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ABSTRACT

Acute myocardial infarction (AMI) is a leading cause of morbidity and mortality in the
world (3). Restoration of coronary flow to the ischemic myocardium by interventions such
as angioplasty, thrombolytic treatment or coronary bypass surgery is the current standard
therapy for AMI (4). However, reperfusion of the ischemic myocardium may result in
paradoxical cardiomyocyte dysfunction and worsen tissue damage, in a process known as
“reperfusion injury” (5). Ischemic reperfusion (IR) injury may intensify pathological
processes that contribute to the generation of oxyradicals, disturbances in cation
homeostasis, and depletion of cellular energy stores, which may elicit arrhythmias,
contractile dysfunction, and ultrastructural damage of the myocardium. These changes can
lead to heart failure and ultimately sudden death. The exact mechanisms of IR injury are
not fully known (6). Molecular, cellular, and tissue alterations such as cell death,
inflammation, neurohumoral activation, and oxidative stress are considered to be of
paramount importance for IR injury development. However, comprehension of the exact

pathophysiological mechanisms of IR injury (7) remains a challenge (8).

A large amount of the early cardiac tissue damage that occurs during inflammation post-
IR is mediated through early activation of inflammatory cells such as neutrophils and mast
cells, which produce reactive oxygen radicals, cytokines/chemokines and release granules
containing proteolytic enzymes that are chemoattractant for other leukocyte populations
(9). While extensive research has explored the mechanisms responsible for the activation
of inflammatory-derived cytokines/chemokines and reactive oxygen species and their roles

in the infarcted heart, there is a paucity of information regarding the role of neutrophil- and



mast cell-derived serine proteases on cardiac injury post-IR (7). Inflammatory serine
proteases (ISPs) derived from neutrophils, such as cathepsin G (Cat.G), elastase, and
proteinase 3, and from mast cells, such as chymase and tryptase, are enzymes known
mainly for their function in the intracellular killing of pathogens (10). Their extracellular
release upon leukocyte activation is traditionally regarded as the primary reason for tissue
damage at the sites of inflammation. However, some evidence indicates that ISPs may also
be key regulators of the inflammatory response (11). In the first chapter, we have
characterized the kinetic of ISP activation after myocardial IR in mice. Herein we found
that neutrophilic-derived serine protease activity (i.e. cathepsin G and elastase) increased
rapidly in the injured heart (6-24 h post-IR) and correlated with the infiltration of
neutrophils. Increased level of T cell-derived protease granzyme B was also observed in
the infarcted heart after IR injury, however, with slow kinetics reaching a maximum around
7 days post-IR. Interestingly, activity of mast-cell derived serine proteases chymase
increased early after IR and this increase was sustained for over 7 days post-IR.
Collectively, this initial study shows that several inflammatory-cell derived proteases are

activated after IR and their action is differentially regulated.

Because human Cat.G and chymase have similar active sites and share some common
functions (10, 12), assessing their function in human diseases is complicated by potentially
redundant functions and targets. Therefore, any strategy targeting one serine protease will
not be successful. In the second chapter, we tested the efficacy of a dual inhibitor of
cathepsin G and chymase on the adverse outcome of IR injury. The DCCI used in this study
was shown to selectively inhibit Cat.G and chymase in vitro, with little effect on several

other serine proteases such as thrombin, factor Xa, trypsin, tryptase, proteinase 3, and



elastase (13). We found that Treatment with a DCCI blocked cardiac Cat.G and chymase
activity induced after IR, which resulted in decreased immune response in the infarcted
heart. Mice treated with DCCI also had less myocardial collagen deposition and showed
preserved ventricular function at 1 and 7 days post-IR compared with the vehicle-treated
group. DCCI treatment significantly attenuated focal adhesion (FA) complex disruption
and myocyte degeneration after IR. From these finding, we concluded that a dual inhibitor
targeting Cat.G and chymase is effective in reducing the pathologic severity related to IR
injury in association with its ability to limit myocardial proteolytic activity. By attenuating
collagen deposition within the myocardium and improving LV function, DCCI may

ultimately decrease the progression to heart failure.

To delineate the mechanisms by which DCCI offers cardioprotection against the sequel of
Cat.G/chymase-mediated myocyte death and adverse cardiac remodeling and function
post-IR, we investigated the effect of DCCI on isolated cardiac myocytes and cardiac
fibroblasts, two important cardiac cells that can be targeted by ISPs. We found that
treatment of isolated cardiomyocytes with Cat.G or chymase significantly promoted
myofibril degeneration and myocyte apoptosis. Conversely, treatment of cardiac
fibroblasts with Cat.G or chymase induced migration and differentiation to myofibroblasts.
These opposite responses in cardiomyocytes and fibroblasts were blocked by treatment
with DCCI. The pleiotropic effects of Cat.G and chymase on cardiac myocytes and
fibroblasts raises the intriguing question about the mechanisms by which these extracellular
proteases initiate their effects in both cells. We found that DCCI treatment inhibited Cat.G-
and chymase-induced MMP2 activation and FA protein degradation in cardiomyocytes.

Interestingly, in contrast to cardiomyocytes, Cat.G and chymase led to FA signaling



activation in fibroblasts that culminated to fibroblast migration and differentiation. These
data, although are in line with the role of FAK activation in mediating cell survival and
growth, suggest a different mechanism of FA signaling regulation between myocytes and

fibroblasts.

Systemic inhibition of ISPs may potentially affect immune system functions, including
mobilization of cells from the immune system. Therefore, we have investigated a targeted
delivery of DCCI specifically to the injured myocardium following IR. In chapter 5 we
have adopted an anti-P-selectin conjugated immunoliposomal construct, previously shown
to be effective in targeting the injured myocardium (14) and showed that DCCI can be
encapsulated with negligible disruption of immunoliposomes structure, and distribution.
We investigated next the effects of targeted delivery of DCCI following IR and compared
them to systemic delivery of the same (2 mg/kg/d) and high doses of DCCI (10 mg/kg/d).
We found that treatment with low doses of targeted DCCI was effective to attenuate the
increase in the activity of Cat.G and chymase induced after IR, which resulted in decreased
infiltration of neutrophils to the infarcted heart. Systemic treatment with the same doses of
DCCI had no effects on Cat.G and chymase activity. Mice treated with targeted DCCI also
had less myocardial collagen deposition and showed preserved cardiac function 1 and 7
days post-IR. These results were comparable with systemic treatment of high dose of
DCCI. Systemic DCCI treatment attenuated FA complex disruption induced following IR
and therefore reduced cardiomyocyte death. We found that targeted delivery of low dose

of DCCI was efficient to offer comparable cardioprotective effects.

In conclusion, a dual inhibitor targeting Cat.G and chymase is effective in reducing the

pathologic severity related to IR injury in association with its ability to limit myocardial



proteolytic activity. By attenuating collagen deposition within the myocardium and
improving LV function, DCCI may ultimately decrease the progression to heart failure.
Our study has therefore provided important data to support a previously unknown
mechanism implicating Cat.G and chymase in the progression of this disease and the
theoretical benefit of using a dual inhibitor targeting Cat.G and chymase in the therapy of

acute IR injury.
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CHAPTER 1
LITERATURE REVIEW

PART 1: ISCHEMIA REPERFUSION INJURY

1.1 Introduction

Despite all medical and technological advances, coronary heart disease is still number one
cause of death in all industrial countries (15). In 2017, the world health organization
(WHO) reported that more than 17 million die every year from different types of coronary
heart disease (16). A number that compared to 7 million in 2008 has increased more than
200% (16). The most common cause of deaths amongst these pathological conditions is
attributed to detrimental outcomes of acute myocardial ischemia and ischemia reperfusion

(IR) (17).

Myocardial Ischemia, or insufficient blood flow, is a result of abrupt occlusion of a
coronary artery. Unrelieved ischemia causes permanent damage to the myocardium
previously supplied by the occluded artery. Therefore, timely reperfusion is the primary
treatment in this stage. Although necessary to prevent the expansion of damage and infarct
a large body of experimental and clinical evidence supports the notion that reperfusion by
itself induces additional damage to the myocardium, known as IR injury (18). It has been

1



shown that IR injury can be the source of up to 50% of the whole infarct size (19, 20). In
dogs undergoing 40 minutes of coronary occlusion followed by 20mins of reperfusion

caused more damage that 60 minutes of just ischemia with no reperfusion (21).

the most detrimental outcome of IR incident is the loss of functional cardiomyocytes which
is then replaced by fibrotic scar tissue (22). Scar tissue cannot contribute to the myocardium
contractile function, which therefore results in worsening of cardiac function and can
ultimately lead to cell death (23). Therefore, the most therapeutic approaches aim at

reducing cardiomyocyte death following IR injury.

1.2 Myocardial Cell Death in Ischemia-Reperfusion Injury

The number of functioning cardiac cells post-IR can significantly predict the following
remodeling, and progression to heart failure (17). Therefore, in an attempt to minimize
myocyte death and injury it is important to recognize the mechanisms and corresponding
sources that lead to cell death following IR. Apoptosis and necrosis are two major forms
of cell death occurring following IR (24). Whether necrosis or apoptosis is the most
frequent form of cell death after IR has been an issue of debate (25). Below, we briefly

describe each form of cell death and their mechanism following IR.

1.2.1 Forms of Cell Death Following IR

Cell death is a common incident in living organisms. But, in 1972 Kerr et al. adapted the
term “apoptosis” to the programmed cell death (26). Apoptosis is highly dependent on
energy and is controlled genetically by a sequence of events. Apoptosis is crucial in normal

physiological conditions for example in removal of specific cells during development or



during cell turnover in mature tissue (27). Morphologically, apoptosis is characterized by
membrane budding, cell contraction and chromatin condensation, which generates a
horseshoe shape nucleus and leads to rupture of cell into fragments (28). Fragmentation of
cells into membrane bound parts, restricts the release of cellular content and consequent
inflammatory reaction (29). Apoptosis is chemically characterized by the activation of
caspases, DNA fragmentation by cleavage, and preservation of ATP levels (30). The
availability of ATP is highly important as chromatin shrinkage and nuclei fragmentation,
two crucial steps of apoptosis require ATP (31). Necrosis however, is characterized by an
increase in membrane permeability, cell swelling and release of cellular content. The
release of cellular components leads to discharge of proinflammatory molecules, a process

which can initiates the inflammatory response (20).

Although the mechanism of apoptosis and necrosis differ significantly, they may happen
at the single time point of one pathological condition. Various factors like severity and
characteristics of the pathological condition, can dictate the dominant form of cell death
(32). One of the most important factors dictating which type of cell death occurs is ATP
availability (33). Reperfusion is associated with the reintroduction of ATP which points at
higher occurrence of apoptosis compared to necrosis. It is probable, however, that
throughout IR process, some cells get exposed to severe trauma and experience necrosis,

while others which are in the adjacent area progress to apoptosis (34).

Although necrosis and apoptosis are the most common forms of cell death following IR,
other less frequent types of cell death, such as autophagy and necroptosis may also occur
following IR (35). Autophagy is known as a beneficial process which occurs at basal levels

in normal conditions. However, during IR, autophagy is hyper-activated in response to
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energy crisis, oxidative stress, and altered autophagosomes concentration in
cardiomyocytes (36). Several pathways have been studied to inhibit autophagy after
reperfusion. However, none of them has reached clinical trials as the underlying
mechanism is not well understood (37). Also, any therapeutic approach aiming at blocking
autophagy needs to inhibit excessive autophagy related to IR process without affecting the
basal necessary levels. Another form of cell death which has recently been discovered is
Necroptosis. Necroptosis is a term that bears the idea of programmed necrosis (38). This
process is mediated through a caspase-independent signaling pathway which has both
characteristics of necrosis and apoptosis. Necroptosis is most significant under severe
inflammatory conditions where inflammatory cytokines and chemokines such as tumor
necrosis factor (TNF-a) present at high concentrations (39). It was shown that Necrostatin-
1 (Nec-1) which can block TNF-a mediated necroptosis significantly reduced infarct size

in a porcine model of IR injury (40).

In conclusion, it appears that although necrosis is a common phenomenon in ischemic
condition the majority of cell death following reperfusion is contributed to apoptosis.
Therefore, therapeutics aiming at decreasing cell death following IR are often aimed at

reducing apoptotic pathways.

1.3 Sources of Myocardial Ischemia-Reperfusion Injury

The mechanisms responsible for myocardial IR injury have not yet been elucidated in
detail, increasing evidence points at various major culprits of biochemical and
pathophysiological changes during this event such as reactive oxygen species (ROS),

calcium overload and inflammatory response (41). Although these factors can collaborate
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to induce injury, the extent each one promotes cell death and cardiac damage post-IR needs

further clarification.

1.3.1 Reactive Oxygen Species

Reactive oxygen species (ROS) are free radicals with very short half-lives. They are key
signaling molecules at low concentrations. However, at high concentrations of ROS can
affect cell function through lipid peroxidation and oxidation of proteins in cardiac cells
(42, 43). During IR, ROS concentration may increase up to 100 times compared to normal
conditions. This is mainly due to increased production of ROS from xanthine oxidase,
mitochondria and NADPH oxidases. Also, following IR, the conversion of reactive
oxidants to reactive species is significantly amplified.

ROS can affect membrane proteins responsible in cation transport and lipid peroxidation
which results in altered cation homeostasis. A good example of this broad function is the
effect of oxidative stress on neonatal cardiac myocytes. Siwik et al. showed that high
concentrations of oxidative stress can lead to cardiac cell death. However, at low
concentrations, oxidative stress promotes cell growth (44). Therapeutic approaches like
administration of antioxidant have shown enhanced recovery of cardiac function and

reduced infarct size following IR.



1.3.2 Calcium Overload

2+
Ca® ca

Sarcoplasmic Reticulum

Mitochondria

Schematic 1-1: Schematics of physiological changes during ischemia and reperfusion

resulting in calcium overload.
During ischemia, hypoxic cells become dependent on anaerobic metabolism, which results
in buildup of lactate, NAD+ and ultimately acidosis. To restore the PH, H* ions are
exchanged by Na?* ions. Na?* ions, are then exchanged by Ca?* via Na/Ca exchangers
(45). This results in a significant increase in Ca?* levels (46). Furthermore, throughout IR,
both endo/sarcoplasmic reticulum Ca?* storage and membrane Ca?* handling change (47).
Ca®" reuptake is weakened, while Ca?* release by ryanodine receptors is elevated,
therefore, amplifying intercellular Ca®* levels (48). These changes in Ca?* concentration
lead to activation of various pathways, which can lead to cell death (49). For example, cells
store the excessive Ca?* ions in the mitochondria through Ca?* uniporters. If this influx

exceeds certain levels, it can trigger activation of mitochondrial permeability transition



pores (MPTP) (50). Calpains which are proteases activated by Ca®* are also targets of IR
induced calcium overload (51). Calpains can degrade intercellular proteins, such as
cytoskeletal and mitochondrial proteins (52). Increased Ca?* concentration also results in
the production of pyrophosphate complexes and the formation of uric acid, which in turn
can attach to infalmmasomes. This process leads to elevated production of cytokines like
TNFa and IL-1B (53). Therefore, changes in Ca?* concentration has significant effects on

cardiovascular physiology and remodeling following IR.

1.3.3 Signaling Pathways in Cell Death

Cytochrome c is attached to phospholipids, in the inner membrane of mitochondria (54,
55). Ca?* overload can induce permeability transition pore (PTP) opening which results in
mitochondria rapture and release of cytochrome c to the cytosol. Also apoptotic initiating
proteins such as proteins of Bcl-2 family, like Bax initiate cytochrome c release even
without opening of PTP pores, (56) leading to the release of cytochrome c. The released
cytochrome ¢ can initiate apoptosis however, alone, it is not sufficient to complete the
process. Gabriel showed that Bcl-2 overexpression can inhibit apoptosis even after
cytochrome c is released to the cytosol (57). Various proteins especially those from the
Bcl-2 family are known to modulate PTP opening (58). These proteins are primarily
expressed on the surface of the endoplasmic reticulum, as well as the mitochondrial and
nuclei membrane. They are either anti-apoptotic such as Bcl-xL or pro-apoptotic such as
Bad and Bax. Pro-apoptotic proteins initiate cytochrome c release and can lead to apoptosis
(58). For example, Bax and Bad, can directly induce permeability of the mitochondrial
outer membrane, and therefore the release of cytochrome c to the cytosol (59). Bax

however can interact with the outer membrane of mitochondria independent of PTP
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opening (60) and lead to cytochrome c release. This suggested pathway may explain how
cytochrome c is secreted from mitochondria even without PTP formation and swelling.
Anti-apoptotic proteins of this family can protect the mitochondrial membrane integrity,
restricting release of cytochrome ¢ (61). They can also attenuate oxidative stress after IR,
which can in turn inhibit PTP opening (62). Overall this balance between anti and pro

apoptotic proteins, determines the cell survival after stresses such as IR.

1.3.4 Endothelial Dysfunction

IR is associated with vascular endothelial dysfunction through multiple mechanisms
resulting from overproduction of reactive oxygen species (ROS), Ca?* imbalance and
reduction of nitric oxide (NO) levels. (63, 64). Following reperfusion, the NO levels
decrease within 3-5 minutes (65). Various pathways have been suggested resulting in
reduced NO levels such as NO destruction by ROS (64, 66). NO is known to be involved
in the neural controlling of heart rate, and neuronal transmission in cardiac ganglia, in
addition to its vascular dilatory properties (67). Also, NO can preserve myocardial
reperfusion by inhibiting platelet aggregation and leukocyte adherence to the vascular

endothelium.

Normally endothelial cells (ECs) form a barrier against inflammation by preventing
neutrophil and platelet activation. However, following IR, the increase in ROS results in
upregulation of adhesion molecules such as E-selectin, P-selectin and ICAMs on the
surface of the endothelial cells which facilitate activation and infiltration of inflammatory

cells (68-70). Also, elevated ROS increases the permeability of the endothelial barrier



which further accelerates the infiltration of inflammatory cells. The role of inflammatory

response in IR mediated injury is detailed in the following section.

1.3.5 Inflammation

Almost a century ago, scientists suggested that myocardial infarction and subsequent
reperfusion can initiate intense inflammatory response which is associated by the invasion
of leukocytes to the infarcted myocardium (71). Later, leukocytes were associated with
cardiomyocyte detachment that could extend the IR injury (72). The first experimental
evidence verifying this theory came after the protective effect of anti-inflammatory drugs
were observed in animal models of myocardial ischemia and ischemia reperfusion (73).
Therefore, extensive research was conducted on approaches limiting the inflammatory
response after ischemia either by reducing the production of chemotactic factors (74, 75)
or by injection of lipoxygenase inhibitors (76, 77), all of which were successful in limiting
infarct size and in improving cardiac function after IR. Furthermore, those approaches that
reduced infiltration of neutrophils for example by neutrophil depletion were also effective

in decreasing ischemia related injury in some animal models (78).

Although these results were overwhelmingly positive, transition of all anti-inflammatory
approaches to clinical settings failed. For example, Phase 1l trial of anti-CD18 therapy
which had shown significant cardioprotective effects in animal models, (79, 80) resulted
in no beneficiary effects in patients (81). Although these differences in results from animal
studies and clinical trials may point at the inherent dangers of using animal models to
simulate human diseases, the more important lesson is the need for a deeper and more

detailed understanding of the inflammatory process and its components in order to design



a better and more effective and specific therapeutic approach. The inflammatory response
following ischemia has a complex and multifaceted network of biochemical steps
modulated by various molecules. In the next sections, different components of the
inflammatory cascade are briefly reviewed with a bigger focus on the inflammatory serine

proteases.

1.3.6 Initiation of Inflammatory Response

During onset of ischemia, necrosis of cardiac cells leads to the release of the subcellular
membrane as an alarm signal (damage associated molecular pattern or DAMP) (82). These
molecules then activate the toll-like receptors (TLRs) and interleukin-1 (IL-1) signaling
cascade which subsequently activates the nuclear factor-kB (NF-kB) system and results in

the production of inflammatory cytokines, chemokines and adhesion molecules (83).

TLRs are key regulators of the inflammatory response (84). Amongst 13 different TLRs
that have been recognized in mammalians, TLR4 is known as the most important receptor
in regulation of the inflammatory response in the infarcted heart (85). TLR4 can act as a
sensing receptor for DAMPs in sterile tissue injuries. Mice deficient in TLR4 had smaller

infarction and also less

leukocyte infiltration following infarction (86). Furthermore, these mice had significantly
less amounts of TNF-a and IL-f expression following onset of ischemia (87). Another
inflammatory  triggering pathway following infarction is mediated through
inflammasomes, cytoplasmic protein complexes which can activate caspase-1 and release
IL-1B. Inflammasomes typically contain at least one of the NLR protein family. Amongst
different inflammasomes, NLRP3 containing inflammasomes are known mostly for
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recognizing DAMPs and therefore contributing to the sterile inflammatory conditions such
as ischemia and ischemia reperfusion (88, 89). Following activation, NLRP3 containing
inflammasomes can interact with the ASC adaptor which in turn activates caspase-1.
Caspase-1 can switch IL1-B to its active form (90). Inhibition of NLRP3 showed to
preserve myocardium integrity and function and also to reduce the infarct size following

ischemia (91).
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Schematic 1-2. The initiation of inflammatory response following onset of
ischemia, through TLRs and NLRP3 containing inflammasomes (3).
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1.3.7 Inflammatory Cytokines

A series of cytokines, chemokines and adhesion molecules are activated as a result of
ischemia and ischemia reperfusion. Although IL1-B is the gatekeeper of inflammatory
response, other cytokines such as IL-6, IL-8, and TNF-a, are also released following
activation of NF-kp by TLR mediators and play a role in initiation and resolution of

inflammations.

TNF-a is the most important cytokine in the post ischemia myocardium physiology. TNF-
a is produced by various cell types such as lymphocytes, macrophages, cardiomyocytes
and vascular smooth muscle cells (92). TNF-a is an initiator of other cytokines such as IL-
1 and IL-8 (93) and therefore can significantly modulate the inflammatory response.
Besides its role in inflammation, TNF-a is considered to induce heart injury through
changes in Ca?* handling. In a hamster model of IR TNF-a directly decreased contractile

function (94).

IL-1 is another important mediator of the inflammatory response following IR. IL-1 has
two forms IL-1a and IL-1B (95). The latter is easier to detect in the blood and therefore has
been the focus of most investigations (96). Beside inflammasomes and caspase-1 mediated
IL-1 activation, neutrophil proteases such as cathepsin G can also process the IL-1p
precursor to its active form (97). Following activation, IL-1p induces upregulation of
ICAM-1 and VCAM-1 adhesion molecules on the surface of smooth muscle cells,
facilitating adhesion of leukocytes (98). It has been shown that TNF-a, IL-1 can induce
cardiomyocyte apoptosis through the release of cytochrome c¢ and activation of caspase-3

(99).
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Initially IL-6 was introduced as a T-cell only derived cytokine. However, later it was shown
that other cell types such as monocytes and macrophages can also release IL-6 (100). IL-6
has a key role in the resolution of inflammation and clearance of apoptotic neutrophils
which is crucial in initiation of the healing process. Also, IL-6 can regulate the neutrophil

trafficking through STAT-3 mediated pathway.

Like other types of cytokines, high levels of IL-8 is expressed in the myocardium following
IR injury (101). Also, IL-8 is considered a potent participant in granular enzymatic release
and oxidative burst in neutrophils, which in turn leads to further damage in the ischemic
heart. Whether IL-8 is a pro or anti-inflammatory cytokine is controversial. Some studies
showed an inhibitory effect of IL-8 on leukocyte-endothelial binding by inhibition of L-
selectin and LECAM-1 expression (102). In other studies, IL-8 has shown to be pro-
inflammatory by inducing endothelium swelling (103). Beside the conflicting role of IL-8
on regulation of inflammation, IL-8 is reported to have negligible effect on myocardial
contractility following IR. Therefore IL-8 may be just a minor effector of inflammatory

response following IR (104).

Overall the initiation and resolution of inflammation is affected by various cytokines, and
therefore these molecules can affect the remodeling and fate of injured myocardium post-
IR. Although cytokines appear to be perfect therapeutic targets, recent failure of TNF-a
inhibitors in the treatment of ischemic patients emphasizes on the complexities of affecting
these pleiotropic mechanisms in the heart. Therefore, any targeted cytokine should be

defined for its timing and quantity before further investigation.
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1.3.8 Leukocyte Chemotaxis in Myocardial Infarction: The Role of Chemokines

Recently, chemoattractants or as called, chemokines, have been shown to promote quick
induction of leukocyte migration (105). Certain chemokines have further effects on
leukocyte adhesion, activation and apoptosis. Chemokines, can bind to one or several types
of G-protein-coupled receptors (106) which can be divided into two main groups, CXC
and CC. The naming comes from the placement of the first two cysteine groups (107). In
mammalians, chemokine upregulation is an important effector of inflammatory response
following IR (108). Depending on their function, chemokines can be divided into two
major categories. First homeostatic chemokines which are consistently expressed and are
important for basal levels of leukocyte locomotion . The second group of chemokines are
upregulated following inflammatory response and participate in the intense recruitment of
leukocytes (109). So far, ROS, activation of NF-kB and TNF-a are the main known sources

of the chemokine upregulation and synthesize following IR (110).

GRP-a/KC, one of the CXC chemokines which can act as neutrophil attractant is reported
to be induced in a rat model IR (111). GRP-a/KC have effects beyond those in trafficking
of leukocytes and can modulate angiogenesis in the infarcted heart (112). Stromal cell
derived factorl (SDF-1), another chemokine of CXC family plays a key role in vasculature
development and angiogenesis (113). SDF-1can induce chemotaxis of CD34" s progenitor
cells and modulates various stem cell functions (114). However, the role of SDF-1 on the

inflammatory response following IR is unknown.

The most well-studied CC chemokine is monocyte chemoattractant prteoinl (MCP-1)
which is a strong chemoattractant of monocytes and T cells (115). MCP-1 also plays an

important role on non-hematopoietic cell functions. It can induce angiogenesis and affect
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fibroblasts phenotype by increasing collagen expression and regulating MMP production
(116). It has been shown that following IR, MCP-1 is upregulated in mouse and rat models
of IR. MCP-1 deficient mice had lower infiltration of macrophages, reduced
myofibroblasts accumulation but had similar infarct size following IR (106). Another well-
studied CC chemokine, MIP-1 is also a mononuclear cell chemoattractant. MIP-1 was
significantly upregulated in a murine model of MI (117, 118). However, the exact role of
MIP-1 on cardiac injury and repair is still unknown. In conclusion chemokines are key
players of the inflammatory response especially in recruitment of leukocytes. Also,
chemokines can directly affect cardiac repair and remodeling independent of their function

on leukocyte infiltration.

1.3.9 Leukocyte Infiltration Post IR

One of the primary links from the chain of events leading to the infiltration of leukocytes
includes leukocyte entrapment in the microvasculature (119). Entrapment process can be
affected by multiple factors such as the phenotype of the leukocytes, and vasculature
conditions. Chemotactics can change neutrophils shape, rigidity and deformability (120).
Also, neutrophil released autacoids can induce platelet aggregation and vasoconstriction

and therefore can affect neutrophil entrapment (121).

Although these changes in shape and rigidity of neutrophils are important in leukocyte
aggregation and infiltration to the ischemic myocardium (122), leukocyte-endothelium
interaction is by far the most influential effector of infiltration process. This interaction can

occur through adhesion molecules which ultimately leads to margination and ultimately
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adhesion of leukocytes to the endothelium. Findings on neutrophil-endothelium interaction

has led to a harmonic model for leukocyte recruitment to the injured myocardium (123).

There is a bulk of evidence suggesting that leukocyte-endothelial interaction is heavily
modulated by a chain of molecular events which are the characteristics of biochemical and
morphological changes associated with the adhesion process (124). In normal conditions,
leukocytes rarely interact with the endothelium. However, following proper inflammatory
stimuli, leukocytes roll along the post-capillary venous at speeds significantly lower than
normal conditions. Some of these rolling cells bind firmly to the endothelium and then in
the presence of proper chemotactic stimuli, change shape and finally extravasate to the
extracellular space. Each of these steps require the presence of specific sets of adhesion

molecules (125).

Selectins are the initiators of capturing leukocytes from rapid blood flow by initiation of
rolling (126). Selectins consist of three major cell-surface molecules, L,E, and P-selectins.
L-selectin is expressed solely in hematopoietic cells, while almost all types of leukocytes
express L-selectin throughout their differentiation (127-129). Following activation,
expressed L-selectins are quickly removed by shedding (130). The wide-ranging
expression of L-selectin is associated by its role in trafficking of almost every type of
leukocytes. E-selectin is expressed only 4-6 hours after endothelial cell activation in
response to cytokines such as TNF-a or IL-1p (131). Those circulating leukocytes which
express the correct ligands can bind with low affinity to expressed E-selectins. P-selectin
is mostly expressed on Weibel Palade bodies of the endothelial cells as well as in the o
granules of platelets (132, 133). Unlike E-selectin, within minutes of inflammatory stimuli,

P-selectin is transported to the surface of the cells. This process excludes the need of new
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protein synthesis (117) and can be initiated by variety of molecules such as histamines, free

radicals, and cytokines (134, 135).

All selectins are important in migration and infiltration of leukocyte to the infarcted tissue
(136). Transgenic mice have produced substantial information about the role of selectins.
L-selectin KO mice, showed a significant decrease of leukocyte infiltration to the inflamed
site (137). P-selectin KO mice showed almost no rolling and thus a delayed neutrophil
infiltration to the site of injury (138). On the other hand, E-selectin KO mice showed
normal leukocyte recruitment in response to inflammatory stimuli (139). Administration
of monoclonal antibodies against L- and P-selectin reduced endothelial activation and
therefore attenuated infiltration of neutrophils to infarcted myocardium (140, 141). These
observations collectively show the significant role of selectins in leukocytes migration after

IR.

1.3.10 Cd18 and the Leukocyte Beta 2 Integrin

Even though rolling is necessary for adherence of leukocytes to the endothelium, selectin
based adhesion is not firm, and infiltration will not occur unless other adhesion molecules
complete the process (142). Integrins are a family of heterodimeric glycoproteins which
include a and P subunits. Integrins are transferred to the surface of the cell as a complex,
in response to proper stimuli (143). Integrin based therapeutic approaches have been used
to moderate the inflammatory response and reduce injury (144, 145). In a canine model of
IR, antibodies against integrins (CD18) decreased cell necrosis 6 hours post reperfusion
(146) and resulted in reduced infarct size and improved cardiac function (144). CD18

knock out mice showed reduce neutrophil infiltration and cardiomyocyte necrosis post-IR
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compared to wild type (147), suggesting the important role of integrins in inflammatory

response.

1.3.11 Mechanisms of Leukocyte-Induced Myocardial Injury

Infiltrated leukocytes can induce significant injury to the delicate structure of myocardium
(83). leukocytes can secrete toxic products such as proteolytic enzymes and ROS after
infiltration in the infarcted region that may lead to increased cardiac injury (148, 149).

Below we will review the mechanisms of leukocyte mediated injury following IR.

Adhesion-Dependent Cytotoxicity

ICAM-1 is one the ligands of the CD18 integrin family (150). ICAM-1 is expressed by
various cell types (151). It has been shown that neutrophil-cardiomyocytes adhesion
happens only if the cardiomyocytes were stimulated to express ICAM-1 and the neutrophils
to express Mac-1 (72). Cardiomyocytes can express ICAM-1 in response to various stimuli
such as IL-1, TNF-a and IL-6 (152). Neutrophil activation on the other hand, can be
affected by C5a and IL-8 (153). Neutrophil-cardiomyocytes binding was observed to be
specific to Macl-ICAML1 interaction as it was blocked by ICAM-1 blocking antibodies and
was unaffected by antibodies against CD11a (which can block neutrophil adhesion to
endothelial cells) (154). Neutrophils appear to be cytotoxic following this adhesion as they

induce permeant contraction in cardiomyocytes (153).

Inflammatory Proteases

Although direct binding of neutrophils to cardiomyocytes can be the source of significant

cell death and injury (72), most leukocyte-mediated injury originates from the factors
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which are released by infiltrating leukocytes. Activated leukocytes secrete reactive oxygen
species (ROS), different cytokine and chemokines and a variety of other enzymes such as
inflammatory proteases (155). The role of ROS and cytokines/chemokines on IR mediated
injury is mentioned in previous sections. Inflammatory serine proteases play significant
role in body’s defense mechanism. Also, they have an impact on vascular homeostasis and
tissue remodeling. sequencing human genome revealed that almost 2% of all human genes
are either protease or protease inhibitor related, suggesting the importance of proteases
(156). At least 561 proteases and homologs were found in human degradome (157).
Moreover, multiple studies have shown that beyond their proteolytic characteristics,
proteases have diverse regulatory functions. They can induce their effects through
intercellular signaling pathways, caspase activity and modulating specific receptors and
cytokines (158-160). Inflammatory proteases play crucial role in cardiovascular
pathophysiology following IR. In this study we have focused on inflammatory serine
proteases (ISPs). ISPs are a subfamily of proteases which can cleave peptide bonds of

proteins, where serine serves as the nucleophilic amino acid at the enzyme's active site.

ISPs can modulate several cellular functions through protease activated receptors (PARS)
(161). PARs are transmembrane G-protein coupled receptors (GPCRs) that have
significant roles in coagulation, inflammation, thrombosis, cardiac hypertrophy and
fibrosis (162). All types of PARs can be found in vasculature and some inflammatory cells
(163). PARs have a distinct mechanism of activation which separates them from other G
protein coupled receptors (GPCRs) that are modulated and activated reversibly by small
molecules (164). PARs except for PAR3, can also be activated by small synthetic peptides.
It’s noteworthy that proteases can negatively regulate pathways by cleaving PARs (165).

19



PAR1 and PAR2 can modulate multiple cellular functions such as proliferation,

hypertrophy and angiogenesis. As proteases are usually activated during
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Schematic 1-3. Schematic demonstrates infiltration of leukocytes, and release of ISPs and
their protein targets during IR injury

pathological conditions such as inflammation, PARs are considered to play crucial role in
alteration of vasculature homeostasis following IR (166). Although PARs are key players
of cardiovascular function following IR, ISPs can assert their function through PAR-
independent pathways. Below we will briefly discuss each protease and its mechanism of

action.

Neutrophil Serine Proteases
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Elastase: Elastase is one the major proteases secreted by neutrophils (167). Following
activation, elastase directly affects degradation of extracellular matrix (ECM) components
such as collagen, fibronectin and elastin (168). Elastase also has a pro-inflammatory effect.
It can degrade E-cadherin and VE-cadherin and therefore increase permeability of
endothelial and epithelial cells (169). Elastase can also degrade IL-1p, IL-1, IL-2 and at
the same time promote secretion of 1L-6 and IL-8 which result in increased leukocyte
migration, infiltration and ultimately propagation of inflammation (170, 171). During IR,
elastase mediates tissue injury by degrading collagen structures, thus damaging
endothelium and therefore promoting infiltration of neutrophils that are already adherent
to the endothelium (172). Elastase inhibition, also reduced reperfusion mediated neutrophil
accumulation in the infarcted region post-IR (173). Additional studies in in a rat model of
myocardial ischemia showed that inhibition of elastase improved cardiac function and
suggested that this cardio protective effect was observed due to reduced neutrophil
infiltration. These evidences suggest that inhibition of elastase have cardio protective
effects following onset of IR. However, whether these results are due to reduced neutrophil

infiltration or due to inhibition of direct elastase effects on cardiac cells is not unveiled.

Cathepsin G: Cathepsin G (Cath.G) is another major ISP released by neutrophils. Cath.G
can hydrolyze different types of proteins including inflammatory cytokines and
chemokines (174), and can work as a chemoattractant for other types of leukocytes, such
as T cells (175-177). Cath.G is known to be elastolytic and therefore important in the
process tissue remodeling (178). Cath.G can activate MMPs like MMP2 and MT1-MMP

in fibroblasts, endothelial cells and cardiomyocytes (179-181).
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Cath.G can directly induce cardiomyocyte apoptosis and death. Previous studies from our
group shows that Cat.G induces MMP?2 cleavage through activation of MT1-MMP, leading
to shedding of HB-EGF and transactivation of EGFR. Cat.G mediated activation of EGFR
and subsequent dephosphorylation of focal adhesion kinases (FAK) may explain the

anoikis and apoptosis observed following Cat.G treatment. (181)

Furthermore, proteolytic activity of Cath.G can lead to production of angiotensin Il and
therefore increase in expression of MCP-1 (182). Pintucci et al showed that Cath.G can
attenuate plasminogen activator of endothelial cells which is mediated via secretion of its
natural inhibitor from the endothelium’s ECM (183). Same experiments revealed that
Cath.G can activate the release of its inhibitor (PAI-1) from the platelet, leading to
increased thrombogenic function. Cath.G deficient mice showed increased survival in renal
ischemia model. (184). Also, wild type mice had severe cell death in shape of apoptosis
and necrosis whilst Cath.G KO mice had 70% reduction in apoptotic cells. Also, Cath.G
triggers TGF-B1 activity which promotes fibrosis. Cath.G KO mice have shown to have
normal neutrophil development (185). These mice however had impaired wound healing
abilities (186) and reduced tissue injury in renal models of IR (187). However, the role of

cathepsin G in myocardial IR has never been delineated.

Proteinase 3: proteinase 3 (PR3) is also released by activated neutrophils and endothelial
cells (188, 189). Beside degrading ECM, PR3 has other deleterious effects such as
endothelial cell apoptosis through caspase mediated pathways (190). PR3 can activate
TNF-a from its membrane bound form (191), activate IL1-B, and generate angiotensin I
and 1l (192). Recently PR3 has been suggested as a mortality and heart failure prognosis

marker following ischemia and ischemia reperfusion (193).
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Mast cell serine proteases

Although Mast cells are primarily known for their specific function during allergic
episodes, they are a major player of inflammatory response (194). In a canine model of IR,
Number of mast cells was elevated in the infarcted myocardium during healing period
(195). Mast cells are the initial sources of premature TNF-a (196). They generate cytokines
and growth factors such as VEGF and bFGF, which can modulate fibroblast growth, ECM
synthesis and angiogenesis (197). Also, mast cells can affect the healing and remodeling
of the infarcted tissue via expressing gelatinase A and B, which have pivotal roles in
angiogenesis and ECM degradation (198). Beside cytokines and growth factors, mast cells
are major sources of inflammatory serine proteases (199). Although Cath.G can be
expressed by mast cell, major mast cell proteases include chymase and tryptase which are
stored in their granules (200). It has been shown that the density of cardiac mast cells is

remarkably increased in patient with ischemic condition (201).

Although tryptase and chymase can activate PAR2 (202), their enzymatic activity can
affect other proteins especially those implicated in cardiovascular pathophysiology (203).
Tryptase for example, can convert and activate pro-urokinase (204). Chymase can affect
endothelial ECM and induce secretion of TGF-p, an initiator of fibrosis and angiogenesis
(205). Chymase also has a role in conversion of angiotensin type | to type Il, functioning
as a vasoconstrictor and an important player of remodeling after IR injury (206).

Furthermore, chymase is known to promote MMP-9 activation by cleaving specific sites
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of the catalytic domain of MMP-9, which has been shown to increase infarct size and
fibrosis following IR (207). Oral administration of chymase inhibitor, significantly
attenuated the increase in plasma cardiac troponin | in dog model of IR (208). Same study
showed significant degradation of endoplasmic reticulum (ER) and mitochondria in adult
myocytes treated with chymase. In another study perforemd in rats, oral administration of
a chymase inhibitor increased survival rate compared to non-treated animals following IR
(209). In hamsters, oral administration of a chymase inhibitor resulted in better cardiac
function following IR. In pig model of IR, administration of a chymase inhibitor
significantly reduced infarct size, attenuated serum cardiac troponin-1 levels and inhibited
activation of MMP-9 in the infarcted myocardium (210). On the other hand, in a study on
dog model of MlI, treatment with chymase inhibitor had only antiarrhythmic effects and
showed no effects on infarct size (211). In conclusion, it seems that, chymase inhibition
can be a potential target to reduce cardiac injury after ischemia and ischemia reperfusion.
The exact mechanism underlying this cardio-protective effect cannot be understood from

these studies.

1.3.12 Role of the Inflammatory Response in Cardiac Repair

Although inflammation and its components have been recognized extensively as possible
sources of cell death and injury (212). There is bulk evidence suggesting healing properties

of the inflammatory response.

Mononuclear Cell Infiltration

Monocytes infiltrate the infarcted myocardium and modulate the inflammatory cascade.
Following dynamic changes in cytokines and growth factors in the injured heart, infiltrated
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monocytes maturate to macrophages (213). Macrophage can play various roles in the
remodeling and healing of the injured myocardium. They clear the infarct from dead
cardiomyocytes and apoptotic neutrophils by phagocytosis (214). Also macrophages can
serve as major sources of cytokine and growth factor production which in turn can induce
fibroblast activation and new vessel formation (215, 216). Macrophages can affect ECM

remodeling through synthesis of both MMPs and MMP inhibitors (217).

Persistent presence of neutrophils following the onset of ischemia or IR results in excessive
release of their toxic, tissue injuring intercellular contents (218). Therefore removal of
apoptotic neutrophils is vital for proper healing of the injured myocardium (219). Apoptotic
neutrophils produce signals which initiate macrophage mediated clearance. At the initial
steps of apoptosis, the “find me” flags are upregulated by apoptotic neutrophils. Then the
“eat me” signals are upregulated on the surface of the dying neutrophils (220).
Macrophages express variety of receptors that can bind to “eat me” signals. Also, following
digestion of apoptotic neutrophils, macrophages switch to an anti-inflammatory phenotype,
releasing anti-inflammatory cytokines such as TGF-f and IL-10 (221) . Interestingly
macrophage digestion of apoptotic neutrophils results in release of growth factors such as

VEGF and HGF which are associated with tissue healing and repair following IR (222).
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2.1 Abstract

Background: Early reperfusion of ischemic cardiac tissue - ischemia/reperfusion (IR) -
increases inflammatory cell infiltration which contributes to cardiomyocyte death and loss
of cardiac function. Neutrophil- and mast cell-derived proteases, cathepsin G (Cat.G) and
chymase, are released early after IR, but their function is complicated by potentially
redundant actions and targets. This study investigated whether a dual inhibition of Cat.G
and chymase influences cardiomyocyte injury and wound healing after experimental IR in

mice.

Methods and Results: Treatment with a dual Cat.G and chymase inhibitor (DCCI)
blocked cardiac Cat.G and chymase activity induced after IR, which resulted in decreased
immune response in the infarcted heart. Mice treated with DCCI also had less myocardial
collagen deposition and showed preserved ventricular function at 1 and 7 days post-IR
compared with the vehicle-treated group. DCCI treatment significantly attenuated focal
adhesion (FA) complex disruption and myocyte degeneration after IR. Treatment of
isolated cardiomyocytes with Cat.G or chymase significantly promoted FA signaling
downregulation, myofibril degeneration and myocyte apoptosis. Conversely, treatment of
cardiac fibroblasts with Cat.G or chymase induced FA signaling activation along with an
increase in migration and differentiation to myofibroblasts. These responses in

cardiomyocytes and fibroblasts were blocked by treatment with DCCI.

Conclusions Cat.G and chymase are key mediators of myocyte apoptosis and fibroblast
migration and differentiation that play a role in adverse cardiac remodeling and function

post-IR. Thus, dual targeting of neutrophil- and mast cell-derived proteases could be used

27



as novel therapeutic strategy to reduce post-IR inflammation and improve cardiac

remodeling.
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2.2 Introduction

Restoration of blood flow after acute myocardial infarction limits infarct size and reduces
mortality. However, reestablishing blood flow is often followed by a second set of stresses,
a phenomenon referred to as ischemia-reperfusion (IR) injury, which can result in
additional myocardial damage and account for up to half of total infarct size.(223, 224)
factors contributing to IR injury are complex and include microvascular obstruction,
inflammation, release of reactive oxygen species, radicals, myocardial stunning, and
activation of cardiac cells apoptosis and necrosis.(18, 223, 224) A large amount of the early
cardiac tissue damage that occurs during inflammation post-IR is mediated through early
activation of neutrophils and mast cells, which produce reactive oxygen radicals and
release granules containing proteolytic enzymes that are chemoattractants for other
leukocyte populations.(225, 226) While extensive research has explored the mechanisms
responsible for the activation of inflammatory-derived cytokines/chemokines and reactive
oxygen species and their roles in the infarcted heart, there is a paucity of information
regarding the role of neutrophil- and mast cell-derived serine proteases on cardiac injury

post-1R.(227)

Inflammatory serine proteases (ISPs) derived from neutrophils, such as cathepsin G
(Cat.G), elastase, and proteinase 3, and from mast cells, such as chymase and tryptase, are
enzymes known mainly for their function in the intracellular killing of pathogens.(228,
229) Their extracellular release upon leukocyte activation is traditionally regarded as the
primary reason for tissue damage at the sites of inflammation. However, some evidence
indicates that ISPs may also be key regulators of the inflammatory response.(228, 229)

ISPs cleave and functionally modulate a number of protein substrates, including clotting

29



factors, neutrophil chemoattractants, and extracellular (ECM) components (e.g.
proteoglycans, collagen, elastin, fibronectin).(10, 12) The adverse effects of Cat.G and
chymase go beyond the breakdown of matrix proteins or the generation of cytokines and
chemokines, which stimulate the infiltration of inflammatory cells. Recent studies from
our lab and others identified cardiac myocytes and fibroblasts as additional cell targets for
Cat.G and chymase.(230-232) Both Cat.G and chymase induce morphological changes in
cardiomyocytes that disrupt intercellular contacts and focal adhesion (FA) signaling.(232,
233) Chymase can also trigger signaling in cardiac fibroblasts that leads either to
proliferation at low dose or death by autophagy at high dose.(234, 235) However, the
molecular mechanisms by which Cat.G and chymase modulate cardiac myocyte and

fibroblast function are still largely unknown.

Because human Cat.G and chymase have similar active sites and share some common
functions, (10, 12) assessing their function in human diseases is complicated by potentially
redundant functions and targets. One strategy has been to develop dual Cat.G-chymase
inhibitors (DCCI).(13) The DCCI used in this study was shown to selectively inhibit Cat.G
and chymase in vitro (IC50=53nM for Cat.G and 90nM for chymase), with little effect on
several other serine proteases such as thrombin, factor Xa, trypsin, tryptase, proteinase 3,
and elastase (ICso > 100 uM).(13) DCCI has been shown to markedly reduce neutrophil
influx and nitric oxide levels associated with LPS-induced lung inflammation.(236) In the
present study, we describe how DCCI administration to mice subjected to IR injury resulted
in reduced myocardial Cat.G and chymase activity and pathologic remodeling associated
with IR. We show that it also reduced collagen deposition within the myocardium and
prevented left ventricular (LV) dysfunction. Our findings provide evidence that a dual

30



inhibitor targeting Cat.G and chymase may be of therapeutic benefit in protecting the heart

from IR injury.

2.3 Methods

Experimental protocol: All mice were maintained in accordance with protocols approved
by the Animal Care and Use Committee of Temple University. Ten-week-old C57BL6
male mice were anesthetized with a mixture of ketamine (100 mg/kg) and xylazine (10
mg/kg) and left thoracotomy was performed under mechanical ventilation. Body
temperature was maintained by a heated surgical platform and was monitored throughout
surgery using a rectal sensor. A 6-0 suture with a slipknot was tied around the left anterior
descending (LAD) coronary artery to produce ischemia. Consistent elevation of the ST
segment was observed in lead Il tracings following occlusion of the LAD coronary vessel.
Regional ischemia was confirmed by visual inspection under a dissecting microscope
(Nikon) by discoloration of the occluded distal myocardium. The ligation was released
after 30 minutes of ischemia and the tissue was allowed to reperfuse as confirmed by visual
inspection. The chest wall was closed with 8-0 silk and then the animal was removed from
the ventilator and kept warm in the cage maintained at 37°C overnight. A sham procedure
constituted the surgical incision without LAD ligation. Hearts were harvested after 1 or 7

days of reperfusion.

To investigate the role of Cat.G and chymase, mice were randomly divided into 4 major
groups, consisting of: (1) sham mice receiving DCCI (EMD Millipore, 219372) (10 mg/kg
body weight; n = 8); (2) sham mice receiving vehicle (0.1% DMSO in NaCl 0.9%; n = 8);
(3) IR mice receiving 10 mg/kg DCCI (n = 8); and (4) IR mice receiving vehicle (0.1%
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DMSO in NaCl 0.9%, n = 8). DCCI or its vehicle were administered by means of single
intravenous bolus injection immediately after reperfusion of the ischemic myocardium (for
mice subjected to IR for 24 h) and treated daily via intrapertonial injection (for mice

subjected to IR injury for 7 days).

Data Analysis: Summary data are presented as mean £ SEM. For comparisons of >2
groups, one way ANOVA or, more generally, the generalized linear regression approach
was employed for normal distributions and the Kruskal Wallis test for non-normal or small
sample situations. Two group comparisons were analyzed by the two-sample t test or
nonparametric Wilcoxon rank test, whenever appropriate (e.g., when the sample size was
small and/or the distribution was not normal). All in vitro experiments were performed at
least three times from three different cultures and the data values were scaled to controls.

A value of p<0.05 was considered statistically significant.

An Expanded Methods section is provided in the Supplemental material.

2.4 Results

DCCI treatment attenuates the severity of the acute inflammatory response after IR.
Initially, we determined the time course of the increase in myocardial neutrophil and mast
cell-derived protease activity after induction of IR injury, wherein myocardial Cat.G,
elastase and chymase activity were measured at 3 h, 6 h, 1 and 7 days after IR. While the
activity of each protease increased after IR, Cat.G and elastase protease activity underwent
early transient increases, returning to baseline at 7 days post-IR (Figures 1A and 1B), while
chymase activity increased early and was sustained for over 7 days post-IR (Figure 1C).

Immunohistochemistry results further corroborate the changes observed in protease
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activity, as Cat.G-positive cells in the heart were markedly increased at 1 day post-IR, but
decreased to baseline at 7 days post-IR (Figures 1D and 1E). In contrast, chymase-positive
cells were elevated at both 1 and 7 days post-IR (Figures 1D and 1F). These data highlight
the differential kinetics of Cat.G and chymase activity following acute cardiac injury, and
suggest that targeting both could have more impact on preventing the deleterious effects of

sustained protease activity over time.

To evaluate the efficacy of inhibiting both Cat.G and chymase in preventing the sequelae
of IR injury, we treated mice with DCCI for 1 and 7 days. DCCI was given during
reperfusion at 10 mg/kg intravenously and thereafter injected every day intraperitoneally
for 6 days. This dose was based on the biological half-life of DCCI and on in vivo
experiments in which the compound's effectiveness was evaluated in an acute lung injury
model.(236) The mice were sacrificed at 1 day after IR (a time point coinciding with peak
inflammatory cell infiltration and myocyte loss) and at 7 days post-IR, coinciding with
peak scar formation and repair.(225) At 1 and 7 days post-IR, myocardial Cat.G and
chymase proteolytic activity were significantly reduced in DCCI-treated mice compared
with vehicle-treated mice (Figures 2A and 2B), while Cat.G and chymase activity were not
significantly altered in DCCI- and vehicle-treated sham-operated mice. Myocardial
myeloperoxidase (MPO) activity was measured to determine the impact of DCCI on the
infiltration of inflammatory cells after IR. In DCClI-treated mice, MPO activity was
markedly reduced compared with that in vehicle- treated mice (Figure 2C). Post-IR
immunohistological examination of DCCI- and vehicle-treated mouse hearts further
corroborated these data (Figure 2D), as the number of MPO-positive neutrophils were
markedly reduced in the infarcted regions of DCCI- versus vehicle-treated mouse hearts
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(Figures 2D and 2E). DCCI-treated mice also show less infiltration of mast cells (Figures
2D and 2F), Mac-3-positive macrophages and CD3-positive T-cells (Supplemental Figure
S1) in the infarcted area compared to vehicle-treated group. Moreover, activation of pro-
inflammatory signaling pathways, STAT3 and NF-kB, and accumulation of pro-
inflammatory cytokines that mediate early infiltration of leukocytes in the infarcted
myocardium, tumor necrosis factor- (TNF)a and interleukin- (IL)-1p,(237, 238) were
markedly reduced in the infarcted regions of DCCI- versus vehicle-treated mouse hearts
(Figure 2G). Collectively, these data show that dual inhibition of Cat.G and chymase

activity reduces early inflammatory responses following IR injury.

Dual inhibition of Cat.G and chymase improves cardiac function.

We next explored the impact of Cat.G and chymase inhibition on cardiac function at 1 and
7 days post-IR. DCCI-treatment did not alter baseline heart weight-to-body weight ratio,
heart rate, or LV dilatation in sham-operated animals (Figure 3 and Supplemental Tables
1 and 2). However, DCClI-treated mice displayed a significant preservation in post-IR
cardiac function versus vehicle-treated mice, including LV ejection fraction and fractional
shortening (Figures 3A and 3B). LV end-systolic and diastolic dimensions (Figures 3C and
3D) were also shown to undergo better preservation post-IR in DCCI- versus vehicle-
treated mice. Morphometric analysis indicates the presence of cardiac hypertrophy and
concomitant signs of cardiac failure, such as an increase in lung weight, in vehicle-treated
mice, whereas only the latter pathological response was reduced in the DCClI-treated mice
at 7 days post-IR (Figures 3E and 3F and Supplemental Table 2). Infarct size measurements
as percentage of area at risk or LV circumference indicated 34 +2% and 38 +4% of the LV

to be affected by the infarct at 1 and 7 days in vehicle-treated mice, respectively, whereas
34



the infarct accounted for 24 +3% and 26 2% of the LV in DCCI-treated mice (Figures 3G
and 3H). Thus, the integrity of the infarcted area was maintained after IR in DCClI-treated
mice with reduced LV dilatation compared to vehicle-treated mice, which results in a better

cardiac function post-IR.

Dual inhibition of Cat.G and chymase is cardioprotective.

The extent of myocardial infarct and impairment in cardiac performance depends on the
levels of cardiomyocyte loss post-IR, which we measured in vehicle- and DCCI-treated
mice 1 day post-IR via terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL). Consistent with a protective effect of protease inhibition at time of IR, mice
that were treated with DCCI had a reduced number of TUNEL-positive myocytes 1 day
following reperfusion compared to vehicle-treated mice (Figures 4A-4C). Cardiac caspase-
3 activity (Figure 4D) and circulating plasma levels of cardiac troponin-1 (cTnl, Figure 4E)
were also reduced in DCCI- versus vehicle-treated mice 1 day post-IR. DCClI-treated mice
also showed reduced expression of pro-apoptotic molecule Bcl2 and enhanced
accumulation of signaling molecules known to inhibit cell apoptosis such as Bax and XIAP
compared to vehicle-treated mice (Figure 4F), confirming the cytoprotective effect of dual

inhibition of Cat.G and chymase at the time of injury.

DCCI protects IR-induced FA signaling alteration.

Both Cat.G and chymase have been shown to induce myocyte apoptosis via
downregulation of FA signaling in vitro.(231, 232) Thus, we explored whether DCCI
treatment alters IR-induced FA signaling in the heart. Vehicle-treated mice showed

decreased FAK and paxillin protein accumulation that correlated with a decrease in cTNI
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expression (Figures 4G). In contrast, DCClI-treated mice showed less IR-induced FAK,
paxillin and cTnl degradation compared to vehicle-treated mice. Collectively, these data
show that dual Cat.G and chymase inhibition protects FA signaling and induces cardio

protective signaling events to promote myocyte survival in the heart following IR.

To directly demonstrate that the cardioprotective effects of DCCI after IR may result from
direct actions of Cat.G and chymase on cardiomyocytes, we investigated the effect of DCCI
on cardiomyocyte apoptosis induced by these proteases. Treatment of neonatal rat
cardiomyocytes (NRCMs) with Cat.G or chymase for 8 h markedly induced myocyte
detachment and increased caspase-3 activity (Figures 5A and 5B). In contrast, treatment
with DCCI blunted both myocyte detachment and cell death induced by Cat.G and chymase
treatment. Conversely, treatment of neonatal rat cardiac fibroblasts (NRCFs) with Cat.G or
chymase for 8 h did not induce detachment or caspase-3 activity (Figures 5A and 5C),
demonstrating a differential response between myocytes and fibroblasts after Cat.G or

chymase treatment.

To delineate the mechanisms involved in the differential response between cardiac
myocytes and fibroblasts, we assessed the impact of DCCI on Cat.G- and chymase-induced FA
signaling, which we have shown previously to play an important role in Cat.G- and chymase-
induced myocyte detachment and apoptosis.(231, 232) Myocytes treated with Cat.G or chymase
showed markedly reduced FAK and paxillin tyrosine phosphorylation after treatment for
10 min (Figure 5D), which were markedly reduced by DCCI. DCCI treatment also
inhibited FAK, paxillin and cardiac troponin | degradation induced by Cat.G treatment for
4 h (Supplemental Figure S2). Conversely, Cat.G or chymase treatment induced FAK and

paxillin tyrosine phosphorylation in fibroblasts, demonstrating activation of FA signaling
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(Figure 5E). These data highlight a major molecular mechanism by which Cat.G and

chymase signaling induces distinct outcomes in cardiomyocytes versus fibroblasts.

Mice treated with DCCI are protected against profibrotic remodeling induced after

IR injury.

Based on our findings that Cat.G and chymase do not induce fibroblast detachment and
death, we next explored the potential role of DCCI on cardiac fibrosis and remodeling
responses post-IR. Collagen fractional area in the non-infarcted region of the heart was not
different between DCCI- and vehicle-treated groups (Figures 6A and 6B). However,
DCCl-treated mice had significantly less collagen accumulation in the infarcted region
compared with vehicle-treated mice at day 7 post-IR. To determine the mechanisms of
decreased collagen accumulation after DCCI treatment, we evaluated accumulation of
myofibroblasts, which are a primary source of extracellular matrix (ECM) protein synthesis
in the infarcted myocardium.(239) Analysis of smooth muscle a-actin (SMA) staining
showed minimal accumulation of myofibroblasts in sham-operated hearts (not shown)
which progressively increased in vehicle-treated mice infarcts (Figures 6A and 6C). DCCI-
treated mice showed reduced myofibroblast density and decreased accumulation of
profibrotic CTGF and TGFf gene expression in the infarcted heart (Figures 6C and 6D).
We also investigated whether DCCI treatment affects ECM degradation after IR. Both pro-
and active-MMP2/9 levels, as well as gelatinase activity, were significantly reduced in the
infarcts of DCCI- versus vehicle-treated mice 7 days post-IR (Figure 6E and 6F). Levels
of pro-MMP2/9 were similar in DCCI-treated shams compared to vehicle-treated mice.

Thus, inhibition of Cat.G and chymase activity results in fibroblast differentiation and
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activity following IR that is associated with diminished ECM accumulation and preserved

cardiac contractile dysfunction.

Cat.G and chymase induces fibroblast migration and differentiation.

Because fibroblasts are important components of fibrosis, we determined whether Cat.G
or chymase directly influenced fibroblast migration and ECM protein accumulation in
isolated neonatal rat cardiac fibroblasts. In control experiments, we established that
treatment with Cat.G or chymase increased SM a-actin expression, indicating fibroblast
differentiation to myofibroblasts (Figure 7A). Cat.G or chymase treatment also increased
TGF-B1 and collagen 1 expression, indicative of enhanced secretory phenotype.
Conversely, concurrent treatment with DCCI blocked Cat.G- or chymase-induced

responses in cardiac fibroblasts.

We next determined whether Cat.G- or chymase-induced fibroblast differentiation
modulates activation of NF-kB and STAT3 activation, important mediators of cardiac
inflammation and fibrosis following injury.(225) Cat.G or chymase treatment was
sufficient to activate endogenous NF-kB and STATS3, responses that were abolished by
treatment with DCCI (Figure 7B). The proinflammatory effect of Cat.G and chymase was
further corroborated by changes in the expression of the NF-kB/STAT3-responsive genes
such as TNF-a and IL-1B, which were upregulated in Cat.G- or chymase-treated fibroblasts
compared with control cells, and treatment with DCCI blocked these responses (Figure

7C).

Given these findings with respect to cell differentiation, we also sought to determine

whether fibroblast migration and differentiation are sensitive to DCCI. Figure 7D shows
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representative phase-contrast micrographs of scratch assays of confluent fibroblast cell
monolayers. Both Cat.G and chymase increased fibroblast migration compared with
vehicle (Figure 7E). Importantly, the degree of cell migration observed with Cat.G was
not significantly different from that of chymase-treated cells. Fibroblast migration induced
by Cat.G or chymase was significantly diminished after treatment with DCCI compared
with vehicle-treated cultures. Collectively, these data demonstrate that Cat.G and chymase

can directly trigger fibroblast migration and differentiation to myofibroblasts.

2.5 Discussion

The current study provides new insights into the mechanisms of pathological remodeling
during early induction of IR injury. We demonstrate that dual inhibition of Cat.G and
chymase activity is associated with a decrease in the pathologic severity of the cardiac
inflammatory response, myocyte apoptosis and fibrosis post-IR. The reduced adverse
remodeling in the DCCI-treated mice was associated with improved myocardial function
when compared with that in the vehicle-treated mice. Interestingly, we found that Cat.G
and chymase activate signaling pathways that culminate to detachment and apoptosis of
myocytes, while they promote migration and differentiation of fibroblasts. This dichotomic
outcome between cardiac myocytes and fibroblasts is likely related to differential
regulation of FA signaling by Cat.G and chymase. These novel findings show that one of
the earliest events in mediating cardiac dysfunction after IR injury involves an increased

activation of Cat.G and chymase and points to DCCI as a therapeutic benefit.

The major effect underlying the absence of severe tissue injury after cardiac IR in DCCI-

treated mice is the inability to sustain the presence of inflammatory cells in the heart after
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reperfusion. The decreased Cat.G and chymase activity observed after reperfusion in
ischemic hearts from DCCI-treated mice was accompanied by a decrease in infiltration of
neutrophils and mast cells. These cells have been reported to infiltrate early after
myocardial injury and produce chemokines, which may amplify and sustain the intensity
of leukocyte migration to the site of myocardial injury.(240, 241) Accordingly, we show
that DCCl-treated mice hearts have reduced production of inflammatory cytokines, IL-1
and TNF-a, and decreased accumulation of macrophages and T cells in the infarcted heart
at day 1 and 7 post-IR compared to vehicle-treated mice. data extend previous studies
showing the role of Cat.G and chymase in mediating monocytes, neutrophils or T cells
migration in vitro and in the processing and maturation of several cytokines and
chemokines including IL-1a, IL-6, and TNF-a.(228) In addition to these direct actions of
Cat.G and chymase on inflammatory cells, DCCI-treated mice also show limited tissue
exposure to myeloperoxidase, which is a major mediator of tissue damage after injury
through generation of hypochlorous acid and reactive oxygen species.(242) The short term
of myeloperoxidase activity observed in the heart from DCCI-treated animals argues that
the initial burst of myeloperoxidase does not induce or sustain substantial injury in the
absence of Cat.G or chymase. Collectively, these data emphasize the importance of Cat.G

and chymase in mediating early cardiac immune response post-IR.

The limited exposure of the ischemic heart to Cat.G- and chymase-mediated events during
reperfusion in DCCl-treated mice resulted in clear reductions in tissue injury and
improvement in cardiac contractile function. One important consequence was a substantial
decrease in cardiomyocyte apoptosis in the ischemic hearts. Several studies have
demonstrated cardiomyocyte apoptosis after reperfusion of ischemic hearts and the

40



correlation between the number of apoptotic cells and the severity of cardiac
dysfunction.(243) Whether the absence of Cat.G/chymase or the resultant limited exposure
to myeloperoxidase or other inflammatory cell-derived cytokines/chemokines underlie this
decrease in apoptosis cannot be defined from this study. However, both Cat.G and
chymase have been shown to act directly on cardiomyocytes and promote apoptosis. (231,
232) In this study, we found that treatment with DCCI prevented FA protein degradation,
myofibril degeneration and myocyte apoptosis induced after 24 h of IR injury and after
treatment of isolated cardiomyocytes with Cat.G or chymase. The fact that the kinetics of
FA signaling downregulation coincide with myocyte apoptosis post-IR strongly suggest
that one of the earliest events leading to myocyte apoptosis after IR injury may involve a
loss of ECM network surrounding myocytes and a lack of survival signaling emanating
from ECM receptors, integrins, in response to elevated levels of Cat.G and chymase. The
suppression of FA signaling downregulation by DCCI further supports the active role of

Cat.G and chymase on cardiomyocyte stress during acute IR.

The induction of myocyte death has been proposed to be a principal factor leading to the
tissue fibrosis that develops after IR injury.(244) Consistent with the lack of sustained
Cat.G/chymase activity and decreased apoptosis of myocytes, there was a clear decrease
in collagen deposition observed in hearts from DCCI-treated mice post-IR when compared
with vehicle-treated mice. We also found that DCCI-treated mice present less
myofibroblast accumulation at day 7 post-IR. This latter has been shown to be a primary
source of ECM protein synthesis and pro-inflammatory cytokines in the infarcted
myocardium.(239) Moreover, DCCI may have more direct antifibrotic effects as Cat.G
and chymase may liberate TGF-f from the ECM, thereby stimulating fibroblast
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differentiation and ECM synthesis, (223, 245-247) In this study, we show that DCCI
treatment blocked both TGF-B and CTGF accumulation in the infarcted heart at day 7 post-
IR and in isolated fibroblasts treated with Cat.G or chymase, which resulted in a decrease
in ECM accumulation, fibroblast migration and differentiation to myofibroblasts. Cat.G
and chymase can also affect ECM accumulation through activation of MMP-2 and -9(181,
207) which could degrade cardiac interstitial matrix, expand the healing infarct(248) and
promote cardiac dilatation.(249) We show that DCCI treatment attenuated MMP-2/9
activation after IR in vivo and in isolated cardiac fibroblasts exposed to Cat.G or chymase
(Supplemental Figure S3), suggesting that Cat.G and chymase-dependent activation of

MMPs is also important in post-IR infarct remodeling and function.

The pleiotropic effects of Cat.G and chymase on cardiac myocytes and fibroblasts raises
the intriguing question about the mechanisms by which these extracellular proteases initiate
their effects in both cells. We have previously documented the role of MMP activation as
a mechanism by which Cat.G induces FA signaling downregulation and myocyte
apoptosis.(181) Consistent with these findings, DCCI treatment inhibited Cat.G- and
chymase-induced MMP2 activation and FA protein degradation in cardiomyocytes
(Supplemental Figure S3). Interestingly, in contrast to cardiomyocytes, Cat.G and chymase
led to FA signaling activation in fibroblasts that culminated to fibroblast migration and
differentiation. These data, although are in line with the role of FAK activation in
mediating cell survival and growth, suggest a different mechanism of FA signaling
regulation between myocytes and fibroblasts. Previous studies from our group in myocytes
showed the role of protein tyrosine phosphatase SHP2 in mediating Cat.G-induced FA
signaling downregulation and myocyte apoptosis.(181, 231) Whether SHP2 activation is
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differentially regulated in cardiac fibroblasts versus cardiomyocytes in response to Cat.G
or chymase needs further investigation. These data collectively show the pleiotropic
actions of these proteases to trigger cardiomyocyte death and fibroblast
migration/differentiation and the beneficial effect of DCCI treatment in preventing these

effects.

The current study provides evidence that targeting neutrophil- and mast cell-derived
proteases was efficient in protecting the heart from early myocyte death and excessive
fibroblast migration and ECM accumulation, that contribute to adverse cardiac remodeling
and contractile dysfunction. Moreover, DCCI can modulate cardiac remodeling and
function indirectly by inhibiting Cat.G and chymase actions to convert angiotensin | to
angiotensin 11,(250, 251) a known humoral factor that promote cardiac hypertrophy,
fibrosis, and remodeling.(22) Based on evidence that Cat.G and chymase have similar
active sites, share some common targets and have potentially redundant functions, our
strategy has been to use a dual inhibitor that selectively targets both Cat.G and chymase,
without affecting other serine proteases.(13) There has been considerable interest to
develop inhibitors of neutrophil- and mast cell-derived proteases, which contribute to
cardiac injury and inflammation. Previous studies have shown the beneficial effect of
inhibiting chymase on IR injury in dogs and pigs.(210, 252) However, in these studies
there was no assessment of chymase inhibition on a more prolonged reperfusion on
myocardial function and infarct extension. In rodents, the use of chymase inhibitor
monotherapy provided mixed results with studies showing improved survival and reduced
post-myocardial infarction cardiac hypertrophy and dysfunction with chymase inhibitor
monotherapy, (253, 254) while others were negative.(255) This discrepancy using chymase
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inhibitor monotherapy could be related to the fact that other inflammatory proteases such
as Cat.G may play a redundant role in the pathophysiology of IR injury. Therefore, our
results with DCCI suggest that inhibition of more than one crucial inflammatory protease
might afford effective pharmacotherapy and show that restoration of a “protease-
antiprotease balance” by the administration of exogenous inhibitors reduce excessive
accumulation of inflammatory cells and their secreted proteases and could have therapeutic

utility after myocardial IR injury.

In conclusion, a dual inhibitor targeting Cat.G and chymase is effective in reducing the
pathologic severity related to IR injury in association with its ability to limit myocardial
proteolytic activity. By attenuating collagen deposition within the myocardium and
improving LV function, DCCI may ultimately decrease the progression to heart failure.
Our study has therefore provided important data to support a previously unknown
mechanism implicating Cat.G and chymase in the progression of this disease and the
theoretical benefit of using a dual inhibitor targeting Cat.G and chymase in the therapy of

acute IR injury.
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2.6 Figures and Legends
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Figure 2-1: Inflammatory serine proteases are elevated after ischemia reperfusion
(IR). (A-C) The left anterior descending artery was ligated for 30 min to induce
ischemia and the heart was subsequently reperfused for 3 h, 6 h, 1 or 7 days. Cathepsin
G (Cat.G) (A), elastase (B) and chymase (C) activity levels in the hearts of sham and
mice subjected to IR injury were assessed by substrate specific enzymatic activity
assay. Results are expressed as relative fluorescence units (RFU)/min/mg protein (n =
6 for each groups). (D) Representative Cat.G and chymase immunostaining of paraffin-
embedded heart sections of sham or mice subjected to IR injury. Scale bar: 40um. (E)
Quantification of Cat.G and chymase-positive cells (n = 5 for each groups). Values are
presented as mean + SEM, “P < 0.05 vs. WT shams.
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Figure 2-2: DCCI treatment attenuates inflammation in the reperfused heart. (A-
C) Cathepsin G (Cat.G) (A), chymase (B) and myeloperoxidase (MPQ) (C) activity in
the infarcted LV as determined by enzymatic activity assay (n = 6 for each groups). (D)
Representative MPO or toluidine blue (TB) staining of paraffin-embedded heart
sections from sham or mice subjected to ischemia reperfusion (IR). Scale bar: 40pm.
(E and F) Quantification of MPO- and mast cell-positive cells in mice treated with either
vehicle or DCCI (n = 5 for each groups). (G) Left: Immunoblot analysis indicates a
decrease in inflammatory signaling in the infarcted region of mice treated with DCCI
compared to vehicle post-IR. Right: Quantification of experiments represented as fold
change compared to sham animals treated with vehicle (n = 5 for each groups). GAPDH
was included as a loading control. Values are presented as mean = SEM, *P < 0.05 vs.
shams, TP < 0.05 vs. vehicle-treated IR.
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Figure 2-3: DCCI improves cardiac function post-IR. (A-D) Echocardiography
measurement of Left ventricular (LV) ejection fraction (EF) (A), fractional
shortening (FS) (B) and LV internal diameter (LVID) in systole (C) and diastole (D).
(E and F) Effects of DCCI treatment on IR-induced heart weight (HW) (E) or lung
weight (LW) (F) to body weight (BW) ratio (n = 6 shams, n = 8 IR groups). (G and
H) Top: Representative images of Evans blue and diphenyl tetrazolium chloride or
Masson’s trichrome staining on transverse heart sections at day 1 (G) and 7 (H) post-
IR, respectively. Bottom: Quantification of the area at risk (AAR) and infarct area
(1A) (n = 5 for each groups). Values are presented as mean = SEM, “P < 0.05 vs.
sham, P < 0.05 vs. vehicle-treated IR.
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Figure 2-4: DCCI deletion offers cardioprotection after acute IR. Ischemia
reperfusion (IR) was induced for 24 h. (A) LV tissue sections were assessed for
apoptosis using TUNEL assay (green), tropomyosin (red), and DAPI (4',6-
diamidino-2-phenylindole) (blue) staining. Scale bar: 40 um. (B and C) The number
of TUNEL-positive myocytes (B) and non-myocytes (C) in the reperfused area was
expressed as a percentage of total nuclei detected by DAPI staining (n = 5 each
group). (D) Quantification of caspase-3 activity in the LV using caspase-3 specific
fluorogenic substrate (n = 6 each group). (E) Plasma levels of cardiac troponin-I
(cTnl) as determined by ELISA assay in samples from vehicle- or DCClI-treated
mice 24 h post-IR (n = 6 each group). (F and G) Immunoblot analysis indicates a
decrease in pro-apoptotic signaling (F) and focal adhesion signaling (G) in the
infarcted region of mice treated with DCCI or vehicle post-IR. Left: Representative
immunoblots. Right: Quantification of experiments represented as fold change
compared to shams (n = 6 each group). GAPDH was included as a loading control.
Values are presented as mean = SEM, "P < 0.05 vs. shams, 1P < 0.05 vs. vehicle-
treated
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Figure 2-5: Dual effects of cathepsin G and chymase on focal adhesion signaling
and cell detachment. (A-D) Neonatal rat cardiomyocytes (A, B, D) and fibroblasts (A,
C, E) were pretreated without or with DCCI (5 uM) prior to treatment with cathepsin G
(Cat.G) or chymase for 8 h. (A) Phase-contrast photomicrographs (Bar=100 pm). (B and
C) Caspase-3 activity was measured using fluorogenic substrate. (D and E) Left:
Representative immunoblots showing focal adhesion (FA) signaling in cardiomyocytes
(D) and fibroblasts (F) treated with Cat.G or chymase for 10 minutes in presence of
DCCl or its vehicle. Right: Quantification of experiments expressed as mean +SEM from
3 separate cultures. * P < 0.05 vs. control, TP < 0.05 vs. vehicle-treated cells.
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Figure 2-6: DCCI reduces fibrosis and improves cardiac remodeling after IR.
Ischemia reperfusion (IR) was induced for 7 days. (A) Picro-sirus red staining and
immunohistochemistry against smooth muscle a-actin (SMA) show reduced collagen
and myofibroblast deposition in the injured myocardium of mice treated with DCCI
compared to those treated with vehicle. (B-C) Semi-quantitative analysis of collagen
staining (B) and SMA immunoreactive myofibroblasts (C) expressed as a percentage
of total infarct area. (D) Immunoblot analysis indicates a decrease in profibrotic
signaling molecules in the infarcted region of mice treated with DCCI vs. the
treatment with vehicle post-IR. Left: Representative immunoblots. Right:
Quantification of experiments represented as fold change compared to WT animals
(n = 6 for each groups). GAPDH was included as a loading control. (E) In-gel
zymography (Top) and relative band density quantification (Bottom) indicates a
decrease in MMP-2 and -9 activity in the infarcted myocardium of mice treated with
DCCI vs. treated with vehicle. (F) Gelatinase activity assay in animals subjected to
IR and treated with either vehicle or DCCI (n=5 for each groups). Values are
presented as mean + SEM, “P < 0.05 vs. shams, P < 0.05 vs. vehicle-treated IR.
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Figure 2-7: Cathepsin G and chymase induce cardiac fibroblast migration and
differentiation. (A-C) Neonatal rat cardiac fibroblasts were pretreated with DCCI (5uM)
or vehicle for 15 minutes and then treated with cathepsin G (Cat.G, 0.02 U/ml) or chymase
(100nM) for 36 h and cell lysates were processed for immunoblot analysis. Top:
Representative immunoblots. Bottom: Quantification of experiments represented as fold
change compared to untreated control (Ctrl). GAPDH was included as a loading control. (D)
Migration scratch assay was performed to assess the rate of migration of cardiac fibroblasts
untreated or treated with Cat.G or chymase with or without DCCI pretreatment. (E) A
significant increase in the migration rate was observed in Cat.G- and chymase-treated
fibroblasts compared with controls which was attenuated by DCCI treatment. Scale bar: 200
um. Results are representative of 3 independent experiments. Data are mean + SEM; P <
0.05 vs. control; P < 0.05 vs. vehicle-treated fibroblasts.
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CHAPTER 3
LITERATURE REVIEW PART 2: TARGETED DRUG DELIVERY TO THE

MYOCARDIUM

Difficulties in the treatment of severe diseases like cancer have motivated scientists to
adopt multidisciplinary methods to deliver agents and drugs in a target specific manner
(256). These developing approaches mostly aim at minimizing the side effects and at the
same time increasing the bioavailability and therapeutic index of the desired drugs at the

specific site of the disease.

In 1906, Ehrlich introduced the idea of targeted delivery in the form of magic bullets (257).
He believed that someday chemists will be able to generate substances that can specifically
target agents, responsible for each disease. Nowadays the term “targeted drug delivery” is
defined as the buildup of active drugs or reagents in the desired target whilst minimizing
their accumulation in other organs. Ideally the concentration of delivered agents should be

above effective in the targeted regions and below toxic in non-targeted ones.

Recent advancements in the field of nanotechnology has led to development of different
carriers. These carriers known as drug vehicles have different characteristics, and therefore
each suits specific delivery needs. To design and choose the best vehicle for any delivery
need, a multifaceted decision-making process is necessary: First, the vehicle should be
recognized only by the desired diseased cells and no other healthy ones to achieve a
selective and specific delivery. Second, the vehicle must stay stable in the plasma for long

circulating times. Other important criteria are the carrier-drug complex toxicity,
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immunogenicity and biodegradability. Lastly,
following selective binding to the desired site, the
drug should be easily released from the complex to

affect the targeted cells or tissue.

3.1 Delivery Vehicles

Drug delivery vehicles, or as they are called drug
vectors, are the backbone of successful targeted
delivery. A proper vehicle transports and delivers its
payload to the desired site while protecting it from
degradation and clearance in plasma and other
organs (258). Currently used vehicles can be divided
into particulate, soluble and cellular carriers. Next,
we will introduce some of the most commonly used

carriers.

Monoclonal antibodies and fragments. Most
antibody-based delivery methods have been
developed to meet the needs of anti-cancer therapies.
These approaches are mostly designed based on the
presence or upregulation of specific antigens on
the surface of the tumor cells. The drug is released
from the antibody-drug conjugate following

enzymatic cleavage of the linker molecule, which

Schematic 3-1: From top to bottom:
Schematics of monoclonal antibodies
and fragments, synthetic polymer,
liposome and quantum Dot. (1)
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is present only at the tumor site. Mylotarg is a FDA-approved example of antibody

conjugated drug that has been used for leukemia treatment (259).

Modified (plasma) proteins. Small proteins can encapsulate and deliver therapeutics
based on their size and solubility properties. Different targeting moieties such as sugars
and other ligands can be coupled to these proteins for a more specific delivery. However,
this process needs complicated pre-modifications of proteins. Liver cells have been

successfully targeted with heavily modified aloumin proteins (260).

Soluble synthetic polymers. Advancements in polymeric chemistry have enabled
scientists to design novel synthetic polymers for drug delivery purposes. Innovative
chemical approaches are used for tailoring conjugates and encapsulating drugs and agents.
N(-2-hydroxypropyl) methacrylamide (HMPA) polymers have been extensively studied
for anti-cancer therapy as they provide a solution for selective and targeted chemotherapy

(261).

Microspheres and nanoparticles. Nanoparticles range from 0.2 to 0.5um and
microspheres range from 30 to 200um. Desired drugs and therapeutics can be either
attached to the surface or encapsulated inside the carrier’s core based on their
physiochemical characteristics. The site of encapsulation can significantly affect the
pharmacokinetics of the drug release. After accumulation at the targeted site, these particles
quickly become internalized through phagocytosis by the targeted cells. Some examples of
these newly developed microspheres include micelles, carbon nanoparticles and silica
nanoparticles. Due to their chemical and mechanical stability, silica nanoparticles are

perfect candidates for drug delivery purposes. Surface modification methods are used to
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accurately tune surface zeta potential values (262). The negative charge on the surface of

silica particles prevents quick clearance from the circulation (263).

Lipoproteins Lipid particles are natural lipid bilayers that can be used for targeted
delivery purposes. Low density lipoproteins (LDL) and high density lipoproteins (HDL)
can be modified to integrate lipophilic drugs. Other glycolipids can be fused with the
lipoproteins’ backbone, as a targeting moiety. LDL and HDL have been used extensively

for delivery of the drugs to the liver (264).

Quantum dots are semiconductor nanoparticles that range between 10-500nm in size. The
size of quantum dots can be accurately tuned. Also, surface markers can be attached to the
surface to achieve better targeting properties. Quantum dots have been extensively used as

imaging moieties (265).

Liposomes are self-assembled, spherical bilipid particles. Size-wise, liposome constructs
can range from 20nm to several micrometers depending on the application. Amphiphilic
lipids are the backbone of any liposomal construct. The most significant characteristic of
amphiphiles is their self-assembly properties which are due to their special preference to

hydrophobic and hydrophilic solvents (266).

Usually amphiphiles have a polar hydrophilic head and a non-polar hydrophobic tail.
Amphiphiles in an aqueous medium form aggregates to reduce the hydrophobic
hydrophilic interactions. This phenomenon is called self-assembly, and it reduces the total
energy of the system and increases the total entropy. Following self-assembly, amphiphilic
lipids form bilayers. Usually lipid bilayers consist of two hydrocarbon tails attached to a

hydrophilic head group, which can be positively, negatively or neutrally charged (267-
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269). Phospholipids are the most common form of lipid bilayers which are found in most
cell membranes. Phospholipids have two acyl tails attached to a head by a glycerol
backbone. Below is a schematic of a phospholipid, R1 and R2 represent saturated and
unsaturated acyl tails and R3 is the hydrophobic head. If the concentration of phospholipids
exceeds critical values, they form lamellar constructs. It is worth mentioning that this

Ri—O—CH, Phophatidy]et}é;lnolamine (PE)

DO Ri =Rz = Cre ! © R, —CH, CH, NH

DSPC R;=R;=Cisy RZ—O_?H ? e e

EPC R,=C;0 R;=Cy354 HZC_O_[FF_O—RS PhDSphatldylcgllme (PC)
0 R3 _'CHQ CH2 N(CH3)3

Schematic 3-2. Structure of DOPE DSPC EPC and a phospholipid (2)

lamellar phase can change with the temperature. For example, at low temperatures a
phospholipid may obtain a solid conformation with high packing of hydrocarbon tails. The
same phospholipid construct at higher temperatures or addition of an unsaturated acyl tail
may obtain a more liquid crystalline status (glass transition temperature) (270). At this
point the tails are highly disordered and have higher motility. This phenomenon is
especially important as phospholipid-based nanocarriers can be resized at this high

temperature to yield a size homogenous preparation.

3.1.1 Liposome Formation:

Liposome formation can be described as a competition between two forces. One is the
curvature energy, and the other is the edge energy of the lamellar layer. A lamellar
fragment, when in an aqueous solution, has high surface tension at the rim of the layer.
Curvature reduces this energy, and finally the lowest energy is achieved at a spherical form

57



(271, 272). On the other hand, this process increases the curvature energy, which reaches
its peak in the spherical form. This excess free energy is independent of the liposome

radius. Therefore, for a liposome preparation, bigger liposomes are energetically favored.

General method of liposome preparation: All methods developed to prepare liposomes
involve four basic stages: First, lipids are dried from their solvent medium. Second, the
lipids are dispersed in the media. Resulting liposome are purified, and finally products are
analyzed to confirm the construct integrity and homogeneity. Amongst various techniques,
thin-film hydration method is the most versatile and commonly used approach. In this
method, lipids at desired concentrations are dissolved and mixed in excess amount of
organic solvent to guarantee a homogenous mixture. Chloroform or chloroform/methanol
mixture is the most commonly used solvent. Typically, lipids are mixed at 10-20mM
concentration. Although it is possible to make higher concentrations, other steps may limit
the highest workable concentration. After all lipids are completely solved, the solvent is
removed either by passing nitrogen gas or by freeze-drying or a mixture of these two
methods. This step yields a thin lipid film. It is important to mention that the residual
solvent can significantly reduce the quality of the liposome preparation. The lipid film is
then hydrated by the addition of an aqueous solution, producing multi-lamellar vehicles at
different sizes. To achieve a size-homogenous preparation, liposomes at their glass
transition temperature are passed through filters with desired sizes. Using light scattering

methods, the size is confirmed for next steps.
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3.1.2 PEGylation

Any liposome preparation should be stable. The stability of liposomes is highly dependent
on the liposome-liposome interactions and the balance between attractive and repulsive
forces. If repulsive forces overcome the attractive forces, the formation stays stable. It has
been shown that a polymeric coating significantly increases liposome stability. Polymers
are either grafted or adsorbed to liposome surfaces (273, 274). In the grafting method,
polyethylene glycol (PEG) lipids are typically used. The hydrophilic chain of PEG lipids
covers the surface of the liposomes. These chains are a source of repulsive forces when
two liposomes are near each other. As two liposome get closer these polymer chains are
compressed, which results in an unfavorable increase in the entropy of the system (275).

o}

17

Schematic 3-3. Structure of a PEGylated liposome (2)

The process of coating liposome with PEG lipids is called PEGylation. PEGylation not
only increases the colloidal stability in a solution, but also promotes the biological stability,

which is crucial to achieve longer circulation times (276).

When in circulation, lipoproteins and opsonins interact with liposomes. Lipoprotein
interactions include lipid exchange, which ultimately leads to liposomes destruction (277).
Opsonisation is a process in which macromolecules like immunoglobulins are marked and

later cleared as part of the body’s defense mechanism. After being marked, targeted
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molecules are engulfed by special macrophages from reticuloendothelial system. Thus,
most of the typical liposomes are cleared from the circulation within a few minutes (278).
PEGylated liposomes can prevent the marking process as the PEG lipid long chains work
as a barrier against surface interaction with marker molecules. This modification can
change the circulation time from minutes to days (276, 278). A long circulating formation

is crucial for effective and organ-specific delivery of desired drugs and agents.

3.1.3 Drug Encapsulation

Drug molecules can interact with liposomes in several different ways depending on the
drug’s solubility and polarity. Water soluble drugs are easily encapsulated in the core
compartment whilst water insoluble drugs can be encapsulated in the hydrophobic
membrane. Encapsulation process can be either either passive or by active (remote
loading). In the passive method, hydrophilic drugs are entrapped automatically upon
hydration into the hydrophilic core of the liposomes. The encapsulating efficiency of this
method is low due to the small volumetric ratio of liposome core to surrounding medium
(279). Therefore, improved approaches such as remote loading have been developed to
increase the entrapment efficiency (280). In these methods, neutral drugs can move from
outside to the inside of the liposomes because of PH difference, and become charged once
they are inside (281). Therefore, they are not able to pass back outside of the liposomes.
The outside-inside concentration difference stays high and derives the outside drug to pass

through the membrane and deposit in the aqueous core of the liposomes.

Hydrophobic drug encapsulation however, should be approached by different methods.

One of the simplest methods that have been exploited for encapsulation of the hydrophobic
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drugs is to incorporate them with the lipids in the organic solvent before rehydration (282).
When encapsulated, they stay in the liposomal membrane as they have very low potency
to move to aqueous surrounding. There are limitation facing this approach for example
encapsulated molecules can undergo physiochemical changes, reducing their effectiveness

and activity during the process of liposome formation and extrusion (283).

3.1.4 Antibody Attachment

Over the past few years, different approaches have been developed to attach antibodies to
liposomal constructs (284, 285). This is achieved either by direct attachment of antibodies
to the lipid head group of non-PEGylated liposomes or by direct conjugation to PEGylated
liposomes (286). Although first method results in liposomes with effective targeting
ability, the constructed immunoliposomes are quickly cleared following administration to
the bloodstream. The second method however, yields longer lasting liposomes, but with
much lower targeting ability (287). Recently it is suggested to attach the targeting moieties
to the free terminus of PEG chains. Immunoliposomes constructed using this method were
effective in targeting desired cells. However, circulation time was inversely proportional
to antibody density (287). Anti-HER2 coated immunoliposomes, had better site-specific
delivery when the antibody was attached to the PEG chain compared to those in which the
antibody was attached to membrane surface (288, 289). Nowadays, targeting moieties are

usually attached to liposomes thorough PEG chains.

In order to attach a targeting moiety, PEG chains should be activated and functionalized.
Various forms of PEG-X are now commercially available in which X is a reactive

functionalized group to facilitate binding process. Most of these functionalized PEGs, use
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hetero bifunctional PEG derivatives, which contain hydroxyl and carboxyl or even amine
groups. Typically, the hydroxyl end-group of PEG lipids are modified to procedure a
urethane attachment to the hydrophobic lipid chain of the phospholipids. In another
method, which has been used in this project, PEG lipids are activated with maleimide
groups. Maleimide then attaches to thiol group which is functionalized on the desired
antibody. This method yields strong antibody-liposome binding, which facilitates the

targeting process.

3.2 Targeted Drug Delivery to the Injured Heart

The demand to deliver growth factors needed to revascularize injured myocardium and the
potential side effects of using systemic delivery methods have initiated the interest to
develop heart specific delivery approaches (290). Various methods and techniques have
been developed for this purpose. Here we briefly review these approaches and their

advantages and disadvantages.

Direct injection of drugs and agents to the myocardium has been suggested to deliver
drugs with low half-lives as quickly as possible to the infarcted region (291-294). This
approach has been used to deliver VEGF, which had significant improvements in cardiac
remodeling (295). Intra-cardiac injection of adeno-cyclin has shown to have beneficial
effects and improve cardiac function (296). Koch et al. showed that direct injection of
adenovirus containing calcium S100A1 gene into the infarcted myocardium promoted the
expression of S100A1, resulting in better handling of calcium in sarcoplasmic reticulum
and ultimately improved contractile function and left ventricular remodeling (297). In

another study, direct intra-myocardial injection of VEGF encoding plasmids to the
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infarcted myocardium of pigs, showed to promote cardiomyocyte mitosis (298). Despite
these promising results, direct delivery of agents has difficulties due to nonstop pumping
and vigorous shear forces in the heart which in turn quickly clear and reduce the

bioavailability of the drug at the site of injury.

High frequency heart focused ultrasound beams can be used to achieve heart specific
delivery. Ultrasound energy can be used to disturb the vehicle integrity and unload
encapsulated drugs only at the site of the injury (299). The disruption of the vehicles can
at the same time induce disruption in endothelium which helps with the uptake of the
released drug. High frequency ultrasound delivery has been used to deliver VEGF encoding
gene to the infarcted myocardium in a rat Ml model and showed that the expression of
VEGF in the ischemic myocardium was higher in ultrasound treated animals compared to
control (300). Although effective, this approach faces complexities as it is difficult to focus
the energy beam directly to desired site. Focusing the ultrasound beam, directly to the
infarcted region is very complicated. Also, during its passing through the chest cavity the

energy beam can lose its energy and effectives.

Nanocarriers can accumulate in the infarcted myocardium due to high permeability of the
endothelium post-IR (301). For example, polymeric micelles passively accumulate the
infarcted tissue based on their small size (7-20 nm in diameter) (302). Although effective,
a more efficient delivery can be achieved by actively targeting vehicles to specific
upregulated ligands in the injured site. Following IR, cardiac cells which are going through
apoptosis and necrosis lose their membrane integrity. Cytoskeletal proteins are therefore
revealed which can in turn be targeted for site specific delivery purposes (303). Torchilin

et al. have developed liposomes tagged with anti-myosin antibodies and showed that not
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only these liposomes accumulate in the infarcted myocardium but also, they can save
cardiomyocyte from death by fusing and sealing the membrane. Following this treatment,

the infarct size was significantly reduced compared to non-treated animals (303).

Another sets of molecules which have recently been exploited as targeting ligands are the
adhesion molecules (304). Following IR, there is a significant increase of adhesion
molecules such as P-selectin and ICAM-1 on the surface of endothelium in the infarct and
border zone. A process that is necessary for infiltration of inflammatory cells (305).
Upregulation of P-selectin has been detected 4 h after infarction which is remained elevated
than normal up to 48 hours after the acute phase of infarction. Immunoliposomes labeled
with anti-P-selectin have been used to target VEGF following myocardial infarction (290).

This treatment increased cardiac function, detected 4 weeks post treatment (306).

In our study we have adopted the P-selectin coated liposomal based targeted delivery
method, and developed a DCCI encapsulating myocardium specific delivery construct. We
then investigated whether targeted administration of DCCI is effective in reducing
excessive ISP activity following IR and compared its efficacy to the same and higher doses
of systemic DCCI administration. Further we evaluated the effects of targeted DCCI
administration on infiltration of inflammatory cells. Also, we investigated the effects of
targeted DCCI administration on cardiac function, and compared it to systemic delivery to
evaluate whether targeted delivery method enhances cardio protective effects of DCCI.
The ability to save in-danger cardiomyocyte is the pillar of our therapeutic approach.
Therefore, we evaluated the effects of targeted delivery of DCCI on cardiomyocyte death

and subsequent infarct size following IR. Finally, we evaluated the effects of targeted
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delivery of DCCI on fibrosis and remodeling in animals treated with DCCI encapsulated

immunoliposomes and compared it to systemic delivery method.

These results can be found in the next chapter in the form of a paper, which is being

prepared for submission to Circulation Journal.
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4.1 Abstract

Introduction: Neutrophil- and mast-cell-mediated inflammation accounts for substantial
fraction of the myocardial injury occurring after ischemia reperfusion (IR). However, no
standard anti-inflammatory therapy has been developed for clinical myocardial IR injury.
Here, we designed and tested a novel immunoliposomal drug delivery vehicle targeting
neutrophil- and mast cell-derived serine proteases, cathepsin G and chymase, to enhance

specific delivery of drug carriers to the infarct region.

Methods and Results: C57BL/6 mice were subjected to myocardial ischemia for 30
minutes followed by reperfusion for 1 and 7 days and the effect of a potent non-peptide
dual inhibitor of cathepsin G and chymase (DCCI) on inflammation and cardioprotection
were characterized. DCCI was delivered just after reperfusion either systemically (2 or 10
mg/kg, i.v.) or encapsulated in anti-P-selectin conjugated immunoliposomes (ILPs) (2
mg/kg, i.v.). Targeted delivery of DCCI-loaded ILPs reduced cardiac levels of cathepsin G
and chymase activity induced at day 1 and 7 post-IR and attenuated neutrophil infiltration
in the infarct region compared to mice treated with empty ILPs. ILP targeted delivery of
DCCI also reduced myocyte apoptosis (-35% in TUNEL+ myocytes, p<0.05), limited
infarct size (-45%, p<0.05) and improved cardiac function (+10% in ejection fraction,
P<0.05) post-IR compared to empty ILP-treated mice. Interestingly, DCClI-loaded ILPs
significantly reduced fibroblast proliferation and differentiation to myofibroblasts, which
resulted in less collagen accumulation. Equivalent doses of DCCI (2 mg/kg/d) administered
systemically were not efficacious. However, structural and functional improvements
similar to those obtained with targeted delivery of DCCI were obtained with systemic

delivery of higher dose of DCCI (10 mg/kg/d).
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Conclusions: These findings reveal the role of neutrophil- and mast-cell-derived proteases
as key mediators of myocyte apoptosis and cardiac dysfunction post-IR and show that
immunoliposomal targeted inhibition of inflammatory proteases could be used as future

therapy to enhance cardiac remodeling and function post-IR.

4.2 Introduction

Restoration of blood flow after acute myocardial infarction limits infarct size and reduces
mortality. However, reestablishing blood flow is often followed by a second set of stresses,
a phenomenon referred to as ischemia-reperfusion (IR) injury, which can result in
additional myocardial damage and may account for up to half of total infarct size (223,

224).

A large amount of the early cardiac tissue damage that occurs during inflammation post-
IR is mediated through early activation of neutrophils and mast cells, which produce
reactive oxygen radicals and release granules containing proteolytic enzymes (307).
Inflammatory serine proteases (ISPs) are enzymes derived from neutrophils, such as
cathepsin G (Cat.G), elastase, and proteinase 3, and from mast cells, such as chymase and
tryptase (158). ISPs are known mainly for their function in the intracellular killing of
pathogens (228, 229). Their extracellular release upon leukocyte activation is traditionally

regarded as the primary reason for tissue damage at the sites of inflammation (308).

We have previously shown that excessive activity of cathepsin G and chymase following
IR stimulates cardiomyocyte apoptosis and induces cardiac injury and dysfunction. At the
same time, ISPs induce fibroblast proliferation, migration and subsequent fibrosis of

myocardium (309). Administration of a potent dual inhibitor of cathepsin G and chymase
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following IR can attenuate these adverse outcomes. Despite the cardioprotective effects
observed by administration of DCCI, systemic delivery of effective doses of DCCI may be
associated with complexities due to non-specific inhibition of ISPs enzymatic function in

other organs and cells.

Targeted delivery approaches may enable us to dodge these adverse side effects by
increasing organ specificity of administrated DCCI. Various approaches have been
developed over the past few years for a heart specific delivery of agents and therapeutics
(310). One of the most frequently used delivery systems are the nano-particulate drug
carriers that often passively accumulate in regions of high vascular permeability such as
those present in the infarct tissue at a rate several times higher than that observed in the
adjacent normal myocardium (14). The upregulation of a number of endothelial cell
adhesion molecules, including intercellular adhesion molecule-1 (ICAM-1) and platelet
selectin (P-selectin) within the injured tissue was used recently as targets for treatment or

selective delivery of therapeutic agents to the infarct region (304, 306).

In the present study, we describe how immunoliposome (ILP) encapsulated DCCI is
effective in targeting injured myocardium of mice subjected to IR and that targeted DCCI
administration is efficient in reducing cathepsin G and chymase activity and pathological
remodeling associated after IR. We Also show that it reduces collagen deposition within
the myocardium and prevents left ventricular dysfunction. Our findings provide evidence
that dual targeted inhibition of cathepsin G and chymase may be of therapeutic benefit in

protecting the heart from IR injury.

4.3 Methods
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Experimental protocol: All animals were kept in accordance with protocols approved by
the Animal Care and Use Committee of Temple University. Ten weeks-old C57BL6 male
mice were anesthetized with a mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg)
and left thoracotomy was performed under mechanical ventilation. Body temperature was
maintained by a heated surgical platform and was monitored throughout surgery using a
rectal sensor. A 6-0 suture with a slipknot was tied around the left anterior descending
(LAD) coronary artery to produce ischemia. Consistent elevation of the ST segment was
observed in lead Il tracings following occlusion of the LAD coronary vessel. Regional
ischemia was confirmed by visual inspection under a dissecting microscope (Nikon) by
discoloration of the occluded distal myocardium. The ligation was released after 30
minutes of ischemia and the tissue was allowed to reperfuse as confirmed by visual
inspection. The chest wall was closed with 8-0 silk and then the animal was removed from
the ventilator and kept warm in the cage maintained at 37°C overnight. A sham procedure
constituted the surgical incision without LAD ligation. Hearts were harvested after 1 or 7

days of reperfusion.

To investigate the role of Cat.G and chymase inhibition, mice were randomly divided into
8 major groups, consisting of: (1) sham mice receiving systemic or ILP encapsulated DCCI
(EMD Millipore, 219372) (10 or 2 mg/kg and 2mg/kg of body weight respectively; n=8);
(2) sham mice receiving either vehicle (0.1% DMSO in NaCl 0.9%; n=8) or empty ILPs
(n=8); (3) IR mice receiving 10 mg/kg DCCI (n=8); and (4) IR mice receiving vehicle
(0.1% DMSO in NaCl 0.9%, n=8). DCCI or its vehicle were administered by means of
single intravenous bolus injection immediately after reperfusion of the ischemic
myocardium (for mice subjected to IR for 24 h and 7 days targeted delivery) and treated
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daily via intraperitoneal injection (for mice subjected to IR injury and systemic 7 days

treatment).

Preparation of DCCI Immunoliposomes Conjugated to Anti-P-Selectin:

Liposomes are composed of 44% molar ratio of hydrogenated soy L-a-
phosphatidylcholine (HSPC), 44% molar ratio of cholesterol, 2% molar ratio of 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[(polyethylene glycol)2000] (DSPE-
PEG2000), 2% molar ratio of DSPE-PEG-maleimide (Avanti,Alabaster, AL), 1% molar
ratio of fluorescence lipid 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(Cyanine 5)
(Avanti), and 8% molar ratio of DCCI. After mixing in excess amount of chloroform.
Solvent was removed under vacuum overnight and then lipid film was rehydrated with PH
7.4 phosphate buffered saline. The lipids were then extruded at 60°C (Lipex, Canada) 10
times with a 0.2-um filter and then 10 times with 0.1-um filter (Nucleopore; General
Electric Co., Pleasanton, CA, USA), yielding liposomes with 100nm+10 nm diameter, as
was measured by optical scattering using a particle sizer (Zetasizer 1000 HAS; Malvern
Instruments, Malvern, UK). Non-capsulated DCCI was then removed by a hand filtering

system (X1-500S-100-20N, Spectrum Labs, CA, USA).

Stealth liposomes were conjugated to either 1gG anti-mouse or 1gG2a mAb RMP-1 to
mouse P-selectin. The anti-P-selectin storage buffer was separated using a centrifuge filter
system (Microcon YM-30, Millipore, MA, USA). The immunoliposomes were
resuspended in a 60-uM triethanolamine (TEA), 100 mM NacCl, and 1 mM EDTA buffer
(pH 8.0). Anti P-selectin antibody was thiolated using iminothiolane and then resuspended

in Tris-saline buffer (PH 6.0) using the Microcon centrifuge filter system. To attach the
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antibody, liposomes were incubated with thiolated anti P-selectin for 24 hours at 4°C. Free
antibodies were then separated using the Spectrum hand filtration system. A similar
process with the exception of DCCI addition was used to prepare empty anti-P-selectin

conjugated immunoliposomes.

Data Analysis: Summary data are presented as mean £ SEM. For comparisons of >2 groups, two
way ANOVA was employed followed by Tukey's post hoc test. Two group comparisons were

analyzed by the two-sample t test,. A value of p<0.05 was considered statistically significant.

4.4 Results

DCCI can be encapsulated passively by self-assembled anti-P-Selectin coated

immunoliposomes.

We have used self-assembly method to encapsulate DCCI in 100 nm diameter anti-P-
Selectin tagged immunoliposomes (ILPs). Encapsulation of DCCI did not significantly
change size and zeta potential distribution of ILPs (Figures 1A and 1B). To confirm the
attachment of antibody to DCCI encapsulating ILPs, we performed binding assay test. We
observed that ILPs coated with anti-P-Selectin had significantly higher binding to P-
selectin coated surface, compared to those coated with 1gG (Figure 1C). The encapsulated
efficiency of DCCI was measured using enzymatic activity assay. Using DCCI as standard,
encapsulated DCCI is measured at 0.2 mg/ml of ILPs preparation (Figure 1D). To verify
that the measured DCCI activity is from encapsulated and not free DCCI, we measured the
ability of inhibiting Cath.G activity with or without the presence of Igpal, an organic

solvent able to break ILPs and free the encapsulated DCCI. We observed that ILPs not
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incubated with Igpal had insignificant Cath.G inhibition compared to those incubated with

Igpal (Figure 1E).

Targeted DCCI treatment attenuates the severity of the acute inflammatory response

after IR

To evaluate the efficacy of targeted inhibition of Cat.G and chymase in attenuating IR
mediated inflammation, we treated mice with DCCI, either systemically or targeted via ILP
encapsulation. For targeted delivery of DCCI, 2mg/kg of ILP encapsulated DCCI was
administrated intravenously at the reperfusion time at of mice body weight. For systemic
delivery, DCCI was administrated at the time of reperfusion at either 2mg/kg/d or
10mg/kg/d intravenously for the first day and after that repetitive intraperitoneal injection
till 7 days post reperfusion. Mice were sacrificed either at 1day (a time point coinciding
with peak inflammatory cell infiltration and myocyte loss) and at 7 days post-IR,

coinciding with peak scar formation and repair.

First, we investigated whether DCCI is effectively delivered to the injured myocardium.
We integrated fluorogenic lipids into the DCCI encapsulated ILPs noticed high amount of

ILP accumulation in the infarcted myocardium 1 day post IR (Figure 2A).

Consistent with this result, we observed that at 1 and 7 days post-IR Cat.G and chymase
enzymatic activities were attenuated in both 10 mg/kg/d systemic and 2 mg/kg targeted
DCCI delivery compared to either vehicle or empty ILP treated mice. No significant
reduction in these proteases was observed with systemic delivery of 2 mg/kg/d of DCCI
(Figure 2D, 2E). Also, we measured the off-target effects of administration of effective

doses of systemic and targeted DCCI administration and observed that those animals
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treated with 10 mg/kg/d of systemic DCCI had significantly lower ISP activity in the spleen

whilst no reduction of activity was observed in animals treated DCCI encapsulated ILPs.

Myocardial myeloperoxidase (MPO) activity was measured to determine the impact of
DCCI on the infiltration of inflammatory cells after IR. In both systemic 10 mg/kg/d and
targeted 2 mg/kg DCCl-treated mice, MPO activity was markedly reduced compared to
those treated either with vehicle or empty ILPs treated mice (Fig. 3C). Post-IR
immunohistological examination of hearts confirmed these data (Fig. 3A and 3B), as the
number of MPO-positive neutrophils were markedly reduced in the infarcted regions of
administration effective method of DCCI groups compared to either vehicle or empty ILP-

treated animals.

Targeted inhibition of Cat.G and chymase improves cardiac function.

We next explored and compared the effect of Cat.G and chymase inhibition on cardiac
function at 1 and 7 days post-IR and compared it to systemic inhibition. Neither targeted
nor systemic delivery of DCCI did alter baseline heart weight-to-body weight ratio, heart
rate, or LV dilatation in sham-operated animals (tables 1-4). However, systemic delivery
of 10 mg/kg/d and targeted delivery of 2 mg/kg of DCCI displayed a significant
preservation in post-IR cardiac function versus either vehicle or empty ILPs treated mice,
including LV ejection fraction and fractional shortening (Figures 4A and 4B). LV end-
systolic and diastolic dimensions (Figures 4C and 4D) were also shown to undergo better
preservation post-IR in this two DCClI-treated groups- versus either vehicle or empty ILPs-
treated mice. No improvement was observed in animals treated with systemic

administration of 2 mg/kg/d compared to vehicle treated mice (Supplemental Figure S1).
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Morphometric analysis indicates the presence of cardiac hypertrophy and concomitant
signs of cardiac failure, such as an increase in lung weight, in vehicle-treated mice and
mice treated with empty ILPs, whereas only the latter pathological response was reduced

in the DCCl-treated mice at 7 days post-IR (Supplemental Figure S2).

Infarct size measurements as percentage of area at risk or LV circumference indicated 27
+2% and 35 £4% of the LV to be affected by the infarct at 1day for empty ILP and vehicle
treated mice, and 37+6% and 36+5% 7 after IR in ILP and vehicle treated mice
respectively, whereas the infarct accounted for 17 £3% and 26 +2% of the LV in 10 mg/kg
systemic and 2 mg/kg targeted DCCI administrated mice at 1 day and 20 +3% and 23 5%
for 10 mg/kg systemic and 2 mg/kg targeted DCCI administrated mice at 7 days post-IR.
(Figures 4E and 4F). Thus, the integrity of the infarcted area was maintained after IR in
targeted DCClI-treated mice with reduced LV dilatation compared to either vehicle or

empty ILP treated mice, which results in a better cardiac function post-IR.

Targeted dual inhibition of Cat.G and chymase is cardioprotective.

The main factor contributing to infarct size and cardiac dysfunction developed after IR is the level
of cardiomyocyte loss. We measured cardiomyocyte apoptosis in vehicle, empty ILP, systemic
DCCI and targeted DCCI via terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL). As expected from the effect of ISP inhibition, mice which were treated with either 10
mg/kg of systemic DCCI or 2 mg/kg of targeted DCCI had a reduced number of TUNEL-positive
myocytes 1 day following reperfusion compared to those treated with either vehicle- or empty ILPs.
(Figures 5A, 5B). Cardiac caspase-3 activity (Figure 5C) was also reduced in these two DCCI-
treated groups versus vehicle or empty ILP treated mice 1 day post-IR. These data collectively

show cardioprotective effects of targeted administration of DCCI following IR.
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Targeted delivery of DCCI attenuates profibrotic remodeling induced after IR injury.

We have previously shown that Cat.G and chymase have distinct effects on cardiomyocytes
and fibroblasts. Although lethal when treated on cardiomyocytes, we have previously
shown that ISPs induce migration and differentiation of fibroblasts. Here we explored the
potential effect of targeted delivery of DCCI on cardiac fibrosis and remodeling responses
post-IR and compared it to systemic delivery of higher doses of systemic delivery of DCCI.
Collagen fractional area in the non-infarcted region of the heart was not different between
DCCI- and vehicle-treated groups (Figs. 6A and 6B). However, both systemic delivery of
10mg/kg/d and targeted delivery of 2 mg/kg DCClI-treated mice had significantly less
collagen accumulation in the infarcted region compared with vehicle-treated mice at day 7
post-IR. To determine the mechanisms of decreased collagen accumulation after DCCI
treatment, we evaluated accumulation of myofibroblasts, which are a primary source of
extracellular matrix (ECM) protein synthesis in the infarcted myocardium (239). Analysis
of smooth muscle a-actin (SMA) staining showed minimal accumulation of myofibroblasts
in sham-operated hearts (not shown) which progressively increased in vehicle-treated mice
and mice treated with empty ILPs infarcts (Figs. 6A and 6C). DCClI-treated mice showed
reduced myofibroblasts density a decreased accumulation of profibrotic CTGF and TGF-3
protein expression in the infarcted heart (Figs. 6D). We also investigated whether DCCI
treatment affects ECM degradation after IR as gelatinase activity, was significantly
reduced in the infarcts of DCCI- versus vehicle-treated mice 7 days post-IR (Fig. 6E).
Thus, inhibition of Cat.G and chymase activity results in fibroblast differentiation and
activity following IR that is associated with diminished ECM accumulation and preserved
cardiac contractile dysfunction.
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45 Discussion

Excessive enzymatic activity of ISPs is a major source of myocyte death and cardiac
dysfunction as well as excessive fibrosis and adverse remodeling following onset of IR
(311). In our previous study, we have shown that prolonged inhibition of cathepsin G and
chymase, two major ISPs known to be potent in affecting cellular function, can minimize
these effects. However, this approach may face difficulties due to non-specific attenuation
of ISPs activity in remote organs or potential side effects such as impaired mobilization of
leukocytes, which are beneficial in cardiac healing and repair. Therefore, in this study, we
evaluated the potentials of targeted delivery of DCCI using an anti-P-selectin tagged
immunoliposomal delivery system which has previously shown to effectively target the

injured myocardium.

We were able to encapsulate DCCI with minimum disturbance to the ILPs structure and
functionality. Using this targeted platform, low administrated doses were effective to
inhibit excessive ISP activities following IR, when the systemic administration of the same
doses of DCCI was inefficient to do so. This may be point at high myocardium specific
biodistribution of DCCI encapsulated ILPs. The decrease in cathepsin G and chymase
activity in animals treated with DCCI encapsulating ILPs, attenuated pathological severity
of the cardiac inflammatory response such as myocardium exposure to the infiltration of
neutrophils and correlated MPO activity, which is known as a contributor to myocardial

tissue injury.

Although the elevated activities of most ISPs such as neutrophil released cathepsin G and
elastase are transient and attenuate after the first 24 hours post IR, other types of ISPs such

as mast cell released chymase have shown persistent elevated activities even at 7 days post
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IR. Therefore, to keep the DCCI therapeutic index above effective values, repetitive
administration of high doses is required, which can significantly increase the risk of
toxicity and side effects. Also, systemic inhibition of ISPs in late stages post IR can affect
infiltration of beneficial leukocytes such as macrophages which are responsible to initiate

healing process.

This may affect ISPs functions in remote organs as well as other inflammatory cells that
are important in the healing process, such as macrophages. The myocyte loss following IR
is the primary source of cardiac dysfunction and following pathological deterioration of
myocardium integrity. We observed a substantial decrease in cardiomyocyte apoptosis in
the ischemic hearts of mice treated with DCCI encapsulated ILPs, which was comparable
to cardioprotective effects observed in mice treated with significantly higher doses of
systemic DCCI. This reduction in number of apoptotic cells, observed in mice treated with
targeted DCCI, correlated with the significant reduction of the infarct size both 1 and 7
days post IR in these mice. These results may be due to the absence of Cat.G/chymase or
the resultant limited exposure to myeloperoxidase or other inflammatory cell-derived

cytokines/chemokines underlie this decrease in apoptosis.

Several studies have demonstrated cardiomyocyte apoptosis after reperfusion of ischemic
hearts and the correlation between the number of apoptotic cells and the severity of cardiac
dysfunction (243). Expectedly, cardiac function was significantly improved in targeted
DCCl-treated mice which was comparable to the improvement observed in mice treated

with high doses of systemic DCCI.
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Tissue fibrosis that develops after IR is contributed to apoptosis of myocytes, and at the
same time myofibroblasts accumulation. Here we observed that consistent with reduced
apoptosis and tissue infarct, mice treated with either low doses of targeted DCCI or high
doses of systemic DCCI had attenuated ECM deposition compared to those treated with
either vehicle or empty ILPs. Furthermore, these treatments reduced accumulation of
myofibroblasts and expression of both TGF-p and CTGF accumulation in the infarcted

heart at day 7 post IR.

The current study provides evidence that targeting neutrophil- and mast cell-derived
proteases was efficient in protecting the heart from the early myocyte death, excessive
fibroblast migration and ECM accumulation that contribute to adverse cardiac remodeling
and contractile dysfunction. We previously have shown that systemic inhibition of Cath.G
and chymase is beneficial as they share same active sites and targets. Although to inhibit
the prolonged activity of chymase after onset of IR, everyday injection of DCCI is required
which may intensify the adverse effects of ISP inhibition in remote organs. However,
taking advantage of slow and tissue specific delivery of ILPs, can address this issue. In
conclusion, a myocardium specific dual inhibition of Cat.G and chymase is effective in
reducing the pathologic severity related to IR injury in association with its ability to limit
myocardial proteolytic activity and at the same time preventing non-specific ISP inhibition
in other organs. Thus, this platform can potentially be considered as a future therapeutic

intervention for IR injury.

Promising results from our study suggest the potential of using this immunoliposomal
delivery platform for delivering anti-inflammatory agents. Slow and myocardium specific

delivery characteristics of the ILP based delivery method can address the issues facing
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traditional anti-inflammatory approaches and therefore, may open a new avenue to revisit

those failed clinical trials aiming at inhibiting inflammatory response.
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4.6 Figures and Legends
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Figure 4-1: DCCI can be encapsulated in long lasting immunoliposomes. (A) ILPs
size distribution measured using zeta particle sizer. (B) ILPs zeta potential distribution
measured using zeta potential sizer. (C) Fluorogenic intensity of liposomes coated with
either anti P-Selectin or IgG antibody and incubated with P-selectin coated 96 well plate
and vigorous washing. (D) The inhibitory effect of DCCI encapsulating ILPs was
compared by free DCCI to determine the amount of DCCI encapsulated. Results are
expressed as relative fluorescence units (RFU)/min (n=3 from 3 different ILPs
preparations). (E) The inhibitory effect of ILPs in the presence and absence of Igpal was
measured to determine the amount of free and encapsulated drug. Results are expressed
as relative fluorescence units (RFU)/min (n= 3 from 3 different ILPs preparations).

81



B [ Sham c 1 Sham
@ IR 1d = IR 1d
. I IRTd M R7d
600 1800
P
= = o
& £400 : ToBE g
B s o £ 1200 . ot
9> 300 é S 1000 T
@ +1]
8% 000 = 800
O 600
100 400
Empty ILP - DCC Empty  ILP - Dcal
ILP  +DCCI ILP  +DCCI
D 1 Sham E ] Sham
@ IR 1d = IR 1d
500 M R 7d 18 M R7d
= 16
400 =
= gF M
ZE ©E 12
2 £ 300 2E 10
035 g g
®Z 200 23
o= O 5}
. 100 4
Figure 2 - DCC - DCC

Figure 4-2: ILP encapsulated DCCI is specifically delivered to the injured
myocardium and is effective to inhibit excess ISP activity. (A) Green lipid infused
immunoliposomes co-stained with actin in the infarcted LV 6hrs post reperfusion. (B)
Cathepsin G (Cat.G), chymase (C) activity in the infarcted LV of animals treated with
either 2mg/kg targeted or 10mg/kg/d systemic as determined by enzymatic activity assay
(n=6 for each groups). (D) Cat.G (E), chymase (D) activity in the infarcted LV of animals
treated with 2mg/kg/d systemically or vehicle as determined by enzymatic activity assay
(n=5 for each groups). Values are presented as mean = SEM, “P < 0.05 vs. shams, :P <
0.05 vs. vehicle-treated IR.
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Figure 4-3: DCCI treatment attenuates inflammation in the reperfused heart. (A,B)
representative MPO staining and relative quantification of paraffin-embedded heart
sections from sham or mice subjected to ischemia reperfusion (IR) Scale bar: 40um. (C)
Activity in the infarcted LV as determined by enzymatic activity assay (n=6 for each
groups). Values are presented as mean + SEM, *P < 0.05 vs. shams, TP < 0.05 vs.

vehicle-treated IR.
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Figure 4-4: DCCI improves cardiac function post-IR. (A-D) Echocardiography
measurement of Left ventricular (LV) ejection fraction (EF) (A), fractional shortening
(FS) (B) and LV internal diameter (LVID) in systole (C) and diastole (D). (E)
Representative images of Tetrazolium staining or Masson’s trichrome staining on
transverse heart sections at day 1 and 7 days post-IR, respectively. (F) Quantification of
the infarcted area at 1 and 7 days post IR (n=5 for each groups). Values are presented as
mean + SEM, *P < 0.05 vs. sham, TP < 0.05 vs. vehicle-treated IR.
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Figure 4-5: Effective doses of DCCI administration offers cardioprotection
after acute IR. Ischemia reperfusion (IR) was induced for 24 h. (A) LV tissue
sections were assessed for apoptosis using TUNEL assay (green), tropomyosin (red),
and DAPI (4',6-diamidino-2-phenylindole) (blue) staining. Scale bar: 40 um. (B)
The number of TUNEL-positive myocytes (B) and non-myocytes in the reperfused
area was expressed as a percentage of total nuclei detected by DAPI staining (n=5
each group). (C) Quantification of caspase-3 activity in the LV using caspase-3
specific fluorogenic substrate (n=6 each group). (D) Immunoblot analysis indicates
a decrease in pro-apoptotic signaling in the infarcted region of mice treated with
DCCI or empty ILP or vehicle post-IR. Top: Representative immunoblots. Bottom:
Quantification of experiments represented as fold change compared to shams (n=6
each group). GAPDH was included as a loading control. Values are presented as

mean = SEM, *P < 0.05 vs. shams, -rP < 0.05 vs. vehicle-treated.
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Figure 4-6: Effective doses of DCCI reduces fibrosis differentiation and improves
cardiac remodeling after IR. Ischemia reperfusion (IR) was induced for 7 days. (A)
Picro-sirus red staining and immunohistochemistry against smooth muscle o-actin
(SMA) show reduced collagen and myofibroblast deposition in the injured myocardium
of mice treated with DCCI compared to those treated with either empty ILP or vehicle.
(C) Gelatinase activity assay in animals subjected to IR and treated with either vehicle
or DCCI (n=5 for each groups). (D) Immunoblot analysis indicates a decrease in
profibrotic signaling molecules in the infarcted region of mice treated with DCCI vs.
the treatment with either empty ILP or vehicle post-IR. Top: Representative
immunoblots. Bottom: Quantification of experiments represented as fold change
compared to WT animals (n=6 for each groups). GAPDH was included as a loading

control. Values are presented as mean = SEM, "P<0.05vs. shams, P< 0.05 vs. vehicle-
treated IR.
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4.7 Supplemental Figures and Tables

Supplemental Table 1: Summary of heart weight, body weight and echocardiographic

measurements in 24 h post reperfusion in sham and IR mice treated with either empty or

DCCI encapsulated ILP.

Sham 1d IR

Empty DCCI Empty DCCI

(n=6) (n=6) (n=8) (n=8)
HR (bpm) 456 +15 486 +16 471 #11 490 +27
HW (mg) 130 +2 115 +3 131 +4 118 +6
BW (g) 25 +1 25 +2 22.6 +2 24 +2
HW/BW (mg/g) 7.9+0.2 4.7 0.3 5.6 +0.2 5.1+0.1
LV Vold (ul) 68 +8 59 +4 82 +6* 72 +4*1
LV Vols (ul) 30 +5 28 +4 50 +5% 41 #4%t
LVPWTd (mm) 0.70 +0.02 0.71 £0.02 0.64 +0.03* 0.59 +0.03*
LVPWTs (mm) 1.00 £0.04 1.04 £0.04 0.87 +£0.02* 0.76 +0.03*

HR indicates heart rate; HW, heart weight; BW, body weight; LV Vold, LV volume during

diastole; LV Vols, LV volume during systole; LVPWTd, LV posterior wall thickness

diastole; and LVPWTSs, LV posterior wall thickness systole. *P<0.05 vs. shams, 1P<0.05

vs. non-treated IR.
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Supplemental Table 2: Summary of heart weight, body weight and echocardiographic

measurements in 7 days post reperfusion in sham and IR mice treated with empty or

DCCI encapsulated ILPs.

Sham 7d IR

Empty DCCI Empty DCCI

(n=6) (n=6) (n=8) (n=8)
HR (bpm) 466 +14 459 +24 486 +22 457 +14
HW (mg) 128 +2 130 +7 200 +11* 150 +10*"
BW (g) 25 +2 25 +2 25 +1 25 +2
HW/BW (mg/g) 4.9 0.2 5.3+0.3 5.9 +0.4* 6.1 £0.3*
LV Vold (ul) 76 +7 78 +10 97 +4* 98 +3*T
LV Vols (ul) 30 3 32 +6 59 +3* 56 +3**
LVPWTd (mm) 0.60 £0.01 0.69 +0.01 0.60 +0.02* 0.52 +0.02*
LVPWTs (mm)  0.95 + 0.06 1.02 +0.03 0.71+£0.04*  0.71 £0.03*

HR indicates heart rate; HW, heart weight; BW, body weight; LV Vold, LV volume during

diastole; LV Vols, LV volume during systole; LVPWTd, LV posterior wall thickness

diastole; and LVPWTs, LV posterior wall thickness systole. *P<0.05 vs. shams, 1P<0.05

vs. non-treated IR.
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Supplemental Table 3: Summary of heart weight, body weight and echocardiographic

measurements in 24 h post reperfusion in sham and IR mice treated or not with

10mg/kg/d of DCCI.
Sham 1d IR
- DCCI - DCCI

(n=6) (n=6) (n=8) (n=8)
HR (bpm) 446 £15 466 £16 487 £11 490 £27
HW (mg) 115 +2 115 +3 118 +4 118 +6
BW (g) 23 +1 25 +2 23 +2 24 +2
HW/BW 5.1+0.2 4.7 £0.3 55+0.1 5.1%0.1
(mg/g)
LV Vold (ul) 69 +8 59 +4 88 +6* 72 +4*F
LV Vols (ul) 29 +5 28 +4 57 +5* 41 +4*
LVPWTd (mm)  0.72 +0.02 0.71 +0.02 0.61+0.03*  0.59 +0.03*
LVPWTs (mm) 1.05 +0.04 1.04 £0.04 0.77 £0.02* 0.76 £0.03*

HR indicates heart rate; HW, heart weight; BW, body weight; LV Vold, LV volume during

diastole; LV Vols, LV volume during systole; LVPWTd, LV posterior wall thickness
diastole; and LVPWTs, LV posterior wall thickness systole. *P<0.05 vs. shams, 1P<0.05

vs. non treated IR.
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Supplemental Table 4: Summary of heart weight, body weight and echocardiographic

measurements in 7 days post reperfusion in sham and IR mice treated or not with

10mg/kg/d of DCCI.
Sham 7d IR
- DCCI - DCCI

(n=6) (n=6) (n=8) (n=8)
HR (bpm) 470 +14 451 +24 446 +22 456 +14
HW (mg) 124 +2 126 +3 132 £10* 153 +7*7
BW (g) 25 +2 26 +2 24 +1 26 +2
HW/BW 5.0+0.2 4.8 £0.3 5.9 £0.4* 6.1 +0.3*
(mg/g)
LV Vold (ul) 70 £7 77 £10 112 +4* 95 +3*T
LV Vols (ul) 28 +3 33 16 74 £3* 59 +3*T
LVPWTd (mm) 0.63 +£0.01 0.61 +0.01 0.56 +0.02* 0.54 +0.02*
LVPWTs (mm)  0.85+0.06 0.87 £ 0.03 0.69 + 0.04* 0.66 +0.03*

HR indicates heart rate; HW, heart weight; BW, body weight; LV Vold, LV volume during

diastole; LV VOLs, LV volume during systole; LVPWTd, LV posterior wall thickness
diastole; and LVPWTs, LV posterior wall thickness systole. *P<0.05 vs. shams, 1P<0.05

vs. non-treated IR.
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Figure S1: 2mg/kg/d systemic DCCI offers no improvement in cardiac
function post-IR. (A, B) Echocardiography measurement of Left ventricular
(LV) ejection fraction (EF) (A), fractional shortening (FS) (B). Values are

presented as mean £ SEM, P <0.05 vs. sham, P <0.05vs. vehicle-treated IR.
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Figure S2: DCCI administration affects remodeling following IR (A, B)
Morphometric measurements of heart weight to body weight (HW/BW) (A),
Lung weight to body weight (LW/BW) (B). Values are presented as mean + SEM,

*P < 0.05 vs. sham, TP < 0.05 vs. vehicle-treated IR.
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CHAPTER 5

CONCLUDING REMARKS

Inflammatory response is the main mechanism dissipating pathogenic contaminations
(312). This hostile function raises the hypothesis that the intense inflammatory response
associated with sterile injuries similarly exerts damage to healthy tissue (313). One of the
best-known examples of sterile injury associated with intense inflammatory response is
myocardial injury. The intense inflammatory response associated with this injury

reportedly exerts additional injuries on the delicate structure of the heart (314).

In the late 80s and early 90s, this hypothesis was tested in animal models of ischemia and
ischemia reperfusion (315). Several studies demonstrated that treatments with antibodies
neutralizing specific mediators including cytokines, chemokines and adhesion molecules
showed significant reduction of infarct size and better cardiac function following ischemia
and ischemia reperfusion (316). These overwhelmingly positive results pushed for quick
transition to clinical trials. Unfortunately, all approaches to use anti-inflammatory
pathways (i.e. anti-integrin therapy, anti-leukocyte therapy, anti-TNFa neutralizing

antibodies, or anti-steroids) to treat patients with an ischemic episode failed (317).

As the initial interest to target systemic inflammation faded, the question remains whether
this field is dead or requires a revised view (318). Over the past 15 years, a better
understanding of inflammation biology has altered the simplified views of the past leading
to identification of both protective and injurious pathways activated by inflammatory

components (319, 320). These discoveries support the idea of the inflammatory response
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as a complex and multifaceted phenomenon. Therefore, a paradigm shift is needed in the
therapeutic approaches to specifically target the deleterious components of inflammatory

response whilst protecting the beneficial ones (321).

A potential scenario explaining failed clinical trials may be associated with complexities
related to the effect of anti-inflammatory drugs on other inflammatory cells involved in
cardiac repair such as macrophages and hematopoietic stem cells (322). Furthermore, the
effect of these drugs may also inhibit the release of some survival factor(s) released by
activated inflammatory cells that may play a role in myocyte survival (323, 324).
Therefore, strategies to target specific components of inflammation without significantly
affecting leukocyte mobilization from the bone marrow and circulation may provide a
better understanding about the pleiotropic role played by inflammation during the

development of HF.

One of the major components released by activated leukocytes are inflammatory serine
proteases (ISP) which are known for their role in killing pathogens (311). However, their
role during sterile inflammation such as ischemia and IR has not been studied precisely
before. In this project, we have first revealed the effects of cathepsin G and chymase, two
major ISPs known to affect cellular function and survival, on cardiomyocytes and

fibroblasts and subsequent effects on cardiac function and remodeling following IR.

We have shown that excessive activity of cathepsin G and chymase can result in additional
myocyte death and excessive cardiac fibrosis and that effective inhibition of both cathepsin
G and chymase using a dual inhibitor of chymase and cathepsin G (DDCI) results in

reduced cardiac injury and pathological remodeling and subsequently better cardiac

93



function post IR. Previous studies had used chymase specific inhibitors in hamster and
mice models of IR and showed mixed results which may be due to the fact that other
proteases such as cathepsin G may compensate for the inhibited chymase and exert similar

effects.

Although cathepsin G and chymase are the major ISPs associated with myocardium injury,
inhibition of other ISPs such as elastase showed cardioprotective effects (325). Therefore,
a more universal inhibitor of ISPs may offer enhanced cardioprotective effects following
IR. Cathepsin C is a lysosomal cysteine protease dipeptidyl peptidase I (DPPI) which is
required for the activation of many serine proteases and therefore can be a potential target
to inhibit more ISPs following IR. Therefore, inhibition of DPPI activity may offer a

potential advantage over inhibiting specific ISPs.

ISPs are known to play a key role on mobilization of inflammatory and hematopoietic stem
cells. Therefore, to minimize the potential side effects of systemic inhibition of ISPs, we
developed a method to specifically deliver DCCI to injured myocardium. DCCI targeted
delivery was achieved by adopting an anti-P-selectin conjugated immunoliposomal
delivery platform. Targeted delivery of DCCI was more efficient at inhibiting excessive
ISP activity and conferring associated beneficial effects on cardiac function and

remodeling at significantly lower doses when compared to systemic delivery.

An additional benefit of utilizing this targeted delivery system, was the slow release
characteristic of the immunoliposomal platform, which matched the needs of our study.
Though, we have shown that chymase and cathepsin G activities are at their peaks 1 day

post IR, chymase activity stayed higher than normal even after 7 days. Therefore, repetitive
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systemic administration of high doses of DCCI are required to normalize excessive
chymase activity. Repetitive systemic injection of DCCI can further escalate the
probability of undesired side effects in remote organs and cells. Targeted delivery offers
the opportunity to reduce required injections as administrated DCCI-ILP complex
circulates for longer periods of time and DCCI is released at slow rates in a myocardium

specific manner.

We have shown that anti-P-selectin conjugated ILPs are effective to deliver DCCI to
injured myocardium. However, small modifications can enhance specificity and
effectiveness of delivery for future studies. One possible enhancement is to target multiple
markers. For example, apoptotic and necrotic cardiomyocytes lose their membrane
integrity which exposes their cytoskeletal proteins. Therefore, dual tagging of ILPs with
an anti-adhesion molecule antibody and an antibody against cytoskeletal proteins such as
myosin may enhance the specificity of delivery. Another modification which may
accentuate the beneficial outcomes observed in this study is to utilize active loading
methods to encapsulate higher concentrations of DCCI which may offer additional cardio

protection following IR.

Although these methods can attenuate inflammatory mediated injury, basal levels of cell
loss due to hypoxia and non-inflammatory mediated pathways are inevitable. The loss of
functional cardiomyocytes results in reduced cardiac function, thinning of the myocardium,
increased wall stress and ultimately, terminal phase of heart failure. Therefore, to minimize
the progressive deterioration of cardiac function and integrity, development of regenerative

approaches to improve the infarcted area by replacing the damaged cells may be necessary.
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Recently, interest has been more inclined toward regeneration therapies with the
application of stem cells (326). Although these studies have presented enormous potential,
differentiation of seeded cells to functional cardiac cells is extremely sensitive and prone
to environmental stimuli, such as growth and differentiation factors (327). Also,
inflammation is known to negatively regulate tissue restoration (328, 329). Several studies
have shown that inflammation negatively regulates hematopoietic stem cell proliferation
(330-332). Most stem cell based regenerative methods are applied at time points when the
intensity of inflammation is declined significantly (326). However, the process of seeding
cells by itself may initiate an inflammatory response, which in turn can result in limited
proliferation and differentiation of seeded stem cells to desired functional cardiac cells
(333). Therefore, nanoparticulate delivery platforms such as targeted ILPs offer a
promising tool for delivery of these factors and anti-inflammatory agents, simultaneously.
This may provide the ideal milieu for stem cells to proliferate and differentiate to desired
target cells. Additionally, antibodies can be attached to these nanoparticles to attract and
entrap endogenous factors and cells such as pro-angiogenic M2 polarized macrophages to

the stem cell seeded segment (334).

On the other hand, no matter how promising the outcomes of any therapeutics in animal
models, the final goal is to translate these results to clinical settings. Liposomes are the
very first class of nanoparticulate delivery systems that have been successfully translated
to clinical applications (335). Doxil®, Ambisome® and DepoDur™ are a few examples

of liposomal formulations currently used in clinical setting (336, 337).

To prepare liposomes for clinical applications, industrial large scale preparation

approaches have been developed such as spray-drying, freeze-drying, and different
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ethanol-injection techniques (338). Although the preparation process is significantly
different from those used in lab-scale approaches such as the thin-film hydration method

which is used in this project, the final product has similar construct characteristics.

Another important consideration is the need for quality control. In our project, we have set
different checkpoints during preparation to warrant the functionality of our liposomal
preparation. Industrial approaches introduce several layers of standardization, which can
minimize human error. Even so, various levels of quality controls such as size distribution
checks are usually put in place to ensure the performance of the liposome preparation (339).
Another important consideration for transition to clinical applications is the difference in
the biodistribution of liposomes in animal models and in humans. This can be the result of
differences in RES and other inflammatory systems between species, which accounts for
the removal of foreign bodies (340). Although PEGylation minimizes these complexities,
biodistribution in humans should be assessed for any new liposomal preparation prior to
clinical investigations (341). Various methods are currently used to investigate
biodistribution in humans, such as imaging techniques by incorporating contrast agents in

liposomes for use in CT/PET/SPECT imaging methods (342).

Finally, the biggest concern of using ILPs in clinical approaches is the host immunogenic
reactions to targeting moieties which can result in increased rate of immunological
detection and subsequent clearance (343). Additionally, non-specific interactions between
serum proteins and targeting ligands can diminish the targeting ability and effectiveness
(344). Besides a few recent studies which used anti-HER?2 and anti-EGFR tagged ILPs for
cancer therapy, most clinical trials have relied on passive accumulation of plain liposomes

due to high permeability in the desired regions (345). Although, this translates well for
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myocardial delivery of plain liposomes because ischemic endothelium is highly permeable

post-IR, but active targeting can significantly enhance specificity of delivery (256).

Several approaches have developed to counteract the immunological weaknesses of ILPs
to enhance their clinical viability. One approach includes using antibody fragments instead
of the whole antibody, which  decreases immunogenicity and enhances the
pharmacokinetic profile of the immunoliposomes (346). Another approach to reduce
immunogenic clearance of immunoliposomes is to use humanized antibodies. Humanized
antibodies, are antibodies which are raised in non-human species however their protein
sequence has been modified to mimic their human variant (347). Incorporation of
humanized antibodies, instead of rodent raised non-humanized antibodies as the targeting

moiety has resulted in longer circulating times and better clinical applicability (348).

Overall, despite complexities in transition of liposomal delivery approaches to clinical
procedures, this method can save those therapeutics which otherwise are ineffective or
toxic. However, the gains and the losses of using targeted delivery method instead of
conventional systemic should be weighted to select the best choice. In our case avoiding
side effects of anti-inflammatory drugs on other organs and cells can significantly outweigh
additional considerations needed for clinical usage of immunoliposomal delivery methods
and therefore it is suggested for further investigation as a potential therapeutic method

following IR.
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