloading and all parameters were restored to CTR
condition.
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3.8 SERCA2a activity affects Ca?" sparks
characteristics

As shown before, both DADs and SCR events were detected only in
few STZ myocytes, suggesting that SR stability is mostly preserved in this
DCM model. To further analyse this point, Ca®* sparks rate and charac-
teristics were evaluated in all groups (Figure 5). Compared to CTR, STZ
myocytes showed Ca”" sparks with reduced amplitude, width, duration,
and spark mass (Figure 5B), in agreement with a reduced SR Ca*" con
tent at resting. Istaroxime, by stimulating SERCAZ2a, partially restored
Ca*" sparks characteristics in STZ myocytes. In particular, istaroxime-in-
duced SERCA2a stimulation emerged also by the analysis of Ca** sparks
decay that significantly became faster in the presence of the compound.
Sparks rate was not significantly affected by STZ and istaroxime.

4. Discussion

Aim of this study was to assess the effect of SERCA2a stimulation medi-
ated by istaroxime in improving Ca?*; dynamics in a diabetic rat model
characterized by impaired diastolic function.

Several therapeutic approaches that increase SERCA2a function have
been recently investigated."®**™** However, despite of the intense re-
search in discovering small molecules or gene therapy aimed at selec-
tively activating SERCA2a, no promising clinical outcomes have been
reached so far.

CTR

STZ

STZ +ista

Amplitude

Istaroxime is the first-in-class original luso-inotropic agent targeting
SERCA2a in addition to NKA inhibition, that has shown efficacy and
safety in clinical trials on patients with acute HF syndrome.?%?® In the
past, in vitro istaroxime effects were largely characterized at concentra-
tions showing dual mechanism of action."**272*30 |n this study, lusi-
tropic SERCA2a-dependent istaroxime effects were evaluated by testing
istaroxime both in vitro and in vivo at concentrations marginally affecting
NKA. Estimated drug plasma level at 15 min infusion and drug concentra-
tions adopted for in vitro assays were largely comparable.

To our knowledge, no other small molecules active on SERCA2a at
submicromolar concentration are available.

4.1 STZ-induced DCM. DD is associated to
down-regulated SERCA?2a expression and
activity and is improved by istaroxime
infusion

STZ rats showed a clear DD highlighted by changes in mitral inflow, in
line with published results, reporting that DCM often manifests first as
DD (Table 2). Our echo measurements evidenced marked alterations
on DD indexes in STZ rats. In particular, we showed a significant trans-
mitral Doppler flow enhancement of E wave DT and reduced E/A ratio
in STZ rats. Analogously, TDI parameters, relatively unaffected by load,
indicated a significant reduction of early diastolic myocardial velocity (e’)
and e’/a’ with an increase of E/e’ ratio in STZ rats. Systolic function
appeared almost unaffected in STZ as compared to CTR rats, as indi-
cated by FS and CO values. Moreover, we observed a marked
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bradycardia, consistent with the impaired autonomic function and
down-regulation of the expression of the pacemaker channel HCN4.**

Consistently with STZ-induced DD, in heart preparations and in car-
diomyocytes from STZ rats, we observed a clear reduction of SERCA2
protein expression level, an increase of mMPLN/SERCA?2 ratio and a re-
duction of Ser'® phosphorylated mPLN (Figure 1 and Supplementary ma-
terial online, Figure S7). Conversely, CaMKll-dependent Thr'’
phosphorylation of mPLN was similar between STZ and CTR rats
(Figure 7). These biochemical alterations were associated with the reduc-
tion of SERCA2a ATPase activity observed in heart preparations from
STZ compared to CTR rats (Figure 1) and indicate that these may trans-
late into the impairment of diastolic function seen by the echocardio-
graphic examination.

DCM is reported to be associated with cardiac fibrosis, which is re-
sponsible for increased LV stiffness and decreased ventricular wall com-
pliance resulting in systolic and, in particular, DD.*> However, in this
study, no change of collagen type 1 and MMP-9 protein expression has
been observed in LV from CTR and STZ rats, indicating that 8 weeks af-
ter STZ injection may be a time not long enough to develop this alter-
ation. Moreover, several indexes indicated the absence of a concrete LV
hypertrophy in STZ rats, because the increase in HW/BW was strictly
dependent on BW loss. Otherwise, we observed reduced HW/TL and
LV/HW ratios, results confirmed at the cellular level with reduced C,,,
CSA, cell volume, and TT organization. These results are supported by a
recent study showing reduced sinoatrial C,,, in STZ-treated mice.** Loss
of viable cardiomyocytes in STZ rats is also a possibility as previously
shown.*

Collectively, these results indicate that STZ-induced DCM is charac-
terized by impaired diastolic function associated with the down-regula-
tion of SERCA2a expression and activity. This model is therefore
suitable for testing the cardiac effects of SERCA?2a stimulation by istarox-
ime. Istaroxime infused at 0.11 mg/kg/min for 15 min in STZ rats
reverted the DD, inducing a significant reduction of DT and DT/E and an
increase of €’ (Table 2). The favourable mechanistic profile of istaroxime
action is once again corroborated by our results in ameliorating DD in a
DCM model.

4.2 STZ-induced changes in Ca’; dynamics
and electrical activity. Istaroxime effects at
a concentration marginally affecting NKA
Consequences of STZ-induced SERCA2a down-regulation were func-
tionally analysed in isolated LV myocytes. In particular, the post-rest po-
tentiation protocol clearly highlighted the reduced ability of SR to
accumulate Ca*" at resting in STZ myocytes in comparison to CTR
ones. This resulted in Cap enhancement when pacing cells at 2 Hz
(Figure 2); in spite of this, Cagg left unchanged, probably as a consequence
of STZ-induced changes in electrical activity. Indeed, STZ induced
marked APD prolongation at all stimulation rates (Figure 3A), according
to voltage-dependent K* channels down-regulation.*” Moreover, the
lack of Eg,g rate dependent hyperpolarization in STZ myocytes is in
agreement with STZ-induced NKA down-regulation.*

AP-clamp experiments clearly demonstrated the relevance of AP
waveform in controlling Ca2*; dynamics (Figure 4A). Indeed, AP prolon-
gation caused a sharp Ca?"; loading. Thus, STZ-induced changes in elec-
trical activity might indirectly affect Ca*; dynamics. In agreement with
this, following the control of membrane potential (Figure 4B), direct
effects of STZ-induced SERCA2a down-regulation were detected on
Ca”"; handling. In particular, by clamping myocytes at -35 mV, STZ

induced Casg and Cat amplitude reduction, effects that were unseen in
intact field stimulated cells. Moreover, incubating myocytes in extracellu-
lar and intracellular Na™; free solutions to remove NCX and NKA con-
tribution (Figure 4C), SR Ca** uptake reloading kinetic following caffeine-
induced SR depletion was clearly depressed in STZ myocytes.

Istaroxime stimulated SERCA?2a in cardiac preparations from STZ rats
by re-establishing the STZ-induced reduction of its maximal activity
(Vinax) Without affecting its affinity for Ca®* (Ky). Moreover, no effects
on SERCA2a activity were detected in CTR heart preparation (Figure 1),
indicating that the stimulatory action on SERCA2a is more remarkable
when a pathological alteration (i.e. STZ-induced SERCA2a down-regula-
tion) is present. Analogously, in dog cardiac SR vesicles, the stimulatory
effect of istaroxime prevailed in the failing vs. healthy dog.** However, in
healthy guinea pig cardiac microsomes, istaroxime stimulated SERCA2a
by reducing the K4 Ca?*.*" The different effect of the compound on
SERCA2a kinetic parameters in rat and dog (Vimax enhancement) vs.
guinea pig (Kg Ca®" reduction) may not exclude species-specific differen-
ces in SERCA2a-PLN functional complex formation along the heart
preparation, affecting istaroxime interaction. Furthermore, these kinetic
changes across species might depend on how the compound interferes
with  species-specific SERCA2a-PLN complex domains. Although
Ferrandi et al* has already shown that istaroxime stimulates SERCA2a
activity through a direct interaction with SERCA2a/PLN complex,
favouring a partial dissociation of PLN from SERCAZ2a, further structural
studies are still necessary to full understand istaroxime molecular mech-
anism of action.

At the cellular level, istaroxime stimulated SR Ca>" uptake as clearly
shown by applying the post-rest potentiation protocol to STZ myocytes
(Figure 2). Moreover, as explain above, SERCA?2a stimulation by the drug
was fully remarkable by controlling membrane potential changes in volt-
age-clamped myocytes (Figure 4). Indeed, istaroxime, by stimulating
SERCA2a, mostly restored STZ-induced changes in Cagg and Cat ampli-
tude and it accelerated the SR uptake function, effects all compatible
with a sharp enhancement of Ca*" uptake by the SR, as expected from
stimulation of SERCA2a activity.

STZ-induced Cap enhancement was blunted by istaroxime in paced
STZ myocytes; by contrast, Cap was significantly increased by the drug
in CTR myocytes. Moreover, istaroxime slightly depolarized Egj in
both CTR and STZ myocytes, as a result of a partial NKA blockade.
Overall, the modulation of Cap by 100 nmol/L istaroxime might be the
consequence of the balance between effects depending on SERCA2a
stimulation and NKA inhibition, although negligible.

Abnormalities of the SR uptake function can be due to reduced
SERCA?2a activity or to increased Ca** leak through ryanodine receptor
(RyR) channels. While functional and structural SERCA2a down-regula-
tion (increased inhibition by PLN and reduced SERCA2a protein level)
was observed, RyR open probability was not significantly changed in STZ
myocytes. Indeed, Ca*" sparks frequency (Figure 5), the incidence of
Ca®* waves and the related DADs were not significantly increased in
STZ myocytes, thus suggesting the absence of a sharp SR instability at
this stage of STZ-induced DCM. These findings lead to limit the detec-
tion of potential anti-arrhythmic effect of istaroxime as a direct conse-
quence of SERCA?2a stimulation.

Moreover, STZ-induced changes in Ca*" sparks characteristics are a
mirror image of the reduced SR Ca*" content in STZ myocytes
(Figure 5). Indeed, in comparison to CTR myocytes, Ca** sparks became
smaller in amplitude, spatial and time duration, resulting in a smaller
spark mass. Istaroxime, by stimulating SERCAZ2a, blunted these changes
and even markedly accelerated Ca*" sparks decay. The last event is
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relevant for the potential anti-arrhythmic efficacy of istaroxime because
of a faster Ca*" release unit switch off, that can limit Ca** waves genesis.
Moreover, the acceleration of Ca®* spark decay induced by istaroxime
seems independent on STZ-induced changes; thus, we cannot exclude
direct effects of the drug on Ca®* spark termination mechanisms.
Temporal dispersion of repolarization, quantified as STV of APD, is a
well-known pro-arrhythmic index because plays an important role in the
initiation of ventricular arrhythmias like torsade de point.*” STV was signifi-
cantly increased in STZ myocytes and this was mainly associated to APD
prolongation (Figure 3C); istaroxime did not significantly affect STV.

4.3 Study limitation

The aim of the study was to test the effect of SERCA2a stimulation on
DD in a DCM model. The study spreads from in vivo to in vitro effects of
istaroxime at a concentration marginally affecting NKA. We would like
to stress that even though effects dependent on NKA inhibition were
detected, the general findings of the study are largely dependent on
SERCA2a stimulation by the drug.

5. Conclusions and clinical
implications

SERCA2a stimulation by istaroxime improves DD in diabetic rats, by
controlling Ca2*; compartmentalization. Thus, SERCA2a stimulation can
be considered a promising therapeutic approach for DCM treatment.
Even though the translation of drug effects from animal models to
patients must take into account differences in the pathophysiological
mechanisms/picture between animals and patients, STZ model was use-
ful for studying the cardiac mechanical improvement produced by a drug
endowed with a SERCA2a stimulatory activity. Accordingly, a recent
phase Il randomized clinical study in patients hospitalized for acute HF*®
showed that a 24 h infusion of istaroxime at 0.5 and 1 pg/kg/min im-
proved cardiac function without major cardiac adverse effects. This is a
proof-of-concept that SERCA?2a stimulation is a novel and valid target
for the treatment of high risk patients with reduced LVEF. Therefore, the
development of small molecules active on SERCA2a only (‘pure
SERCA2a activators’) might be clinically relevant to treat targeted
patients with unfavourable cardiovascular outcomes with traditional
therapies.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective

Deficient SR Ca?" uptake has been identified in cardiomyocytes from failing human hearts with impaired diastolic relaxation (e.g. diabetic hearts)
and has been associated with a decreased SERCA2a expression and activity and/or with a higher SERCA?2a inhibition by PLN. Thus, SERCA2a may
represent a pharmacological target for interventions aimed at improving cytosolic Ca®* compartmentalization into the SR to limit diastolic dysfunc-
tion pathologies. In this context, istaroxime is the first-in-class luso-inotropic agent targeting SERCA2a that has already demonstrated its efficacy in
clinical trials and may be useful to clarify the relevance of SERCA2a stimulation in controlling cytosolic Ca** level.
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ABSTRACT

Human induced pluripotent stem cell (hiPSC)-derived cardiomyocytes (CM) constitute a mixed population of
ventricular-, atrial-, nodal-like cells, limiting the reliability for studying chamber-specific disease mechanisms.
Previous studies characterised CM phenotype based on action potential (AP) morphology but the classification
criteria were still undefined . Our aim was to use in-silico models to develop an automated approach for
discriminating the electrophysiological differences between hiPSC-CM. We propose dynamic clamp (DC)
technique under injection of a specific Ik current as a tool for deriving nine electrical biomarkers and blindly
classifying differentiated CM. An unsupervised learning algorithm was applied to discriminate CM phenotypes
and principal component analysis was used to visualise cell clustering. Pharmacological validation was
performed by specific ion channel blockers and receptor agonists. The proposed algorithm improves the
translational relevance of the hiPSC model for studying mechanisms underlying inherited or acquired atrial

arrhythmias in human CM, and for screening anti-arrhythmic agents.



INTRODUCTION

To date, there is no specific in vitro protocol to induce differentiation of pluripotent stem cells toward a
phenotype that recapitulates the complexity of the cardiovascular system during embryogenesis.
Cardiomyocytes (CM) derived from human induced pluripotent stem cells (hiPSCs) are mainly characterised
by a heterogeneous mixture of immature ventricular-, atrial- and nodal-like CM phenotypes whose proportion
depends on the differentiation time and protocol !. This aspect affects the identification and characterisation
of electrical properties of hiPSC-CM subtypes, which is crucial in studies investigating chamber-specific
disease mechanisms 2. Moroever, most antiarrhythmic drugs act through action potential (AP) shortening or
prolonging effects, and the assessment of atrial- and ventricular-specific APs in human CM becomes critical.
Attempts to determine the existence of distinct subpopulations of atrial, ventricular, and nodal CM mainly rely
on qualitative morphological analyses of AP properties 2. However, the discrimination of different immature

AP morphologies in standard hiPSC-CM culture is difficult and largely debated 3-°.

A valid and effective approach to overcome immature characteristics of hiPSC-CM is the injection of in silico
inward rectifier K* current (Ik;) in loop with recorded cellular membrane potential in a real-time " mode
(dynamic clamp (DC) technique '°. This technology allows the hyperpolarization of diastolic membrane
potential (Egiast) to values suitable to generate a mature AP waveform. However, applying a generic Ik
formulation on heterogeneous hiPSC-CM populations may result in a misleading interpretation of the cellular
electrical response due to differences in the biophysical properties of ventricular vs atrial I;; for instance, Ik;
density and rectification are higher in human ventricles than in atria, thus leading to a different contribution to

AP waveform >'!.

Here, we sought to empirically unravel hiPSC-CM chamber specification by using a machine learning
approach to combine several electrical biomarkers recorded in DC mode based on state-of-the-art in silico Ik;.
We tested two Ix; formulations: the one from O’Hara-Rudy (ORd) model of human ventricular AP '2, which
has been shown to perform well for induction of ventricular AP in hiPSC-CM '3 but has never been validated
on cells differentiated toward atrial phenotype; the one from the Koivuméki’s computational model of human
atrial AP ', which has never been applied to hiPSC-CM in vitro. Electrical biomarkers obtained in DC mode

recordings were used to run an unsupervised learning algorithm to blindly classify the recorded CM. The



specificity of the algorithm was pharmacologically validated testing the effect of 4-aminopyridine (4-AP) on
AP, in that it’s the specific blocker of the atrial ultrarapid delayed rectifier potassium current (Ik.r). The
approach was then used to evaluate the differentiation efficiency of two protocols known to enrich for either
atrial- or ventricular-like CM. Finally, we assessed the use of a Koivumaiki Ix; formulation on different cell

types to determine how it impacts the interpretation of arrythmogenicity at the cellular level.

RESULTS

Assessment of ventricular vs atrial markers

Multiple differentiation protocols were applied to enrich for the functional subtypes, ventricular- vs atrial-like
CM, to be used for validating DC models as discriminating (Supplemental Figure 1a). To this end, a previously
validated standard protocol (Std), known to enrich the culture with ventricular-like CM ', was modified by
including RA treatment to induce atrial specification '®. The presence of atrial-like CM was primarily
confirmed at the mRNA level for the orphan nuclear transcription factors I and II (COUP-TF I/II), known to
be the most significantly upregulated genes following RA treatment !"!¥, RA induced 16.81+4.7 (p<0.004)-
and 10.4£3.1 (p<0.008)-fold increases in expression levels as compared to the Std protocol for COUP-TFI and
COUP-TFII, respectively (Supplemental Figure 1b). Similarly, mRNA levels of KCNAS and KCNIJ3 genes,
encoding for atrial-specific potassium channels (Kv1.5 and K;:3.1, respectively) downstream of COUP-TFs 6,
were upregulated following RA treatment (Figure 1a). Moreover, immunofluorescence staining showed an
increase in the proportion of hiPS-CM expressing atrial myosin light chain 2 (MLC2a+) protein and a decrease
in the proportion of cells expressing the ventricular isoform MLC2v, upon treatment with RA (Figure 1a).
Analysis of the spontaneous activity confirmed differential specification of Std vs RA protocol: the increase
in the beating rate in RA-treated cells was consistent with MEA and mechanical activity recordings (Figure
1b). Such increase in the beating rate matched the reduction in the FPDc in atrial-like cells. Example of
mechanical activity simultaneously evaluated in MEA preparations with MUSCLEMOTION is shown in
Figure 1c. All parameters, including contraction duration (Figure 1b), time to peak, relaxation time, relaxation

time at 90% and 50% of the amplitude (RTy and RTso, respectively), showed a significant reduction in RA



hiPSC-CM (Supplemental Figure 1c, Supplemental Table 1). We also tested the ability of differentiated cells
to elicit acetylcholine (ACh)-induced current mediated by the KCNJ3 channel gene (Figure 1d), responsible
for the specific parasympathetic modulation of atrial tissue. The superfusion of high ACh concentration (10
uM) increased the percentage of Ixacn-presenting CM from 47.8% in Std to 88% in RA conditions.
Furthermore, the well known short-term desensitisation process of the Ixach '° well emerged in RA CMs only.
Taken together, these data clearly show that RA treatment triggered the specification of CM towards an atrial-

like phenotype.
O’Hara-Rudy vs Koivumdki Ix; formulation

To overcome the limitation of the low Ix; expression in immature hiPSC-CM, we applied two state-of-the-art
Ik1 in silico currents in DC mode and switched between models: the Ix; formulation from the O’Hara-Rudy
computational model of human ventricular AP (hereby referred to as Iki venr) ', and the Ix; formulation from
the Koivumiki computational model of human atrial AP (hereby referred to as Ixi_ax) '“?°; differences in Ik,

I/V relationships are shown in Figure 2a.

Examples of AP recordings following DC Ik, injection with the two alternative formulations are shown in
Figure 2b. Ix1 ar injection resulted in AP profiles that consistently recapitulate those of atrial or ventricular
electrical activities (53/53 cells, red traces in Figure 2b), characterised by a fast phase-1 repolarisation in the
former and a phase-2 plateau in the latter. Conversely, the injection of Iki venr current often failed to

hyperpolarise cells to a physiological Egiast (17/53 cells, 32%; blue traces in Figure 2b).
Optimisation of the critical Ix; conductance value

Having shown that Ix; a« outperformed Iki venr in most cells, we sought to verify whether such a model might
be used to discriminate cell subtypes. To this end, we first optimised the minimum amount of injected current
needed for polarising the cell to a physiological Egi.st. By progressively increasing the conductance (Gki) of
0.05 nS/puF per step (Figure 3b), we set the value of 0.7 nS/uF as the “critical conductance” to stabilise Egiast
and APDy in both atrial and ventricular AP profiles (Figure 3, a and b, Supplemental Table 2). We pooled all

data since the optimization resulted comparable in atrial and ventricular phenotypes.



hiPSC-CM phenotype classification

To test the power of Ik; ar in discriminating the phenotype of differentiated cells, we applied an unsupervised
learning algorithm to classify the recorded cells deriving from the two differentiation protocols (46 cells from
3 independent Std and RA cultures) in two clusters on the exclusive basis of nine electrical biomarkers (see
Methods). Principal component analysis was used to reduce the multidimensional parameter space in a two-
dimensional plot and visualise cell clustering (Figure 4a). The two cell clusters (Cls) had similar cell
capacitance while, upon Ik; a« injection, they resulted in significant differences in all the considered
biomarkers (Figure 4b, Supplemental Table 3; p<0.05 for all comparisons). Cls 1 displayed an electrical pattern
consistently attributable to the atrial phenotype. Indeed, Egiasi + DC was less polarised and APD was shorter,
with lower amplitude, and more triangular (as shown by lower APDyy/APDy ratio). On the contrary, cells
assigned to cls 2 were most likely recapitulating a ventricular phenotype. Moreover, we performed a ROC
analysis to define a cut-off value that could allow discrimination of cells from cls 1 vs cls 2 (and hence atrial-
vs ventricular-like cells) for each electrical biomarker. The best discriminants were APD», (AUC=1.000
sensitivity and 100% specificity; cut-off 42.5 ms), APD2o/APDgy (AUC=0.996; 100% sensitivity and 96.4%
specificity; cut-off 0.44 ms/ms), APDso (AUC=0.984; 100% sensitivity and 92.9% specificity; cut-off 72.9
ms), and APDgy (AUC=0.960; 100% sensitivity and 85.7% specificity; cut-off 92.1 ms). Among these
biomarkers, we selected APD»/APDy as the one to be used to define the cut-off since it represents the
normalised APD»y parameter that resulted in higher sensitivity and specificity (Supplemental Table 4).
Furthermore, it successfully distinguishes two different AP profiles in working CM characterised by a typical

triangulation for atrial shape and a long plateau for ventricular shape 2!.
Pharmacological validation

The APD10/APDyg cut-off (0.44) defined through unsupervised learning as depicted above was validated
pharmacologically in a distinct subset of cells by exploiting the sensitivity of atrial Ik. to a specific dose of 4-
AP (50 uM). As expected 4-AP superfusion caused the prolongation of AP in atrial-like cells (4-AP sensitive
cells) whereas it did not affect ventricular-like cells (4-AP non-sensitive cells; Figure 5a). The percentages of

4-AP sensitive cells were 82% in cells displaying an APD,0/APDgj < 0.44 (thus classified as atrial-like by our



model) and 18% in those with an APD,/APDgy > 0.44 (thus classified as ventricular-like by our model).
Overall, the accuracy at experimental validation was about 78.9 % (Figure 5b). Analysis of 4-AP effects in
APD changes showed that the highest prolongation was detected in the APD,o phase, where the Ik, mostly

contributed during the electrical activity of atrial CM (delta % of 56.8 + 20.2, n=10, Supplemental Table 5).
Evaluation of RA efficiency

To determine whether the use of the Ik a« model is a viable tool for discriminating between atrial and
ventricular cells in a mixed population of differentiated CM, we compared the two differentiation protocols to
evaluate their relative efficiency in enriching the two subtypes. A clonally-derived iPSC line was divided in
two and subjected to Std and RA differentiation procedures. By applying a previously validated cut-off, 30%
of recorded cells in the Std protocol were classified as atrial-like CM. The proportion of atrial-like cells

doubled with RA (Figure 5c).
Ik1_vensr VS Ik1_a application

We quantified the impact of applying a generic Ix; formulation on heterogeneous hiPSC-CM populations.
However, since this might result in misleading interpretations of the electrical and pharmacological responses,
we assessed the beat-to-beat variability of repolarisation of APDyy, either in atrial- or in ventricular-like CM,
under the injection of both models. An illustrative series of 30 APs recorded in atrial- and ventricular-like CM,
during Ik1 venr and Ik1 ae injection switching, are shown in Figure 6, a and b. Firstly, in the presence of Iki ventr
injection we observed a high percentage of atrial-like CM that gave rise to an irregular AP plateau (13/23,
56%; blue trace in Figure 6a, left panel), while ventricular-like CM elicited a longer AP plateau (23/30, 76.6%;
blue trace in Figure 6b, right panel). In atrial APs, the Ik venr increased the STV of APDyj as detected both in
AP recordings and in Poincaré plots; this agrees with the known intrinsic correlation between APD and STV
22, In particular, the APDo/STV correlation was fitted in a linear function, resulting in similar positive slopes
in all conditions, except for the steeper dependence of STV on atrial-like APDy cells injected with Iki ventr

model.



DISCUSSION

Faced with the difficulty of developing a protocol that can guarantee a pure selection of chamber-specific
hiPSC-CMs, it is imperative to develop objective tools that can overcome conventional subjective criteria for
phenotype classification. The aim of the current work was to develop an unsupervised learning algorithm that
could discriminate the phenotype of differentiated CM based on several electrical biomarkers.

We first determined that the injection of an atrial in silico model of Ik (Ik1_ax) Was best suited to uncover
physiological electrical features in a mixed pool of cells including both atrial- and ventricular-like AP profiles
(Figure 2b). Subsequently, we optimised the Ik; ar conductance value to define the minimum amount of
injected current (0.7 nS/pF) required to obtain physiological Edisst and to stabilise APDgg 2. We have shown
that DC with Ik;_ar allows distinction of atrial- from ventricular-like hiPSC-CMs. Of note, by taking advantage
of DC, we could switch between Iki ar and Iki venr models during single-cell analysis and dissect how they
differently affect the AP profile within the same CM.

Chamber-specific in silico Ix; formulations from the O’Hara—Rudy (Iki venr) and the Koivumaki (I ax)
models were tested %°. Ix; venr is the more established model of human ventricular AP, and more recent models
also inherit its formulation 2*25, Moreover, it has been previously applied to study underlying mechanisms of
long QT syndrome in hiPSC-CM '3, The I/V relationship of Ixi venr is characterised by a stronger rectification
and higher maximal conductance while, although with lower maximal conductance, the Ix; a« model has a
voltage dependence that evidences a greater current density at more depolarised potential values. To our
knowledge, such specific behaviour may reflect a specific propensity of the Iki venr and Ixi_ax models to mimic
properties of the endogenous Ik, in adult ventricular and atrial CM, respectively !, The injection of Ix; acr
was in all cases associated with a more hyperpolarised Eqias: that led to distinct AP profiles whose waveforms’
morphologies ranged from a triangular AP shape with no sustained plateau to a long AP with a spike-and-
dome shape, mostly recapitulating either atrial or ventricular human APs.?! Conversely, Iki venr generated APs
characterised by an abnormal “chair-like” plateau when injected in atrial-like cells (Figure 2). Notably, by
using Iki venr, 32% of analysed cells failed to hyperpolarise and trigger a physiological AP. The latter is

consistent with the fact that the voltage-dependence of Iki venr only allowed the physiological



hyperpolarisation of the most mature cells, characterized by their already more hyperpolarized Egiast. Once
optimised, the Ix; a« model was used as a tool to blindly derive cut-offs of nine biomarkers, which are well-
known electrical phenotype indices, to potentially cluster cells within a heterogeneous population of hiPSC-
CM. To the best of our knowledge, this is the first time that CM chamber-specificity could be distinguished
and classified using DC. A spectral grouping-based algorithm has been used to separate the population of CM
dissected from human embryoid bodies into distinct groups based on the similarity of their AP shapes but
without the use of DC to make AP more physiological ?’. Meanwhile, despite Bett ef al. used DC technology
to derive APD3o and APD30/APDyas discriminants between cell types °, the cut-off values used to distinguish
the two different cell clusters based on these biomarkers were not uniquely defined 3%,

The unsupervised analysis gave rise to two distinct cell clusters that were significantly different in all values
except for the membrane capacitance. Among those biomarkers, the ADP2o/APDyy ratio reached an AUC of
0.996, with a sensitivity and specificity of 100% and 96.4%, respectively. This was not surprising as the
ADP,0/APDy ratio is known to discriminate between the fast ripolarizing phase of AP (typical of atrial CM)
and AP with a long sustained plateau (typical of ventricular CM) >, About 80% of hiPSC-CM with
APD»o/APDy < 0.44 were sensitive to 4-AP, thus indicating the presence of atrial ionic contributors in these
cells. Conversely, cells with APD2o/APDyy > 0.44 responded poorly or did not respond. Using this specific cut-
off as a critical value to discriminate between atrial- and ventricular-like CM, we confirmed that RA treatment
could double the presence of atrial-like hiPSC-CM in culture as compared to Std treatment applied to matched
differentiations (73.5+5.1% vs 34+6.3%). This is in line with previous work that used immunostaining as a
molecular approach to distinguish cell types following fixation 3!,

Our findings were supported by perfusing cells with ACh which induced an ACh-sensitive current in 88% of
RA-treated CM. Treatment led to a prototypical fast cholinergic response that was characterised by a slow
decay due to receptor desensitisation, mirroring parasympathetic stimulation in nodal/atrial mature CM 32, On
the contrary, ACh-responsive cells that were a product of the Std differentiation protocol (~47%) showed
atypical Ikach kinetics which lacked the fast activation phase, suggesting the presence of a lower affinity ACh-

dependent signalling (Figure 1d). Such pharmacological validation further highlighted the importance of using



chamber-specific CM to test drug effects and detect the direct interaction of drugs with specific receptor
features 3.

Finally, the slope of the linear correlation between STV and APDgy was significantly increased when Ik ventr
was injected in atrial-like CM under basal conditions, suggesting a misleading association of such electrical
instability to a pro-arrhythmic phenotype. This observation further points out the importance of combining
chamber-specific differentiation protocols with an appropriate chamber-specific human in silico Ix; model to
obtain a more mature electrophysiological phenotype (i.e., Ediast). Recent published data that supports this
hypothesis show that in the absence of properly hyperpolarised Egis, atrial hiPSC-CM differ from human
atrium with respect to their repolarisation reserve.’* Indeed, an “atrial specific” drug (i.e., vernakalant),
known to induce prolongation of APDy in atrial hiPSC-CMs, failed to recapitulate such effects in human
atrium 33" This discrepancy might be ascribed to immature phenotype of atrial hiPSC-CMs and to a consequent
differential ion channel contribution to AP. Using the model described here, drug testing in hiPSC-CM with a
proper Egint might closely reproduce the physiological drug effect 3°3¢3 Such complex effects are not evident
when using drugs on immature atrial hiPSC-CM where the voltage range hampers the physiological ion
channel’s contribution, but these effects are more clearly defined using the model described here. Our model
was validated using one hiPSC line and the most used differentiation protocol towards the atrial lineage;
however, given the phenotypic variability among hiPSC-CM from different hiPSC lines, cut-offs and
conductance values might require hiPSC-line specific fine-tuning before being universally applicable to

multiple hiPSC lines and protocols. Future works will be focussed to empirically determine such critical values.
METHODS

Generation of hiPSC-CMs

Cell isolation

iPSCs were obtained by reprogramming adult human dermal fibroblasts (HDFs) male healthy volunteer.
Primary cell lines were derived from a biobank established within previous studies at Cardiocentro Ticino
Institute Ente Ospedaliero Cantonale !*3°. All studies were approved by the local Ethics Committee (Comitato

Etico Cantonale, Bellinzona, Switzerland; Ref. CE 2923) and performed according to the Declaration of



Helsinki. HDFs were derived as the cellular outgrowth from sternum skin biopsy tissue explants using an ex
vivo primary tissue culture technique, as described previously . Briefly, tissue was rinsed with phosphate
buffer saline (PBS) and cut into small pieces that were placed into a 100 mm cell culture dish (Corning). To
facilitate cell outgrowth, skin tissue was treated with TrypLE™/EDTA (SIGMA Life Science) for 2-3 min.
Tissue pieces were then transferred into a 100 mm dish coated with 1% gelatin and cultured in Iscove's
modified Dulbecco's medium supplemented with 10% foetal bovine serum (FBS) and 1% penicillin-
streptomycin (all from Life Technologies). Culture medium was changed twice a week. After 25-30 days of
culture, HDFs were enzymatically detached using TrypLE (4 mL) at 37°C, which was subsequently blocked
with culture medium containing 20% FBS. Cells were then centrifuged at 300 g for 5 min, resuspended, and
plated onto a gelatin-coated 24 mm dish (Corning; 2.5 x 10° cells per dish). After 48 h, HDFs were

reprogrammed into iPSCs.
Cellular reprogramming and cardiac differentiation

Two 35 mm dishes of HDFs were used for cellular reprogramming. One dish was used for cell counting and
the other was used for infection with Sendai virus carrying OCT3/4, SOX2, KLF4, and MYC (CytoTune™-
iPS 2.0 Sendai Reprogramming Kit; Thermo Fisher Scientific), as per manufacturer's instructions. Medium
was changed 24 h later, and then every other day for 1 week. Subsequently, 90% of total cells were transferred
into a 60 mm dish coated with Matrigel (hESC Qualified Matrix; Corning), and 10% of total cells were
transferred into a second similar dish. Twenty-four hours later, the medium was switched to StemFlex Medium
(Miltenyi). The first embryonic stem cell-like colonies appeared 20 to 40 days postinfection, then transferred

onto 12-well plates coated with Matrigel (hESC Qualified Matrix; Corning) and expanded.

Cardiac differentiation was induced using Gibco™ PSC Cardiomyocyte Differentiation Kit (Miltenyi). Two
clonally-derived hiPSC lines at passage P8-P10 were split in two and induced to differentiate into
cardiomyocytes in feeder-free conditions using a “standard” protocol (Std) via modulation of canonical Wnt
signalling or applying retinoic acid (RA) to induce atrial differentiation '®*!. The latter included the addition
of 1 uM RA at stages d4-d8 of the differentiation protocol. Both protocols included a cardiac-specific

metabolic selection step by replacing glucose with lactate from d11 to d13 (Supplementalm Figure 1a).’!



Spontaneously beating cells were maintained in RPMI (Gibco) supplemented with B27 (Gibco) at 37°C.

Medium was changed every second day.
Molecular characterisation
Immunofluorescence

Cells were fixed with 4% paraformaldehyde and stained with primary antibody overnight (MLC2v; Proteintec
10906-1-AP and MLC2a; Synaptic System 311011). Alexa Fluor secondary antibody (Thermo Fisher
Scientific) was used for detection. Immunostained cell culture images were acquired with a Lionheart FX

automatic microscopy at 10x magnification and analysed with Gen5 software (Biotek).
RNA extraction, reverse transcription, and real-time PCR

hiPSC-CMs were lysed with TRI Reagent (Sigma) as per manufacturer’s instructions. The pellet was air-dried,
resuspended in DEPC water, and RNA was quantified with a NanoDrop™ 2000c (Thermo Fisher Scientific).
RNA (500 ng) was reverse-transcribed using GoScript™ Reverse Transcription System (Promega). Real-time
analysis was performed on a CFX connect Real-time PCR detection system (Bio-Rad). Data are shown as
2724Ct yalues. Coupled primers were as follows: COUP-TFI forward: AAGCCATCGTGCTGTTCAC, Reverse:
GCTCCTCAGGTACTCCTCCA;  COUP-TFIl  forward: ~ CCGAGTACAGCTGCCTCAA,  Reverse:
TTTTCCTGCAAGCTTTCCAC; KCNAS  forward: CGAGGATGAGGGCTTCATTA, Reverse:
CTGAACTCAGGCAGGGTCTC; KCNJ3  forward:  AAAAACGATGACCCCAAAGA, Reverse:
TGTCGTCATCCTAGAAGGCA; GAPDH  forward: TGCACCACCAACTGCTTAGC, Reverse:

GGCATGGACTGTGGTCATGAG.
Electrophysiology
Multielectrode array (MEA) recordings

Extracellular field potentials (FPs) were recorded from microdissected, spontaneously beating cell clusters, at
d30 of differentiation. MEA dishes were coated with 10 pg/ml Synthemax (Corning) and 0.02% gelatin and
incubated for 2 h at 37°C. Clumps (200-300 um) of beating cells were microdissected using surgical scissors

and positioned on the electrodes of standard 60 electrode MEAs at high spatial (200 pm) resolution (60MEA-



200/30iR-Ti, Multi Channel Systems, Reutlingen, Germany). FPs were recorded after at least 72 h after plating
to allow for cell attachment. During recordings, the temperature was maintained at 37°C. FP duration was
analysed offline by Clampfit (Molecular Devices), as reported **. Corrected FP duration (FPDc) was calculated

using the standard Bazett’s formula.

Contractility measurements

Contractility was assessed in spontaneously beating cell clusters seeded on MEASs as previously described 4344,

Briefly, beating clusters of both Std- and RA-hiPSC-CM were microdissected and seeded on standard 60
electrode MEAs (Multi Channel Systems). Movies of beating clusters were acquired with a Thorlabs
DCC3240M CMOS camera at 120 fps together with MEA FP recordings. The movies were converted to raw
AVI using ffinpeg (www.ffmpeg.org) and the contractile properties were quantified using the

MUSCLEMOTION ImageJ macro *. FP and contraction traces were plotted as synchronised.
APs measurements

Dissociated hiPSC-CMs at >d30 of differentiation were plated onto 35 mm dishes at very low density and
electrophysiologically analysed after 3 days. APs were acquired with MultiClamp 700B amplifier (Molecular
Devices) connected to Digidata 1550A (Molecular Devices) and filtered at 1 kHz via pClamp 10.6 (Molecular
Devices). APs were stimulated at 1 Hz during superfusion of Tyrode’s solution: 154 mM NaCl, 4 mM KCl, 2
mM CaCl,, 1 mM MgCl,, 5.5 mM D-glucose, and 5 mM HEPES-NaOH (pH 7.35). Experiments were carried
out in whole cell configuration at 35°C; the pipette solution contained: 23 mM KCl, 110 mM KAsp, 0.4 mM
CaCly, 3 mM MgClz, 5 mM HEPES-KOH, 1| mM EGTA-KOH, mM 0.4 NaGTP, 5 mM Na;ATP, and 5 mM

NayPC.

Nine biomarkers were measured from AP recordings: cell membrane capacitance (Cn), Ediast, Ediast With DC,
AP duration measured at 90%, 50%, and 20% of the repolarisation phase (APDgy, APDso, and APDxy,
respectively), APD,o/APDyj ratio, maximal AP phase 0 depolarisation velocity (dV/dtmax), and AP amplitude
(APA). To evaluate the contribution of Ik, to AP, 4-AP (Sigma-Aldrich) was added to the Tyrode’s solution

at 50 uM *.



Beat-to-beat variability of repolarisation duration was expressed as the short-term variability (STV) of APDgg
(i.e., the mean orthogonal deviation from the identity line in the APDn vs APDn+1 Poincaré plot “*7), and

calculated as follows:
STV=Y [(| [APD] _(n+1)- [APD] _n|/[n_(beats)x V2] ]

for 30 consecutive APs (nbeats) at steady-state.

DC recordings

APs, recorded from the hiPSC-CMs, were acquired at a sampling rate of 5 kHz to drive the numerical Ik;
model in DC. Modelled Ix; was calculated in real-time (within one sampling interval) and injected into the
myocyte during continued AP recording. To implement DC, the Multiclamp 700B amplifier (Axon
Instruments) was connected to a data acquisition board (DAQ, 6024E PCI, National Instruments) on a personal
computer (Intel Celeron 3.20 GHz). The open-source Real-Time Experiment Interface (RTXI) was used*®: it
is a fast and versatile real-time biological experimentation system based on Real-Time Linux. System features

and custom user code were implemented as modules written in C++.
In silico Ix;

We considered two Ik; formulations from two of the most recent human AP models). For the ventricular Ik,
the equation was taken from the ORd model '? (eq.1; Iki vens), while for the atrial Ix; the equation was from

Koivumiki et al. ?° (eq.2; Iki_a«), which has inherited the expression from the parent model of Nygren et al.

14.

1
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where V and E denote the membrane potential and K* equilibrium potential (in mV) respectively; Ex was set
to -94.7 mV based on K" concentration in exte rnal bath ([K*],) and pipette solutions (see APs

measurements); G4 is the maximal conductance which has been varied using the scaling factor, scalingpc,

from 0.2 to 1 with a 0.05 step. The DC implementation, based on “modules” architecture, allows the user to
switch in real-time the Ix; formulation to be injected into the cell and to analyse its response in terms of AP

waveform changes.

Statistics

Data are expressed as the mean + standard error of mean (SEM). The differences between groups were tested
with paired or unpaired -test analysis as appropriate. Post-hoc comparison between individual means was
performed with the Bonferroni test. A p-value < 0.05 was considered statistically significant. For the
correlation between STV and APDy, a linear regression analysis that showed a 95% confidence band of the

best fit trend line was performed.



AP parameters distribution was assessed by the Kolmogorov-Smirnov test. Non-normally distributed data was
expressed as median and interquartile range (25%, 50%, and 75" percentiles) and analysed by the Mann-Whitney
U test. Diagnostic performance of single electrical biomarkers was evaluated by analysis of receiver operating
characteristic (ROC) curves; the area under the curve was reported together with the 95% confidence interval.
The cut-off correspondent to the maximum accuracy was derived by the Youden Index (J = Sensitivity +
Specificity-1). Cell clusterisation was obtained by unsupervised learning algorithms. A K-means classification
algorithm was used to discriminate cells in clusters according to AP parameters values. Principal component
analysis was used to reduce high-dimensional data into a two-dimensional plot and visualise cell clustering

according to an electrical pattern.
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Figure 1. Molecular and functional assessment of atrial-like hiPSC-CMs at 30 days of differentiation.
(a) The percentage of atrial cardiomyocytes (CM) was evaluated by immunostaining for myosin light chain 2
(MLC2v and MLCVa, for ventricular and atrial respectively isoform) in positive cardiac troponin T (TnT)
cells. The molecular investigation of repolarising K channel genes (KCNAS5 and KCNIJ3 genes) was expressed
as RA/Std fold change. (b) Functional evaluations by MEA (upper panel) and contractility (with
MUSCLEMOTION, bottom panel) were indicative of a higher electrical and mechanical beating rate of RA-
treated CMs (n=11) compared to Std treatment (n=10). Shorter FPDc in electrical and contraction duration in
mechanical RA events were analysed. (¢) Overlapped recordings highlight different kinetic properties of
excitation-contraction (EC) coupling in both conditions. (d) Examples of ACh-elicited current recordings in
Std and RA CM and analysis of peak, steady-state, and Peak/steady-state ratio of induced currents in Std- and
RA-treated CM (n=10 and n=21, respectively). (¢) Percentage of inducible (red) and not-inducible CM (black)
are quantified using both differentiation protocols. Data shown are mean + SEM. (Std, standard protocol; RA,
retinoic acid; FPDc, corrected field potential duration; Contr. Duration, contraction duration; ACh,
acetylcholine; Ixkacn, ACh-induced current).
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Figure 2. Iki_aex v§ Iki_vene formulation effect on action potential (AP) profile. (a) Ik ar and Iki venr
computational model I/V relationships. (b) AP profiles (upper panels) recorded in three hiPSC-CM following
the alternative injection of Iki venr (blue) and Ixi ar (red) computational models (bottom panels). Ik aw, the
Koivuméki computational model of human atrial AP; Ixi venr, the O’Hara-Rudy (ORd) computational model
of human ventricular AP. (Iki_vensr, ventricular Ix; equation; Ik aw, atrial Ix; equation)
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Figure 3. Gki parameter setting of Ix; a« model. (a) Examples of evoked shorter (atrial-like) and longer
(ventricular-like) AP profiles following progressive increase of Gk ranging from 0.2 to 1 nS/pF (0.05 nS/pF
step). Light colour code for low Gk, values and dark colours code for high Gk, values. (b) Egiast and APDyg
changes yielded from all cardiomyocytes (n=3-14 cells, depending on the cell stability at lower Gk)) are
represented against Gk values. Red dashed line identifies the critical Gk; value to reach stable AP parameters.
(APDyy, AP duration measured at 90% of the repolarisation phase; Egiast, diastolic membrane potential; Gki,
Ik conductance).
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Figure 4. hiPSC-CMs AP phenotype cell classification by unsupervised learning algorithm. (a) A K-
means classification algorithm was applied to clusterize cells according to 9 electrical parameters (cluster 1 vs.
cluster 2). (b) Cum, Ediast, Ediast T DC, APDgg, APDso, APD2o, APD20/APDoo, dV/dtmax, APA in cluster 1 vs. cluster
2. The best cut-off discriminating cluster 1 vs. cluster 2 was defined by ROC curve analysis (see also Table
S4) and indicated with a dashed line. Data shown are median interquartile range (25, 50", 75" percentiles and
analysed by the Mann-Whitney U test. (Cr, cell membrane capacitance, Ediasi, diastolic membrance potential;
Egiast with DC, diastolic membrance potential with dynamic clamp; APDgg, APDso, and APDy, action potential
duration measured at 90%, 50%, and 20% of the repolarisation phase, respectively; APD»/APDyy, ratio
between APD»y and APDoy; dV/dtmax, maximal AP phase 0 depolarisation velocity, APA, AP amplitude).
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Figure 5. Based-model pharmacological validation and RA efficiency evaluation. (a) Example of cut-off-
based atrial- and ventricular-like APs recorded during the baseline condition and the superfusion of Ixur-
specific blocker 4-aminopyridine (4-AP, 50 uM). (b) Distribution of APD»y/APDy, values of 4-AP-sensitive
and 4-AP non-sensitive CMs, with respect to the critical cut-off value (0.44). (d) Atrial- and ventricular-like
AP phenotypes represented in the panel and their quantitative change (%) with either the Std- or RA-treated
cellular platform (n=4 parallel differentiation). (Std, standard protocol; RA, retinoic acid; APD,o/APDay, ratio
between APD;o and APDyy).
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Figure 6. Iki ventr vs Ik1_ae application and repolarization stability. A series of 30 APs recorded under the
injection of ki ag Or Iki venr computational model either in (a) atrial- or (b) ventricular-like CMs. In parallel,
the dispersion of relative APDoy values is plotted around the identity line in Poincaré plots (upper panels).
Linear STV/APDy, correlations in each condition (bottom panels), resulting significantly higher with Ik ventr
vs Ik1_ar model in atrial- and ventricular-like CMs (n=10 and n=>5 respectively). (APDyo, AP duration measured
at 90% of the repolarisation phase; Ik ventr, ventricular Ix; equation; Ix1 a, atrial Ix; equation; STV, short-term
variability).
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