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ABSTRACT

After an acute inflammatory event such as a heart attack, stroke, or organ transplant, blood vessels
and circulating immune cells take on a complex phenotype that, if dysregulated, can perpetuate disease.
Adverse changes in endothelial phenotype, including glycocalyx shedding and upregulation of immune cell
adhesion molecules (i.e., selectins), facilitate the recruitment and adhesion of circulating leukocytes (i.e.,
neutrophils) and platelets to the vessel walls. In some cases, this otherwise restorative physiological
response devolves into a proinflammatory feedback loop; this process is shared among organ systems,
enabling disease-agnostic drug discovery. Selectins are an attractive therapeutic target to inhibit the
proinflammatory feedback loop; however, their low affinity for monovalent binding ligands and pivotal
role in restorative inflammatory mechanisms has created a barrier to drug development. In addition,
glycosaminoglycans such as dermatan sulfate (DS) have inherent anti-inflammatory properties that, if
localized to a pro-inflammatory environment, can indirectly regulate immune cell adhesion by creating a

steric, band-aid-like surface along inflamed endothelial cells.

Through the chapters of this dissertation, we introduce a novel selectin-binding
glycosaminoglycan-peptide conjugate (DS-IkL) as a molecular “band-aid” to address multiple elements of
endothelial dysfunction, including: selectin upregulation, glycocalyx shedding, and aberrant immune cell
adhesion and influx. We show that DS-IKL localizes to inflamed vasculature, interferes with selectin-
mediated cell complexing, reduces neutrophil extravasation into tissue, and has short- and long-term
cardioprotective effects following an acute myocardial infarction. This work details the (i) discovery of a
novel selectin-targeting peptide comprised of both L- and D-amino acids and its tunable conjugation to a
DS polymer; (ii) functional characterization of DS-IkL’s capacity to curb neutrophil binding, platelet
activation, and fibrotic remodeling in in vitro and in vivo models; and (iii) preliminary exploration of the
molecule’s ability to interfere with the formation of platelet-neutrophil and platelet-neutrophil-endothelial
cell aggregates. Overall, this work serves as a proof-of-concept demonstrating the potential of DS-IkL as a

multifunctional anti-inflammatory therapeutic.
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CHAPTER 1: INTRODUCTION

This chapter consists of a manuscript published by Dehghani T and Panitch A in Open Biology, Volume

10, Issue 10, 2020, https://doi.org/10.1098/rs0b.200161.

1.1 Background and Significance

Severe fibrotic and thrombotic events permeate the healthcare system, causing suffering for
millions of patients with inflammatory disorders. As late-state consequences of chronic inflammation,
fibrosis and thrombosis are the culmination of pathological interactions of activated endothelium,
neutrophils, and platelets after vessel injury. Coupling of these three cell types ensures a pro-coagulant,
cytokine-rich environment that promotes the capture, activation, and proliferation of circulating immune
cells and recruitment of key pro-fibrotic cell types such as myofibroblasts. As the first responders to sterile
inflammatory injury, it is important to understand how endothelial cells, neutrophils, and platelets help
create this environment. There has been a growing interest in this intersection over the past decade that has
helped shape the development of therapeutics to target these processes. In this thesis, we review recent
insights into how neutrophils, platelets, and endothelial cells guide the development of pathological vessel
repair that can also result in underlying tissue fibrosis. We further discuss recent efforts that have been
made to translate this knowledge into therapeutics, including the design and characterization of a novel
selectin-targeted glycosaminoglycan-peptide conjugate, and provide perspective as to how compound or
combination therapeutics may be most efficacious when tackling fibrosis and thrombosis that is brought

upon by chronic inflammation.

1.2 Endothelial cells, neutrophils, and platelets as drivers of fibrosis

The peripheral vasculature is a complex continuum made up in part by a collagenous tunica externa,

an elastic and smooth muscle-lined tunica media, and an endothelial monolayer making up the tunica



intima, or inner vessel lining. This structure differs slightly in the capillaries, which are composed of a
tunica intima and basement membrane. Vascular integrity relies on a coordinated homeostasis of these
dynamic components. As the inner lining of the blood vessel, the endothelium provides an interface between
circulating blood components and the adjacent tissues and plays a particularly pivotal role in tissue damage
and fibrosis. In response to vascular damage, metabolic disorders, or inflammation, endothelial cells prompt
the recruitment of key inflammatory cells: platelets and neutrophils. Changes to endothelial morphology,
chemokine production, and surface proteins foster a pro-inflammatory environment that mediates the
mobilization of circulating immune cells such as polymorphonuclear neutrophils and platelets. In many
circumstances, interactions between recruited neutrophils, platelets, and the endothelium lead to the
resolution of vessel damage; indeed, inflammatory events are vial for proper wound healing (1). However,

if inflammatory stimuli are persistent these interactions can tip the balance toward fibrotic healing.

The fibrotic response is the culmination of many chronic inflammatory diseases. Fibrosis is
characterized as the accumulation of excess extracellular matrix (ECM) proteins, such as collagen and
fibronectin. Although ECM deposition is a vital and largely self-restorative part of wound healing,
repetitive or severe damage can cause pathological dysregulation of this process leading to fibrosis.
Inflammation mediated by the innate immune response is a critical trigger of pathological fibrosis (2). In
response to vascular damage or systemic and local inflammation, endothelium transitions from a quiescent
state to a state called endothelial dysfunction, which in its severe form causes the exposure of underlying
ECM such as collagen (3). Soluble pro-inflammatory factors such as reactive oxygen species (ROS) and
matrix metalloproteinases (MMPs) are released by the endothelium (4, 5), recruiting circulating neutrophils
to the scene. Neutrophils and circulating platelets tether to upregulated cell adhesion molecules that are
expressed on inflamed endothelium, such as E-selectin, P-selectin, and von Willebrand Factor (vWF). This
tethering initiates an inflammatory cascade that, if persistent, culminates as thrombotic vessel occlusion or
fibrotic myofibroblast proliferation and ECM deposition. Left unchecked, excessive ECM deposition can

result in impaired organ function and, in some cases, end-stage organ failure and death.



Given the influential roles endothelial cells, neutrophils, and platelets play in aberrant
inflammation, thrombosis, and fibrosis, many studies have focused on elucidating mechanisms behind
profibrotic and prothrombotic events in order to develop targeted therapeutics that interfere with these
processes. These cell types have been of growing interest over the past decade, as is evidenced by the steady
increase in relevant literature (Figure 1-1). In this work, we detail how disruptions to the endothelium and
its protective ECM layer, the glycocalyx, contribute to endothelial cell dysfunction, neutrophil and platelet
dysregulation, thrombosis, and fibrosis. We discuss the promise and limitations of therapeutic strategies for

limiting neutrophil and platelet mediated fibrosis.
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Figure 1-1 PubMed search results since 1980. A PubMed literature search for the years 1980-2020 was
conducted for the following key terms: neutrophil, platelet, endothelial, and thrombosis or fibrosis. Results were
further narrowed down to the years 2010-2020, during which the number of publications per year steadily
increased. Publications were screened for titles relevant to topics discussed in this review.

1.2.1 Endothelial Dysfunction Within the Scope of Inflammation

The blood vessels are a conduit for immune cell trafficking in response to tissue damage. Amid
differences in vessel composition, elasticity, size, and stiffness, all blood vessels are lined by an inner layer

of endothelium. The vascular endothelium is made up of a heterogenous continuum of individual



endothelial cells that reside on a bed of collagen-rich ECM (6). As its most basic function, the endothelium
acts as a physical barrier between circulating fluids and the surrounding tissues. For many years, this was
believed to be the sole purpose of the endothelium. It is now well accepted that the endothelium is a
complex, bioactive cell layer that regulates immune cell function and tissue access, vasoreactivity, and the
extravasation of macromolecules, solutes, hormones, and fluids (7). Endothelial cell health plays a
precarious role in chronic inflammatory and thrombogenic diseases, including diabetes (8), atherosclerosis
(4, 9), acute respiratory distress syndrome (10), cystic fibrosis (11), and liver cirrhosis (12). Damage to the
endothelium initiates and sustains inflammation and thrombogenesis (7), with endothelial cells themselves
providing a platform to fast-track thrombosis during dysregulated haemostasis, and fibrosis during

pathological wound repair.

The endothelium is lined by a thin, glycosaminoglycan-rich barrier called the endothelial
glycocalyx. The glycocalyx is a dynamic participant in endothelial cell barrier function and immune
regulation (13). Structurally, the glycocalyx ranges from nanometres to several micrometres thick,
depending on the vessel type, location within a vessel, conditions, and the imaging technique used (14, 15).
Even within one vessel, the glycocalyx is a heterogenous structure (16). The glycocalyx is comprised of a
glycoprotein or proteoglycan core protein anchored to underlying actin cytoskeletal filaments at the
endothelial surface (13, 17). While the luminal portion of a glycoprotein is decorated with small sugar
residues, the proteoglycan core, primarily from the syndecan and glypican families (16, 18), extends into
the vessel lumen and is decorated with glycosaminoglycans (GAGs) such as heparan sulphate, chondroitin
sulphate, hyaluronan, and dermatan sulphate. GAG components, particularly heparan sulphate and
dermatan sulphate, possess anticoagulant and antithrombotic qualities (19, 20) that have been leveraged as
therapeutics (21-24). Though heparan sulphate makes the greatest contribution to glycocalyx thickness,
heterogeneity within the glycocalyx suggests that each GAG contributes to glycocalyx function and vessel

permeability (25).



Under healthy conditions, the glycocalyx exists in dynamic equilibrium with circulating blood,
changing its composition and thickness in response to hemodynamic forces and cues from soluble factors
(26) in order to maintain equilibrium between hydrostatic and oncotic forces in the vessel (27). Changes to
the rheological environment are detected by the glycocalyx (28) and transduced to the underlying
endothelium via actin anchoring. The actin cytoskeleton and the glycocalyx exist in a dynamic equilibrium
with one another, each being modified in response to changes in the other to control endothelial barrier
properties (29, 30). Indeed, mechanical stress has been shown to alter GAG and proteoglycan synthesis and
remodelling in vascular endothelial cells (31, 32), lending insight into how pathological stretch and

disturbed flow can influence endothelial cell behaviour and function.

After physical, local, or systemic inflammatory insult, damaged endothelium exhibit signs of
endothelial dysfunction. Endothelial dysfunction is a complex phenomenon involving heightened reactive
oxygen species (ROS) production, altered nitric oxide (NO) production and disruptions to vascular tone;
production of MMPs and pro-inflammatory cytokines; and upregulation of cell adhesion molecules such as
E-selectin, P-selectin, and intracellular adhesion molecule-1 (ICAM-1) (4, 5, 33, 34). MMPs and ROS
facilitate glycocalyx degradation and shedding, causing impaired mechanosensing and altering cell
behaviour (22, 28, 35) to enable immune cell capture and trafficking (26, 36-39). Compromised
mechanosensing can in turn perpetuate reductions in shear-sensitive NO secretion and augment vascular
permeability. Paired with the release of sequestered chemokines and the exposure of immune cell adhesion
molecules along the endothelial surface, glycocalyx degeneration facilitates inflammation, thrombosis, and

eventual fibrosis by promoting immune cell migration into the underlying tissue (40, 41).

Dysfunctional endothelium plays an interesting role in perpetual inflammation. While in a
dysfunctional state, endothelial cell senescence is accelerated and migration is hindered (31, 42). In
damaged vessels, the inability to replenish the endothelial layer with healthy cells results in a prolonged
inflammatory attack. Even when reendothelialization can occur, newly formed glycocalyx is fragile and

less responsive to shear (26), and readily concedes to the inflammatory state. Further exacerbating the



dysfunctional state, circulating platelets bind to collagen, which normally resides below the surface of the
endothelium (6, 43), but is exposed between contracting cells (44) or is revealed after vessel denudation
(45). In some cases, adherent platelets induce a pro-fibrotic cascade involving platelet-mediated leukocyte

recruitment, tissue factor secretion, and fibrin(ogen) deposition (46, 47).

1.3 Drivers of platelet-neutrophil aggregation, endothelial dysfunction, and fibrosis

Inflammatory stimulus and vessel choice influence the relative contributions of platelets,
neutrophils, and endothelial cells to inflammation, thrombosis, and fibrosis (48) (Figure 1-1). Here we
discuss recent insights into how these three cell types collaborate to exacerbate inflammation, thrombosis,

and fibrosis.

1.3.1 Endothelial Cells

As the lining of the conduits of blood components, metabolites, and immune cells, the vascular
endothelium is often on the front line in an inflammatory insult. A major source of endothelial inflammation
is the overproduction of reactive oxygen species (ROS), whose aetiology can range from diet, to hormone
dysregulation, to cellular by-products such as those produced during macrophage digestion of apoptotic
debris and foreign substances (34). Excess ROS inactivates nitric oxide (NO) production — a known
mediator of vascular tone. Reduced NO enhances vessel stiffness and contractility, both of which contribute
to endothelial dysfunction (4). Paradoxically, NO overproduction can likewise induce cellular inflammation

and apoptosis (57), highlighting the importance of maintaining tight regulation of homeostasis.



Table 1-1 Endothelial injury methods and outcomes

VESSEL OR

INJURY

CELL TYPE METHOD KEY OBSERVATIONS REFERENCES
Laser activated endothelial cells trigger thrombus
Cremaster S . . :
arteriole Laser activation formation; neutrophil slow rolling on thrombus (49)
mediated by P-selectin/PSGL-1
Cremaster Endothelial activation precedes platelet
arteriole and | Laser activation accumulation; normal fibrin formation observed in (50)
HUVEC Par4”" mice
Cremas.ter Laser activation Prothrombinase found on activated endothelial cells (628
arteriole
Neutrophils contain and express tissue factor at the
Cremaster A . o .
. Laser activation site of laser injury; neutrophils accumulated before (52)
arteriole
platelets
TNF-a activated endothelial cells recruit neutrophils;
Venule | TNF-a platelets bind adherent neutrophils rather than (49)
endothelium
Artery and | TNF-q and Fractalklne causes degranulatl.on, activation, and
HUVEC | IFN- expression of platelet P-selectin on adherent (53)
v platelets, mediating neutrophil recruitment
Endothelial TF drives fibrin deposition and
3 coagulation; upregulated ICAM can be targeted for
HUVEC | TNF-a delivering recombinant thrombomodulin to inflamed “7)
cells
Cremaster | CCL2, TNF-a,  Platelets guide neutrophils to extravasation points via (54)
arteriole | IL-1pB, or IFN-y  P-selectin/PSGL-1 and CD40/CD40L
Artery and ApoE-- mice Increased endothelial stiffness causes enhanced (55)
HUVEC P leukocyte transendothelial migration
g Reduced glycocalyx thickness and increased platelet
/
Artery | ApoE™ mice adhesion occur at bifurcation point (56)
Endothelial dysfunction and glycocalyx impairment
g3 coincide with endothelial-dependent vasodilation,
Artery | ApoE™ mice permeability, and increases in atherosclerotic “)
biomarkers

HUVEC, human umbilical vein endothelial cells; PSGL-1, P-selectin glycoprotein ligand-1; Par4, protease
activated receptor 4, TNF-a, tumour necrosis factor alpha; IFN-y, interferon gamma,; CCL-2, C-C motif
chemokine ligand 2; IL-1p, interleukin-1 beta;, ApoE, apolipoprotein E, TF: tissue factor.

Endothelial cytoskeletal structure and stiffness play a critical role in leukocyte recruitment and
fibrosis. TNF-a stimulated endothelial cells present a cortical stiffness gradient to slow-rolling neutrophils,
guiding them to transmigration sites (55). This effect is augmented on stiff matrices (55, 58), consistent

with neutrophil recruitment and extravasation in atherosclerotic vessels (9). Pro-fibrotic cellular pathways



such as the autotaxin/lysophosphatidic acid axis likewise stimulate endothelial actin rearrangement and cell
contractility, causing vascular leak and aiding in the migration of fibroblasts in the underlying tissue (59).
Structural alterations of the cytoskeleton affect glycocalyx distribution and function (29), further

exacerbating endothelial dysfunction and vascular damage.

Dysfunctional endothelial cells are known initiators of fibrosis. In response to noxious stimuli such
as excess ROS, lipopolysaccharide (LPS), bleomycin, or physical damage, dysfunctional endothelial cells
secrete a milieu of pro-inflammatory cytokines including TNF-a, IL-1pB, and IL-6 (2). TNF-a initiates a
signalling cascade that can lead to endothelial apoptosis or necrosis (60). Surviving endothelial cells begin
to shed their glycocalyx, unmasking upregulated selectins and integrin-binding ligands embedded within
the cell membrane (61). In the venules, selectins act as the initial point of neutrophil capture (62), which
can then act as secondary capture sites for circulating platelets (49). Bleomycin-induced pulmonary fibrosis
exemplifies the potential pathological response once the endothelium becomes inflamed. In one
representative study, bleomycin-induced pulmonary endothelial inflammation resulted in a peak in
endothelial inflammation at 7 days post-bleomycin instillation; enhanced vWF, plasminogen activator
inhibitor-1, MMP-12, and NO led to increased collagen deposition and pulmonary fibrosis, peaking at day

21, clearly delineating the link between endothelial dysfunction and fibrosis (57).

Similarly, studies using alternative stimuli have evidenced endothelial cells as sources of tissue
factor (TF) (47, 50, 63), a protein that is primarily secreted by activated monocytes to initiate platelet
deposition and thrombin formation (64) and thereby actuate thrombogenesis and tissue fibrosis (65, 66).
Endothelial derived TF has been reported in response to TNF-a (47, 63) and laser activation (50, 51), a
technique which can elicit endothelial activation without vessel denudation that has been used as a model
of vascular thrombosis and atherosclerosis (67). Endothelial TF has been shown to cause fibrin deposition,
upregulation of ICAM-1 and VCAM-1, and increased platelet binding. Atkinson et al. demonstrated that
endothelial activation, calcium mobilization, and granule secretion precede platelet accumulation in

cremaster arterioles (50). Notably, fibrin production persisted on activated HUVECs upon treatment with



platelet depleted plasma, further validating endothelial cells as a source of TF. Ivanciu and colleagues later
observed enhanced prothrombinase activity on similarly activated endothelium, reinforcing the idea that

activated endothelium forms a pro-coagulant surface that supports thrombus formation after injury (51).

Link to the Inflammatory Triangle

Despite similar methods of endothelial activation, there is a lack of consensus regarding the main
source of TF produced in response to vessel damage. Contrary to the results described above, leukocytes
have been demonstrated as the first responders to endothelial activation. Adherent leukocytes express TF
and create a platform for platelet binding (52). In a separate study, neutrophil rolling and adhesion was
observed only after platelet thrombi had formed, with rolling mediated by platelet P-selectin and neutrophil
P-selectin glycoprotein ligand-1 (PSGL-1) (49), suggesting multiple factors are likely at play, orchestrating

the timing and sequence of events.

While it is clear all three cell types work in coordination to address vessel damage, more studies
are needed to elucidate mechanisms behind thrombo-inflammation in models of cytokine, bacterial, and
physical damage. Understanding these mechanisms may allow for the development of more targeted
therapeutics to combat vascular inflammation and fibrosis, for example targeting endothelial — but not
leukocyte or platelet — derived TF, or selectively upregulated cell adhesion molecules. Further investigation

into these mechanisms from the perspective of neutrophils and platelets follows.

1.3.2 Neutrophils

Neutrophils play a paradoxical role in inflammation. The neutrophil recruitment cascade is a
conserved process that is integral to the resolution of inflammation, infection, and wound healing (68).
However, pathological activation of neutrophils perpetuates acute and chronic inflammatory diseases.
Pathological neutrophilia in response to cytokine storm is observed in rheumatic diseases, as well as

infectious diseases such as coronavirus pneumonia seen in severe acute respiratory syndrome (SARS),



Middle East respiratory syndrome (MERS), and coronavirus disease 2019 (COVID-19) (69, 70), leading to

irreversible tissue fibrosis or necrosis.

We have known for decades that neutrophil engagement exacerbates endothelial activation (71)
and collagen synthesis (72). Neutrophils are recruited to the endothelial surface in response to endothelial
cues after cellular activation. As previously described, endothelial cells release a milieu of pro-
inflammatory stimuli upon damage such as ROS, TNF-q, IL-1B3, and MMPs that degrade the endothelial
glycocalyx and recruit circulating neutrophils to the damaged area. Tethered neutrophils roll along the
endothelial surface, stabilized by shear-strengthening, transient catch bonds between endothelial E/P-
selectin, CD44, and neutrophil PSGL-1 (61, 73). E/P-selectin engagement directs neutrophil signalling by
stimulating an intracellular neutrophil calcium burst (74, 75) and augments chemokine signalling to activate
neutrophil B2 integrins, leading to cell arrest, migration into the underlying tissue, and further neutrophil

recruitment.

With the exception of the pulmonary system, in which cell recruitment occurs at the capillaries (76,
77), veins and post-capillary venules act as the primary capture sites for neutrophils during inflammatory
damage, though arterial recruitment has been observed after physical vessel damage by laser activation (49-
52,78). This unequal involvement is perhaps due to differences in junctional proteins that result in increased
intrinsic leakiness within the venules, selectin and ICAM-1 expression, shear stress and flow mechanics,
and gene expression (7, 79). In the venules, TNF-o and LPS activation quickly result in neutrophil adhesion
to the vessel wall (48, 49, 80, 81). Adherent and activated neutrophils secrete endothelial barrier disrupting
molecules such as ROS and release of neutrophil degranulation products including myeloperoxidase,

elastase, and metalloproteases (82), facilitating migration through the endothelium.

Further damage can be caused by neutrophil extracellular trap (NET) production. Coordinated
PSGL-1 (83) and CXCR?2 (73) signalling leads to enhanced neutrophil adhesion, NET formation, and flow

restriction. While their primary function is to trap pathogens, NETs have been shown to enhance
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inflammation and endothelial permeability and have been implicated in several inflammatory diseases (82).
Further, NETs are known to trap platelets, red blood cells, and fibrin, fostering the growth of pathological
thrombi. NETs are drivers of vascular damage, venous thrombosis (73, 84), and virus-induced organ

damage and mortality, as is seen in severe COVID-19 (69, 85).

Link to the Inflammatory Triangle

Neutrophil-mediated fibrin deposition and thrombosis can occur even in the absence of exogenous
inflammatory stimuli or direct endothelial cell damage, such as in a murine stenosis model of deep vein
thrombosis (DVT). In this model, the endothelium remains intact and the underlying collagen-rich ECM
unexposed, but altered blood flow by partial vessel occlusion is enough to cause cooperative signalling by
neutrophils at the endothelial surface that initiates fibrin formation and propagates venous thrombosis (73,
84). Once bound to the endothelium, neutrophils physically alter the rheological environment within the
vasculature by creating an altered flow pattern near the vessel wall (48). Drag forces grab circulating
platelets and bring them toward the surface of the neutrophil, allowing molecular interactions between
platelet and neutrophil. Interestingly, NETs have also been implicated in DVT and likely exacerbate

neutrophil-mediated thrombosis (86).

This relationship between rheological haemostasis and thrombosis aligns with atherosusceptible
vascular regions such as vessel branches, where blood flow patterns are disturbed (87). However, rather
than disturbed flow causing endothelial activation, activated neutrophils cause rheological changes that
promote platelet adhesion and vessel activation. It is evident that the interplay between neutrophil,
endothelial, and platelet activation cannot be reduced to a single initiator of thrombosis, vessel stenosis, or
tissue fibrosis. Therefore, while blocking neutrophil-vessel interactions has shown therapeutic promise in
reducing neutrophil-mediated vessel damage (81, 88-92), pro-inflammatory neutrophil-platelet interactions

are a compelling target for emerging therapeutics (93).
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1.3.3 Platelets

Platelets are cell fragments of megakaryocytes that govern the haemostatic resolution of vascular
wounds (94, 95). Thrombocytopenia and platelet depletion caused by genetic deficiencies or anticoagulants
can provoke disorders such as haemophilia and interfere with the proper resolution of infection (96) and
inflammation (97-99). More recently, platelets have been recognized as drivers of inflammatory damage,
working alongside circulating neutrophils to perpetuate inflammation (93, 100, 101). During severe vessel
damage, endothelial cell death (102) or vessel denudation (45) causes the exposure of underlying ECM.
Circulating platelets readily bind to and activate on exposed collagen-rich ECM that lies beneath the

endothelial layer to create a platelet plug.

While platelet plugs are vital for maintaining haemostasis within an injured vessel (103), in some
cases the haemostatic response can quickly become imbalanced by infiltrating immune cells, shifting the
plug from haemostatic to thrombotic. In a haemostatic platelet plug, densely packed P-selectin positive
platelets and a fibrin network form an ultra-dense thrombus core surrounded by more loosely packed P-
selectin negative, minimally activated platelets at the luminal surface (103, 104). Once the healing cascade
is compromised and thrombus formation becomes pathogenic, smaller vessels such as arterioles, capillaries,
and post-capillary venules are at a greater risk of occlusion and resultant tissue ischemia due to thrombi
taking up a larger relative proportion of the vessel (7, 46, 105). Platelet thrombi formed after traumatic or
ischemia-reperfusion injury can release the a-granule chemokine neutrophil-activating peptide 2 (NAP-2)
to recruit circulating neutrophils to the injury site. These thrombi then act as migration points for circulating

neutrophils (106), driving tissue fibrosis.

Link to the Inflammatory Triangle

Adherent platelets have also been shown to guide neutrophils to inflammatory sites (54, 107) or act
as anchor points for secondary capture of circulating neutrophils (49, 53, 108-110). This is especially

apparent in arteries, where adherent platelets may be necessary for neutrophil recruitment (53), perhaps due
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to high shear forces in the artery (7). In addition to facilitating capture, activated platelets and platelet
derived soluble factors such as extracellular vesicles (111) can act as drivers of neutrophil and endothelial
activation (83, 102, 110, 112-114) and affect their migration behaviour (115). Platelet-neutrophil-
endothelial cell interactions are influenced by several factors, including the P-selectin-PSGL-1 axis (49, 53,
73, 114, 116-118) via phosphodiesterase type-4 (109) or Src family kinases (110, 119), and the vWF-
Glycoprotein Iba axis (48, 84). Similar to endothelial cells and neutrophils, shear stress seems to be a critical

factor in achieving physiologically relevant platelet activation (120).

Upon activation, endothelial cells release Weibel-Palade bodies to the vascular surface. Weibel-
Palade bodies are secretory granules that store platelet adhesion ligands P-selectin and vWF. Now available,
P-selectin and vWF recruit additional circulating neutrophils and platelets (118), causing greater platelet
and neutrophil recruitment and further aggravating the endothelium. In regions of endothelial denudation,
this recruitment can be beneficial for wound healing (99); however, when uncontrolled it can also lead to

irreversible fibrotic damage.

1.3.4 Implications in Tissue Fibrosis

Paradoxically, immune cells recruited for repair can potentiate damage if the inflammatory stimulus
is not resolved. Activated leukocytes, platelets, and leukocyte-platelet complexes have been implicated as
drivers of pulmonary and cardiovascular fibrotic diseases (121, 122). While not typically considered centre
stage in fibrosis, dysregulated platelet and neutrophil accumulation play a critical role in aberrant tissue
repair (123). Platelet activation and degranulation is associated with myofibroblast proliferation and the
overactive deposition of ECM components that results in tissue fibrosis (124). Furthermore, activated
platelets secrete large quantities of chemokines that are chemotactic for neutrophils and monocytes,
triggering immune cells to migrate, activate, and produce additional cytokines and enzymes that stimulate
the production of transforming growth factor-p (TGF- B), a key mediator of myofibroblast formation,

collagen deposition, and fibrosis (125, 126).
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Neutrophil migration along activated endothelium is one of the first steps toward the resolution of
acute inflammation; however, without proper clearance, neutrophil accumulation causes sustained, chronic
inflammation. Extravasating neutrophils are activated by ECM proteins, leading to injury and remodelling
of the surrounding tissue (127), as is seen in chronic obstructive pulmonary disease and atherosclerosis
(128). Excessive neutrophil activation, degranulation, and respiratory burst activity damages surrounding
tissues (129), in part by the release of matrix degrading MMPs, toxic mediators such as ROS and reactive
nitrogen species (2), and pro-inflammatory cytokines that activate and recruit other immune cells such as
macrophages and T-lymphocytes. The reparative action by myofibroblasts in response to matrix

degradation leads to formation of a dense, disorganized fibrotic tissue (124).

14 Clinical Manifestations

Several profibrotic diseases have been linked to perturbations in the proposed inflammatory

triangle. Select disease states are briefly discussed below.

1.4.1 Lung Disease

The lungs are a particularly interesting platform for studying aberrant neutrophil-platelet
interactions. Platelets have been shown to support recruitment and activation of neutrophils in the
pulmonary capillaries in abdominal sepsis (123), acute lung injury (124), acute respiratory distress
syndrome (124)(130, 131), and allergic inflammation (125). Elevated platelet activation indices have been
reported in idiopathic pulmonary fibrosis (IPF) patients (139), with anti-platelet drugs showing promise in
alleviating IPF by reducing platelet activation and platelet-mediated neutrophil infiltration (140). Recent
insights into IPF have suggested that imbalanced endothelial activation plays a vital role in disease

pathogenesis. Activated endothelium has been shown to secrete microparticles (132) and chemokines such
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as IL-8 into circulation, augmenting neutrophil recruitment and activation (133). While the mechanisms

underlying IPF are still unknown, vascular contributors such as these are an encouraging target.

1.4.2 Neointimal Hyperplasia

Endothelial denudation, as occurs after balloon angioplasty and severe inflammatory damage (102),
presents a unique environment for platelet-neutrophil interactions. Under these conditions, circulating
platelets bind to and activate on exposed collagen (44, 46, 109, 134, 135) and release extracellular vesicles
that have been shown to influence neutrophil activation states, causing upregulation of platelet receptor
CD41 (111). Intimal hyperplasia, or fibrosis within the artery itself, has been clearly linked with increased
inflammation (136). This, in conjunction with studies relating platelet-mediated neutrophil binding and
activation with thrombosis (49, 54, 102, 108, 109), suggests that more complex or combinatorial

therapeutics are needed to reduce platelet- and neutrophil-mediated tissue damage.

1.43 COVID-19

Vascular inflammation and associated cytokine storm are known contributors to COVID-19
morbidities. These events are in part characterized by immune cell infiltration, NET formation (85), and
dysregulated platelet activation (137), leading to hypercoagulopathy and vascular complications. Despite
their role in hypercoagulopathy and the formation of pathogenic platelet-neutrophil complexes in this
disease, platelets have paradoxically been shown to preserve endothelial integrity in severe COVID-19,
with thrombocytopenia being associated with the impairment of platelet-dependent endothelium-protective
mechanisms (138, 139). Therefore, as we learn more about this disease it will be important to distinguish

between restorative and noxious immune cell activation states when developing treatments.

Ventilator-induced damage likewise imbalances the inflammatory triangle. Severe COVID-19
patients that have developed ARDS require mechanical ventilation; while a necessary therapy, mechanical

ventilation has been associated with exacerbated lung damage, referred to as ventilator-induced lung injury
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(VILI) (140, 141). Neutrophil infiltration and NET formation are elevated in patients with VILI (140), in
part due to platelet-endothelial interactions. Platelets have been reported to contribute to neutrophil
recruitment in VILI by presenting leukocyte-binding proteins at the endothelial surface (142, 143). It is
likely that ventilator-induced lung injury and inflammation-induced damage go hand-in-hand in these

patients, with platelet-neutrophil interactions exacerbating cytokine storm related morbidities.

1.5  Therapeutic Advances

As initiators of the fibrotic cascade, neutrophils, platelets, and activated endothelium have been
investigated as potential therapeutic targets to combat vascular injury and occlusion and prevent the
progression of fibrosis. For other vascular indications, established therapeutics such as rosuvastatin (statin;
slows cholesterol production) (144) and ticagrelor (blood thinner; anti-platelet medication) (145) have
exhibited a capacity to limit neutrophil binding, platelet aggregation, and neutrophil-platelet aggregates and
are discussed elsewhere (145-148). Here we focus on efforts to protect or regenerate the glycocalyx, and

select mediators of endothelial, neutrophil, and platelet induced inflammatory damage.

1.5.1 Glycocalyx Protection

While essential for healing processes, the inflammatory response can be devastating for damaged
endothelium and underlying tissue if not kept under control. A pathological inflammatory response can lead
to immune cell influx, altered vascular and tissue remodelling, and irreversible fibrotic damage, as is seen
in ischemia reperfusion injury (149) and acute lung injury (150). As a regulator of endothelial health, the
inflammatory response, and vascular permeability to macromolecules and immune cells, the endothelial
glycocalyx presents a promising therapeutic target for a wide range of diseases without sacrificing the

healing component of inflammation (151). Here we discuss recent efforts at preserving the glycocalyx that
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have shown promise in reducing vascular and underlying tissue damage. For a comprehensive review on

glycocalyx preserving molecules, we refer the reader elsewhere (152, 153).

Established drugs have been repurposed to combat glycocalyx damage and subsequent leukocyte
and platelet adhesion, as is the case with the general anaesthetic sevoflurane. This drug is thought to
function in part through upregulation of sialyltranferase, which in turn catalyses the transfer of sialic acid,
an important mediator of oxidative stress (38, 154). Sevoflurane has shown promise in glycocalyx
preservation in animal models of pulmonary ischemia reperfusion during lung transplant (155), cardiac
ischemia/reperfusion (156), and aortic damage by H,O» (154), although limited efficacy has been shown in

humans (157, 158).

GAGs and proteoglycans such as heparin and heparan sulphate have shown promise as glycocalyx
protecting therapeutics for many years (159). Unfractionated and low molecular weight heparin are best
known for their anticoagulant properties and use in treating or preventing thrombotic events by activating
antithrombin III (160). However, heparin has further been shown to possess anti-inflammatory properties,
lending to improved vascular outcomes after inflammatory damage by limiting vascular permeability (161),
neutrophil adherence and migration (63, 162), and platelet adhesion (163), fibrin deposition (63), and
thrombus formation (92, 164, 165). As one of the oldest anticoagulants in clinical medicine, heparin and
heparin-like products have been heavily studied (165-169). More recently, low molecular weight heparin
has been used to treat coagulopathy seen in severe COVID-19 patients (97, 170, 171), and nebulised
unfractionated heparin is currently being evaluated in clinical trials for acute lung injury (171) and COVID-
19 (ACCORD 2: A Multicentre, Seamless, Phase 2 Adaptive Randomisation Platform Study to Assess the
Efficacy and Safety of Multiple Candidate Agents for the Treatment of COVID 19 in Hospitalised Patients,
EudraCT number 2020-001736-95) (171). While risks of thrombocytopenia and haemorrhagic shock limit
the clinical use of this drug for inflammatory indications in its standard form, non-anticoagulant

mechanisms of heparin are a promising pivot point for heparin-derived therapeutics (172).
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Other promising molecules include sphingosine-1-phosphate and sulodexide. The signalling
triggered by sphingolipid sphingosine-1-phosphate has been described as glycocalyx protective (173).
When paired with heparan sulphate, sphingosine-1-phosphate has been shown to regenerate the glycocalyx
and restore inter-endothelial communication (21). Sphingosine-1-phosphate analogues and receptor
modulators have been tested clinically for a range of autoimmune and inflammatory diseases, including
multiple sclerosis, psoriasis, acute stroke, and inflammatory bowel disease (174, 175). However, prolonged
exposure to sphingosine-1-phosphate has also been shown to enhance vascular leak and fibrosis after lung
injury (176), therefore caution should be taken before employing sphingosine-1-phosphate modulating

drugs to different organ systems and disease indications.

Sulodexide is a decades-old glycosaminoglycan mixture made up of 80% fast-moving heparin
(iduronylglycosaminoglycan) and 20% dermatan sulphate that mitigates the bleeding risk of heparin-only
therapeutics while maintaining antithrombotic potential (177, 178). Originally used for cardiac indications
such as myocardial infarction (179), Sulodexide has since been extended to other vascular disorders that
manifest as endothelial dysfunction and glycocalyx damage, such as in type-2 diabetes mellitus patients
(180) and in patients with venous ulcers (181). Sulodexide has been shown to promote glycocalyx
regeneration and improve animal survival after severe sepsis (22) and reduce the levels of collagen

degrading MMP9 in patients with chronic vascular disease (24).

Taken together, the benefits seen with this class of molecules with respect to decreased neutrophil
and platelet adhesion further suggest that restoring function of the critical endothelial glycocalyx barrier
can improve outcomes for fibrotic and thrombotic diseases that result from overexuberant interactions

between endothelial cells, platelets, and neutrophils.

1.5.2 Cytokine inhibitors

Recombinant human cytokines and cytokine receptors have been used as therapeutic targets to

modulate inflammatory activity, driven in part by the pain patients experience as a result of acute and
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chronic inflammatory diseases (182, 183). Three core pro-inflammatory cytokines have been of particular
interest in this realm: TNF-a, IL-1p, and IL-6. These cytokines act as key inducers of endothelial activation,
neutrophil accumulation and activation, and platelet adhesion and degranulation, suggesting potential
benefit of inhibitors in regulating endothelial activation and the downstream consequences of endothelial
dysfunction. There are currently several FDA approved TNF-o, IL-1, and IL-6 inhibitors for clinical
indications such as rheumatic diseases, Crohn’s disease, and Cryopyrin-Associated Periodic Syndromes

(CAPS) (184).

TNF-a blockers have been successfully employed to combat fibrotic indications such rheumatoid
arthritis and psoriasis (185, 186); unfortunately these benefits are not ubiquitous for all fibrotic diseases, as
was evidenced by their ineffectiveness against idiopathic pulmonary fibrosis (187). Anti-TNF-a therapies
for chronic heart failure have likewise been tested in clinical trials with little success (188), and potential

beneficial effects on endothelial function in patients with inflammatory arthropathies are inconsistent (189).

IL-1p antagonists have shown greater potential in vascular inflammatory disorders, perhaps in part
due to the integral role of IL-1 in leukocyte and endothelial signalling. The FDA approved IL-1 agonists
canakinumab (originally approved for CAPS), anakinra (originally approved for rheumatoid arthritis), and
rilonacept (originally approved for CAPS) have shown promise in clinical trials of cardiovascular
conditions such as pericarditis and recurrent ischemic events after myocardial infarction (190, 191), but

thus far none have been approved for these indications.

IL-6 is known to promote endothelial cell dysfunction and regulate leukocyte recruitment to the
vascular wall (192); therefore, it is unsurprising that FDA approved IL-6 blockers for arthritic conditions
are of interest for treating off-label inflammatory conditions such as systemic sclerosis. Clinical trials of
tocilizumab and sarilumab have recently begun as treatment for “cytokine storm” related morbidities in
severe SARS-CoV-2 patients (70, 193). The anti-IL-6 receptor tocilizumab is particularly promising, as it

has been shown to cause transient neutropenia without impairing host defence (194).
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While cytokine inhibitors and cytokine receptor blockers may be beneficial in certain inflammatory
conditions, the mixed results of this class of molecules suggests the need for combination therapies, or

therapies more directed at the key cellular interactions.

1.5.3 Collagen Protection

Severe endothelial damage can cause the exposure of the underlying collagen matrix, prompting
rapid platelet adhesion. As described in this review, activated endothelium and collagen-adherent platelets
provide an adhesive surface for neutrophil recruitment, eventually leading to tissue fibrosis; therefore,

targeting exposed collagen could enhance anti-neutrophil/platelet therapies.

Several groups have designed collagen-targeting therapeutics to discourage platelet and/or
neutrophil accumulation. Paderi and colleagues designed a proteoglycan mimetic consisting of collagen
binding peptides conjugated to a dermatan sulphate backbone that bound collagen, but not endothelium, of
denuded arteries after balloon angioplasty (45). Their therapeutic reduced in vivo platelet-induced
vasospasm in the femoral artery as well as whole blood and platelet binding in vitro. Further, their studies
showed that reduced platelet binding the arterial wall correlated with reduced fibrosis or neointimal

hyperplasia in vivo.

Similarly, McMasters et al. designed a thermoresponsive collagen-binding nanoparticle for
effective systemic delivery of a mitogen-activated protein kinase activated protein kinase 2 (MK2) anti-
inflammatory peptide (43). The authors show that nanoparticle delivery of the MK2 inhibitor in vitro
reduced cellular binding to collagen surfaces, IL-6 levels in endothelial cells and smooth muscle cells, and
platelet activation on a collagen matrix. Additional nanostructures have been developed to aid in drug
delivery to exposed collagen. Collagen IV targeting nanoburrs (195) and nanofibers (196, 197) have been

designed to target angioplasty injured vasculature (195) and atherosclerotic plaques (197).
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1.5.4 P- and E-Selectin

Rather than targeting platelet deposition on denuded endothelium, Totani et al. have focused on
preventing neutrophil deposition on adherent platelets (109), thereby reducing the likelihood of thrombosis
within the vessel. Blockade of phosphodiesterase type-4 by rolipram, originally an anti-depressant drug,
caused a reduction in neutrophil binding to fixed, activated platelets in vitro as well as adherent neutrophils
along the denuded femoral artery in vivo. Adhesion was likewise lost on untreated P-selectin deficient

platelets, further suggesting P-selectin as a mediator of platelet-neutrophil interactions.

P-selectin has been a focal point in anti-inflammatory therapeutics due to the substantial role it
plays in endothelial signalling, neutrophil and platelet recruitment to inflamed endothelium, and the
formation of platelet-leukocyte aggregates. Competitive inhibitors of P- and E-selectin and their binding
partners, PSGL-1, CD44, and E-selectin ligand 1, have been investigated as antagonists to neutrophil and
platelet-mediated vascular damage. Monoclonal antibody therapy to P- and E-selectin have shown promise
in combating platelet and neutrophil mediated injury (198-200), as is seen with the FDA approved P-
selectin antibody crizanlizumab, designed to address vaso-occlusive crises in sickle cell anaemia (201).
However, clinical trials of Inclacumab, the monoclonal antibody designed to bind P-selectin, evidenced that
a major limitation of antibody therapy is the need for high doses for therapeutic effects (90, 202), leading

to high production costs (203, 204).

Because of the role E- and P-selectin play in vaso-occlusive processes, small molecule inhibitors
of these ligands are also under various stages of development. The pan-selectin antagonist Rivepansel
(GMI-1070) was designed to combat vaso-occlusive crises in severe sickle cell anaemia by preventing the
interaction of leukocytes and endothelium (205), but unfortunately failed to meet its phase 3 clinical trial
endpoints. Clinical trials for GMI-1271, a small molecule inhibitor of E-selectin, is currently underway for
treating venous thrombosis (206). Exogenous recombinant human vimentin, a cytoskeletal structural

protein and CD44 binding partner (207), has been shown to act as a competitive inhibitor of neutrophil
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binding to platelets and endothelial cells in a P-selectin dependent manner (88). Treatment with
recombinant human vimentin reduced neutrophilia and acute lung injury scores in mice treated with sub-
lethal doses of LPS. Clinical trials assessing the role of vimentin in sepsis, theumatoid arthritis, and renal
transplant are currently underway. However, given that both increases and deficiencies of this protein can
lead to vascular abnormalities (207, 208), the effects of exogenous systemic administration will need to be

extensively studied before vimentin is used as a therapeutic.

Selectins have been used as targeting modalities for glycan and polysaccharide-based molecules.
Glycomimetics designed to bind selectins or selectin tetrasaccharide sialyl-Lewis™ are a new perspective on
anti-inflammatory therapeutics (209), in part because of the anti-inflammatory nature of polysaccharides,
glycosaminoglycans, and proteoglycans. Recently, a selectin-targeting dermatan sulphate conjugate has
been reported as reducing neutrophil and platelet interactions with inflamed endothelial cell in vitro, and
reduced thrombus formation in vivo (91, 164). Similarly, glycopeptide analogues of PSGL-1 effectively

reduced neutrophil-platelet aggregates (80).

Polymer microcapsules coated with fucoidan, a complex polysaccharide that has been shown to
slow blood clotting, have been proposed as a drug delivery tool to inflamed vessels expressing P-selectin
under high shear (210). Polymer, glycosaminoglycan, and polysaccharide-based therapeutics present
indirect benefits in addition to competing for selectin binding. Bulky therapeutics could provide a steric
boundary limiting neutrophil and platelet interactions with inflamed endothelium and exposed collagen.
Dual targeting to inflamed endothelium and exposed collagen could likewise prevent pathological
accumulation of neutrophils, platelets, and neutrophil-platelet aggregated in damaged vessels and thereby

reduce immunothrombus and tissue fibrosis.

As the initial points of capture for both neutrophils and platelets, selectin inhibition may provide a
way to modulate thrombosis and fibrosis early on in disease progression. Therapeutics that blanket the

adhesive endothelium, such as polymer-based molecules and glycoconjugates that are targeted toward
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upregulated selectins, may overcome limitations of monoclonal antibodies and recombinant proteins.
Nonetheless, therapeutics will need to be studied on a case-by-case basis to maximize their efficacy as anti-

inflammatory, anti-thrombotic, or anti-fibrotic therapies.

1.6 Conclusions and Perspective

Neutrophils, platelets, and activated endothelial cells each make substantial contributions to the
initiation and perpetuation of vascular dysfunction. As such, many studies have been conducted to establish
the relative contribution each of these makes to downstream thrombosis and fibrosis. When physiological
redundancies are considered, it is likely that the relative contributions shift depending on the vascular
environment in a coordinated effort to resolve an inflammatory stimulus (Figure 1-2). Endothelial
activation initiates the secretion of pro-inflammatory cytokines and shedding of glycocalyx components,
prompting the recruitment of circulating immune cells. Upregulated endothelial E- and P-selectin capture
circulating platelets and neutrophils. Adhesion of these inflammatory regulators propels further
recruitment, eventually overwhelming the vessel’s capacity for self-restoration and shifting the cellular
environment toward thrombotic or fibrotic. Captured and rolling neutrophils capitalize on contracting, leaky
endothelium, which presents extravasation points that facilitate neutrophil migration into the underlying
tissue. Neutrophil activation augments endothelial activation through the release of degranulation products

and, in severe cases, NET formation.

Severe endothelial activation exposes the underlying collagen-rich ECM, causing platelet
recruitment beyond that triggered by selectin upregulation. Activated adherent platelets express platelet P-
selectin, which can act as a congregation point for additional platelets or a secondary capture point for
circulating neutrophils. Accumulation of platelets alone or platelet-neutrophil aggregates can result in

vessel thrombosis and, in severe cases, vessel occlusion and tissue ischemia. In vessels more susceptible to
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fibrosis, platelet activation stimulates the production of pro-fibrotic cytokine TGF-f, pathological ECM

secretion, and downstream fibrosis.
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Figure 1-2 Neutrophil, platelet, and endothelial contributions to vessel repair. In response to vessel injury,
endothelial cells shed their protective glycosaminoglycan rich layer, the endothelial glycocalyx, exposing upregulated
selectins that have been mobilized to the cell surface. Activated endothelial cells secrete pro-inflammatory cytokines
such as TNF-a and IL-1f that recruit circulating neutrophils and platelets to the damaged region. ROS production and
dysregulated calcium homeostasis causes reductions in NO, enhanced cell contraction, vessel leakiness, and the
exposure of the underlying collagen-rich ECM. In some cases, neutrophils captured by upregulated selectins
degranulate, releasing additional ROS and matrix degrading MMPs. Adherent neutrophils act as secondary capture
points for circulating platelets. Neutrophils undergoing NETosis capture red blood cells, platelets, and fibrin,
facilitating thrombosis development. Neutrophil activation results in further endothelial activation, which can lead to
apoptosis of endothelial cells. In other cases, platelets anchor to upregulated vWF and P-selectin on the endothelial
surface via GPIIbllla and PSGL-1. Adherent platelets secrete factors such as NAP-2, TGF-f, and platelet extracellular
vesicles (PEVs) that cause further endothelial activation, neutrophil recruitment, and promote the migration and
proliferation of collagen-producing myofibroblasts. Platelets form a platelet plug at regions with severe endothelial
damage, where denudation has occurred. Neutrophils infiltrate the platelet plug, causing an imbalance in the
haemostatic response that shifts plug formation toward thrombotic. Activated platelets help guide crawling neutrophils
through the thrombus or endothelium. Persistent or unresolved endothelial damage causes continued recruitment and
activation of platelets and neutrophils, overwhelming the vessel and shifting the repair process toward thrombosis and
fibrotic wound healing.
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Several therapeutic strategies have been implemented to combat the downstream effects of
endothelial dysfunction. Each approach primarily targets one interaction to halt what appears to be a highly
coupled group of interactions that, when unbalanced, results in pathological thrombosis and/or fibrosis.
Conlflicting outcomes suggest that no one therapeutic will be a panacea that resets the balance toward
healthy regeneration and healing. Based on our current understanding of the coordination of endothelial
cells, neutrophils, and platelets when the endothelium becomes dysfunctional, combination therapeutics or
complex therapies that target multiple adhesion axes simultaneously may be most efficacious in treating

thrombotic and fibrotic conditions.

Deeper understanding of these complex pathways is needed to develop therapeutic strategies for
what is surely a large number of distinct pathological states that result from sterile inflammation, diffuse
dysfunction that exists with metabolic syndrome, and the sudden and severe response to cytokine storm,
like that seen as a result of severe COVID-19 infections, among others. Key discoveries such as the role of
NO and ROS in endothelial vasoreactivity or, more recently, the role of platelets as drivers of thrombosis,
inflammation, and fibrosis, have been integral in strengthening our understanding of these complex
phenomena. Furthermore, elucidating how interactions between neutrophils and endothelial cells can result
in NET formation and eventual thrombus formation provides a new foundation from which to innovate and
think about disease and healing. The community needs to remain open to the fact that the mechanisms
involved in endothelial dysfunction, coupled with platelet and neutrophil interactions, are multipronged;
therefore, combinatorial approaches to treatment may well be required. This mode of thinking will expand
the potential of targeting not just intercellular signalling cascades, but also cell-cell and cell-ECM

interactions to quickly alter the biological response to injury and disease.
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1.7 Thesis Overview

After an acute inflammatory event (e.g., heart attack or stroke), blood vessels and circulating
immune cells take on a complex phenotype that can perpetuate disease. First responders such as platelets,
neutrophils, and the endothelial cell lining of affected blood vessels play a pivotal and cooperative role in
mediating the balance between restoration and chronic inflammation after an injury. With these interactions
in mind, our lab has designed multifunctional targeted glycosaminoglycan-peptide conjugate molecules that
influence outcomes of acute inflammation by regulating immune cell interactions with inflamed the
vasculature (45, 91, 211). This thesis describes the design, synthesis, and functional characterization of

novel selectin-targeted glycan therapeutic, DS-IkKL.

Chapter 2 details the design and construction of a one-bead-one-compound combinatorial peptide
library that was weighted toward a known selectin-binding sequence from the literature (164, 212). We first
created a one-bead-one-compound library that incorporated D- and unnatural amino acids into the peptide
sequence to render the peptide less susceptible to enzymatic degradation in vivo. We identified four lead
sequences from up to 30" unique sequences in this library, which were further reduced to a single lead
peptide, IKLLpOR (“IkL”). IkL includes multiple D-enantiomers and a more neutral charge than the parent
sequence, IELLQAR. Our next efforts focused on validating that IkL could be successfully conjugated to
a dermatan sulfate glycosaminoglycan backbone using any of three conjugation chemistries. One chemistry,
in which 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) was used to
activate carboxylic acids on the DS polymer, exhibited the best conjugation efficiency of the three

chemistries tested and was selected for future work.

In Chapter 3 we describe the synthesis and characterization of our lead molecule, termed DS-IKL.
Given the prominent role selectin-mediated immune cell interactions play in ischemia-reperfusion injury
(IRI) (149, 213, 214), we were interested in evaluating the therapeutic capacity of DS-IkL against

downstream effects of IRI, namely neutrophil infiltration, fibrotic remodelling, and impaired organ
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function. This chapter explores the in vitro binding characteristics of DS-IkL, as well as in vivo efficacy in

a murine model of cardiac IRI by acute myocardial infarction.

The in vitro elements of Chapter 3 emphasize the effects of DS-IkL on reducing immune cell
interactions with inflamed endothelial cells. However, platelet-neutrophil and platelet-neutrophil-
endothelial complexing is known to perpetuate inflammation and organ dysfunction in sterile inflammatory
disease (100, 215-217). Chapter 4 describes preliminary work investigating the effect DS-IkL may have on
these complex cell interactions by assessing platelet-neutrophil complex formation, proinflammatory
cytokine expression, and neutrophil extracellular trap release in the presence of platelet activation factors.
This chapter further characterizes the anti-inflammatory, non-anticoagulative properties of our glycan

therapeutic.

Finally, Chapter 5 summarizes the findings from each of the previous chapters and gives

perspective into future work.
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CHAPTER 2: DISCOVERY OF AN E-SELECTIN BINDING MOLECULE
USING A ONE-BEAD-ONE-COMPOUND COMBINATORIAL PEPTIDE
LIBRARY

2.1 Abstract

E- and P-selectin play a vital role in several disease processes, including cancer cell homing and
leukocyte adhesion during inflammation, making these proteins desirable targets for drug discovery.
Molecules that can interfere with native selectin-ligand interactions have the potential to make a lasting
impact on patient health. To address this, we designed a one-bead-one-compound combinatorial peptide
library weighted toward a known selectin binding peptide. This synthesis method allowed for the
incorporation of D- and unnatural amino acids into the peptide library, lending enzymatic stability to
potential lead sequences. In this work, we describe the methodology behind the library design, library
screening, and eventual discovery of an E-selectin binding sequence containing multiple D-amino acids.
Furthermore, we show that this peptide sequence can be readily conjugated to a glycosaminoglycan

backbone, yielding a novel selectin binding molecule, DS-IkL.

2.2 Introduction

Selectins are desirable targets in drug discovery efforts in part due to their role in the leukocyte
adhesion cascade (1, 2), mesenchymal stem cell homing (3), and cancer cell homing (4). We have shown
previously that the selectin binding peptide-glycosaminoglycan conjugate termed “EC-SEAL” reduced
neutrophil and platelet interactions with inflamed endothelium (5, 6). /n vivo, treatment with this molecule
reduced venous thrombosis to a similar extent as heparin — a medical gold standard — without significantly
increasing bleeding time (5). Despite its success in these pre-clinical models, this molecule has several

disadvantages that are addressed in the current work.
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The primary limitations of EC-SEAL discussed in this work include the amino acid sequence of
the selectin-binding peptide, and the conjugation chemistry used to link the peptide to the
glycosaminoglycan backbone. The amino acid sequence, (L)Ile-(L)Glu-(L)Leu-(L)Leu-(L)GIn-(L)Ala-
(L)Arg, consists only of L-amino acids as shown. Given that L-amino acids are the naturally occurring

enantiomer, the peptide sequence is therefore highly susceptible to proteolytic degradation in human plasma

7).

To address enzymatic stability of the peptide sequence, we designed a one-bead-one-compound
(OBOC) peptide library that included unnatural and D-amino acids. Over the past several decades, there
has been a push to develop rapid and cost-effective tools to accelerate drug discovery. Among these are
techniques such as the OBOC combinatorial peptide library synthesis method developed by Lam et al. (8,
9). This method has major advantages over biological techniques (e.g., filamentous phage or plasmids),
including the ability to incorporate D-amino acids or unnatural building blocks into the library, the capacity
to synthesize cyclic peptides, and the relative simplicity and speed of producing huge libraries of individual
peptides of differing sequences. The OBOC method uses a solid support resin to build unique peptide
sequences through sequential amino acid coupling steps. The solid support can be easily immobilized and
visualized, allowing for rapid and simple screening without specialized equipment. Because of these
characteristics and others, we chose to use the OBOC method to search for a novel E-selectin binding

sequence.

Finally, we tested different conjugation chemistries to attach our novel peptide to a dermatan sulfate
(DS) backbone. Previous work with EC-SEAL showed oxidation chemistry, achieved by reacting with
sodium metaperiodate followed by a heterobifunctional crosslinker, allowed for tunable addition of peptides
to DS. This work serves as a proof of concept for future studies to show DS can be similarly decorated with

peptide using simpler, less destructive chemistries.
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2.3 Methods

2.3.1 Peptide synthesis on TentaGel resin

Solid phase Fmoc peptide synthesis was used to synthesize the library. Ten-fold excess of amino
acids (Aapptec, Bachem, Advanced ChemTech, or Propeptide) were used at each coupling step (Table
2-1). Ten-fold excess of each hydroxybenzotriazole (HOBt), 1H-Benzotriazolium 1-[bis(dimethyl-
amino)methylene]-5-chloro-hexafluorophosphate (1-),3-oxide (HCTU), and N,N-Diisopropylethylamine
(DIPEA) in DMF were added to each reaction vessel. In some cases, N, N'-Diisopropylcarbodiimide (DIC)
and HOBt were used. Polypropylene columns or microcentrifuge tubes were used during coupling steps.

Amino acid couplings occurred for 4h at 60°C or overnight at room temperature (RT) with agitation.

Coupling was confirmed using a ninhydrin test (Kaiser test) (ThermoFisher). For tubes in which
coupling was incomplete, fresh Fmoc amino acid, HOBt, HCTU, and DIPEA were added, and the reaction
allowed to occur at 60°C for 1 h with agitation. In most cases, double coupling was not needed. Fmoc
deprotection was achieved by two 10-minute incubations with 20% piperidine (Sigma) in DMF with
rotation. Resin was washed 3x with each DMF, dichloromethane (DCM), methanol (MeOH), and DMF

after each incubation.

2.3.2 Library setup and synthesis

A peptide library containing D- and unnatural amino acids was designed (Table 2-1) and biased
toward the parent sequence H,N-I-E-L-L-Q-A-R-COOH (see Chapter 3, Figure 3-1). One gram of
TentaGel S resin (90-130 uM, loading 0.31 mmol/g) was swollen overnight in 50% DMF/DCM in a
polypropylene column before library synthesis. At each step, the resin suspension was split in half. One
half was coupled to the next amino acid in the parent sequence; the remaining half was divided into 30-32

separate polypropylene columns and coupled to discrete amino acids. At the sixth coupling step, 25% of
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the resin was coupled to Glu, 25% was coupled to Asp, and the rest was split evenly into the remaining

columns. If coupling was complete, resin from all columns was combined and deprotected.

Table 2-1 Tentagel Focus Library

Parent sequence: IELLQAR/IDLLMAR 0.155 mmol/29=0.0054
1 1-letter code AA MW X1-X7 10eq (mg)
2 a Fmoc-D-Ala-OH 311.33 119.86
3 R Fmoc-Arg(pmf)-OH 662.80 255.18
4 n Fmoc-D-Asn(Trt)-OH 596.70 229.73
5 D Fmoc-Asp(OtBu)-OH 411.45 158.41
6 Q Fmoc-GIn(Trt)-OH 610.70 235.12
7 e Fmoc-D-Glu(OtBu)-OH 425.47 163.81
8 G Fmoc-Gly-OH 297.31 114.46
9 I Fmoc-Ile-OH 353.41 136.06
10 k Fmoc-D-Lys(Boc)-OH 468.54 180.39
11 m Fmoc-D-Met-OH 371.45 143.01
12 f Fmoc-D-Phe-OH 387.43 149.16
13 p Fmoc-D-Pro-OH 337.37 129.89
14 S Fmoc-L-Ser(OtBu)-OH 383.44 147.62
15 h Fmoc-D-His(Trt)-OH 619.70 238.58
16 W Fmoc-D-Trp(Boc)-OH 526.58 202.73
17 Y Fmoc-Tyr(OtBu)-OH 459.53 176.92
18 \Y Fmoc-L-Val-OH 339.39 130.67
19 t Fmoc-D-Thr(tBu)-OH 397.50 153.04
20 Fmoc-Nle-OH 353.40 136.06
21 0 Fmoc-Hyp(tBu)-OH 409.00 157.47
22 Fmoc-Aad(OtBu)-OH 439.60 169.25
23 Fmoc-D-3-Pal-OH 388.40 149.53
24 Fmoc-Dpr(Boc)-OH 426.40 164.16
25 Fmoc-D-Tyr(me)-OH 417.47 160.73
26 Fmoc-D-Phe(3-C1)-OH 421.90 162.43
27 Fmoc-D-Chg-OH 379.40 146.07
28 Fmoc-Bpa-OH 491.50 189.23
29 Fmoc-D-Nal-2-OH 437.47 168.43
30 Fmoc-L-Nal-1-OH 437.47 168.43
31 Fmoc-Phe(3,4-diC1)-OH 456.40 175.71
50% Fmoc-Cha-OH 393.48 151.49
50% R Fmoc-Arg(pmf)-OH 662.80 410.94
50% A Fmoc-Ala-OH 311.33 193.02
50% Q Fmoc-Gln(Trt)-OH 610.70 378.63
50% L Fmoc-Leu-OH 353.41 328.67
25% L Fmoc-Leu-OH 353.41 328.67
25% E Fmoc-Glu(OtBu)-OH 425.47 131.90
50% D Fmoc-Asp(OtBu)-OH 411.45 127.55

I Fmoc-Ile-OH 353.41 219.11
DIC 0.815 126.2 244.81
6-C1-HOBt 169.57 265.46
413.69
0.742 129.24
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The cycle was repeated for a total of 7 couplings, producing a maximum of 317 unique peptide sequences

(31 amino acids, 7 couplings). Resin underwent a final deprotection step before proceeding.

Deprotected resin was washed 3x each with DMF, DCM, MeOH, DMF, and DCM before drying
overnight. The next day, protecting groups were cleaved from the resin with 82.5% trifluoroacetic acid
(TFA), 5% ultrapure water, 5% phenol, 5% tris(hydroxymethyl)aminomethane (Tris), and 2.5%
Triisopropyl silane (TIPS) for 4 hours at RT with rotation. The deprotected resin was washed at least 3x
with DMF, neutralized with 10% DIPEA in DMF, washed at least 3x with DMF, and stored in 0.05% (w/v)

sodium azide in ultrapure water at 4°C.

2.3.3 Library screening

Screening of the peptide library was performed in several iterations until 15 sequences were
isolated. 300 uL of resin was immobilized in a polystyrene 12-well plate using 90% DMF in water such
that 90% of each well was covered. Wells were washed with phosphate buffered saline (PBS) 3x to remove
unbound resin. Resin was blocked with 5% bovine serum albumin (BSA) and human FC fragment (1:800)
in PBS for 20 min at RT. Blocking solution was removed and wells treated with HRP anti-6X His tag
antibody (Abcam) (1:1000 in PBS) for 1h at RT. Wells were washed 3x with PBS before adding 10% (v/v)
3,3’-diaminobenzidine (DAB) substrate in PBS for 5 minutes. Wells were washed 3x and visualized under
2X magnification using a dissecting microscope (see Chapter 3, Figure 3-1). Stained resin beads were

removed from the wells using a 100 uL micropipette before proceeding with the full staining protocol.

Remaining resin was incubated with recombinant human E-selectin-6-His (R&D Systems)
(1:1000) in PBS for 1 h at RT. Wells were washed 3x with PBS, blocked (5% BSA for 20 minutes), then
incubated with HRP anti-6X His secondary antibody (1:7000) for 1 h at RT. Wells were washed 3x with
PBS then incubated with 10% DAB substrate for 5 min. After 3x washes with PBS, resin was visualized
under 2X magnification. In some cases, images were taken using a Dino-Eye Microscope Edge Eyepiece

Camera (Dino-Lite).
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Beads that stained positive after the full screening protocol were carefully removed with a
micropipette and sequentially immersed in ultrapure water, 8§ M guanidine hydrochloride for 20 min, then

ultrapure water, before being isolated for microsequencing.

2.3.4 Peptide synthesis — 2-CI-Trt-Cl

For DS conjugation, peptides were synthesized on 2-chlorotrityl chloride (2-Cl-Trt-Cl) resin (CEM
Corporation) or purchased (Innopep). When synthesized, resin was functionalized with hydrazine hydrate
prior to solid phase peptide synthesis. Resin was weighed into a 50 mL glass peptide synthesis vessel,
washed 3x with each DMF, DCM, and DMF, then swollen in 50% DCM/DMF for 1 h with nitrogen or
ambient air bubbling. The reaction vessel was drained then for every 1 g of resin, 10 mL of a 10% (v/v)
solution of hydrazine hydrate (NH2NH,, 78-82%, Sigma) in DMF with 100 pL. DIPEA was added. The
reaction was bubbled with nitrogen or ambient air for 2 h at RT then drained. A fresh NH.NH, + DIPEA
solution was added for 1 h. Resin was then washed 3x with DMF for 1 min each, then washed 2x each
DMF, DCM, DMF. Unreacted Cl groups were capped by nitrogen or ambient air bubbling with 10 mL of
10% (v/v) MeOH for 30 minutes. Resin was then washed 3x with DMF for 1 min each, then washed 2x

each with DMF, DCM, DMF before amino acid coupling.

Four-fold excess of Fmoc-Glycine-OH (Aapptec) and OxymaPure were dissolved in DMF and
added to the reaction vessel. DIPEA and DIC were added, and the reaction left bubbling with nitrogen or
ambient air overnight. After one washing cycle, glycine was coupled once more for 4 h. Resin was washed
once 3x with each DMF, DCM, DMF, and coupling confirmed by ninhydrin test. Resin was then coupled
on a Liberty Blue Automated Peptide Synthesizer. A small amino acid spacer, COOH-(L)Gly-(L)Arg-

(L)Gly-(D)Ser-NH,, was coupled before the COOH-IKLLpOR-NH, sequence.

Once synthesized, resin was washed 3x with each DMF, DCM, DMF, DCM, then left to dry on a

vacuum overnight. Dried resin was cleaved and precipitated using diethyl ether, dried, and purified using
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reversed phase FPLC on a 1 h, 0-60% acetonitrile gradient against water. Peaks were collected and verified

using matrix assisted laser desorption/ionization — time of flight (MALDI-ToF).

2.3.5 Peptide conjugation to DS

Peptides were conjugated to DS using one of three chemistries, oxidation, DMTMM, or EDC, as

described below.

Oxidation: Sodium metaperiodate was dissolved at 12 mg/mL in 0.1 M acetate buffer. Dermatan
sulfate (DS, MW 41816 Da, Celcus Labs) was dissolved at 20 mg/mL in 0.1 M acetate buffer. The solutions
were combined and reacted with shaking for 2 h at RT. Oxidized DS was then purified against 1x phosphate
buffered saline (PBS) using a Biogel P-6 size exclusion column (BioRad) on an aqueous FPLC. The DS
peak was collected into a conical tube containing 7 mg of (N-B-maleimidopropionic acid hydrazide)
(BMPH). The solution was reacted for 2 h at RT with shaking before undergoing a second purification. The
DS-BMPH peak was collected, frozen, and lyophilized for the next conjugation step. The area under the
curve was calculated using a standard curve to determine the number of BMPH crosslinkers present on the

DS by subtracting unbound BPMH from total added.

Purified DS-BMPH was dissolved in ultrapure water. Half of a 5 mg/mL solution of IKLLpORGC
was added dropwise with agitation. After 15 minutes of shaking, the second half was added dropwise with
agitation. The solution was left shaking for 2 h at RT. After 2 h a solution of semicarbazide hydrochloride
was added and reacted for 2 h at RT. The resulting solution was purified against ultrapure water using size

exclusion FPLC, frozen, and lyophilized.

DMTMM: DS was dissolved in phosphate buffer (pH 4.54) and reacted with 45 equivalents of 4-
(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium chloride (DMTMM) for 5 minutes. HyNic-
GRGsIkLLpOR (InnoPep) or NoH3GRGsIKLLpOR was dissolved in phosphate buffer and added to the
reaction. The reaction was left to complete for 48-60 hours at room temperature with end-over-end rotation,

quenched with water, then filtered using tangential flow filtration. Purified molecules were frozen and
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lyophilized. The number of peptides bound was quantified by reading absorbance at 280 nm (HyNic-
GRGsIKLLpOR) or 205 nm (N>H3GRGsIKLLpOR) on a NanoDrop Microvolume Spectrophotometer

(ThermoFisher Scientific) and comparing it to a standard curve of free peptide.

EDC: DS was dissolved in 2-ethanesulfonic acid (MES) buffer (pH 4.54) and reacted with 45
equivalents of 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) for 5 minutes. HyNic-
GRGsIKLLpOR (InnoPep) or NoH3;GRGsIKLLpOR was dissolved in MES buffer and added to the reaction.
The reaction was left to complete for 48-60 hours at room temperature with end-over-end rotation. The
reaction was stopped by increasing to pH 8 and left shaking for 30 min, then purified against ultrapurewater
using tangential flow filtration. Purified molecules were frozen and lyophilized. The number of peptides
bound was quantified by reading absorbance at 280 nm (HyNic-GRGSsIkLLpOR) or 205 nm
(N2H3GRGsIKLLpOR) on a NanoDrop Microvolume Spectrophotometer (ThermoFisher Scientific) and

comparing it to a standard curve of free peptide.

2.4 Results

2.4.1 Sequence determination

After several microsequencing iterations, 15 sequences of interest were listed in random order in
an Excel spreadsheet and compared (Table 2-2). Four lead sequences were chosen for further study based
on incorporation of D-amino acids and presence of conserved amino acids (Table 2-3). Lead sequences
were synthesized on TentaGel S-NH; resin using a Liberty Blue Automated Microwave Peptide Synthesizer
(CEM Corporation) and immobilized in individual wells of a 12-well polystyrene plate. The screening
protocol was repeated as described to compare relative background and positive E-selectin binding among
the sequences. Background staining and E-selectin binding was visualized using a benchtop dissecting

microscope at 2X magnification. The sequence with the least background staining and greatest positive full
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staining, (L)Ile-(D)Lys-(L)Leu-(L)Leu-(D)Pro-(L)Hyp-(L)Arg, was selected for future studies (data not

shown).

Table 2-2 E-selectin Binding Peptide Library: Sequences of Interest

s E L R Q R

I Y L n Nle | Hyp R

I k S L Q Nle R

Nle Q h f Q h R

h D L Dpr Q Hyp R

Y R Y e D L D

k R D L Q A R

R h f m p g R

Y R Y e D L D

I R L L Nle | n A

I D h Dpr R hyp R

k D-Tyr(Me) | L L k Hyp Nal-1

R R R L Q A W

I a p L Q nal-2 R

I D L L m Q Bpa

D nal-2 h Bpa t f Aad

Dpr E S Bpa Q h R

h E L L D D Nal-1

I D R Phe(3,4-diCl) | V Nal-1 k

I R D-Phe(3-Cl) | Phe(3,4-diCl) | k D- R

Try(Me)

I D-Phe(3- L L R k p
Cl)

I k L L p Hyp R

Nle D-Tyr(Me) | I w Q h R

I R L L T D-Nal-2 k

I f Phe(3,4-diCl) | R Q D k

D-Chg p Dpr L Q p R

Cha E R h Q Hyp Bpa

I n L Cha t Q I

I Nle t D Q D-Nal-2 R

D- D-Chg k L I D-3-Pal Cha

Tyr(Me)

Blue: Unusual or unnatural amino acids. Red: D-amino acids. Letters denote one-letter codes of
standard amino acids.
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Table 2-3 Amino Acid Composition of Lead Sequences

Lead sequences*  D-amino acids (red) Unnatural or unusual amino acids (blue)
k-R-D-L-Q-A-R k: D-Lysine

[-k-L-L-p-O-R k: D-Lysine; p: D-Proline

[-f-Phe-R-Q-D-k f: D-Phenylalanine; k: D-Lysine Phe: D-Phe(3-Cl)

k-Tyr-L-L-k-O- k: D-Lysine Tyr: D-Tyr(me); Nal: L-Nal-1

Nal

*Parent sequence: I-E-L-L-0-A-R

2.4.2 Peptide conjugation to a dermatan sulfate backbone

As a proof-of-concept study, peptides were conjugated to dermatan sulfate (DS) using three
different chemistries (Table 2-4). Oxidation chemistry was used to create a molecule similar to the parent
molecule, EC-SEAL. In this iteration, we wanted to first verify that up to 30 peptides could be
successfully added to the DS backbone. Oxidation by sodium metaperiodate works by cleaving the DS
ring at vicinal diols, thereby creating a conjugation point for a heterobifunctional cross linker such as
BMPH (Figure 2-1A). By creating more sites for peptide conjugation, the DS ring structure is

increasingly damaged, rendering it vulnerable to random coil and reducing molecule stability (10).

To address this, we tested DMTMM and EDC as conjugation chemistries. DMTMM and EDC
activate the carboxylic acid on the ring structure, thereby leaving the ring structure intact (Figure 2-1).
We tested EDC and DMTMM conjugation efficiency by activating 45 of the approximately 100
carboxylic acids on the DS polymer. Fifteen equivalents of peptide were added for each reaction. As
shown in Table 2-4, the EDC reaction was slightly less efficient than DMTMM, with only 11 peptides

conjugating to the backbone compared to 15.
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Table 2-4 EDC, DMTMM, and Oxidation chemistry calculations

Avg abs, 280 nm (DS-EDC mg/ml peptide % Contribution Avg # of
Chemistry or DS-DMTMM (from standard to molecule peptides per
subtracted) curve) weight DS
EDC 1.2841875 0.2693817704 0.2693817704 11.14415902
DMTMM | 1.573791667 0.3312590361 0.3312590361 14.97198588

. Molar Ratio
Chemistry | Unbound BMPH (mg) Bound BMPH | Rat© 012183,1}’[1)}1 | of DS:IKL to
add

Oxidation | 3.522712701 3.491287299 27.11853899 32.64817374

Standard Curves ‘ HyNic-N2H3GRGsIKLLpOR BMPH (unbound)

Equations y =4.6803x + 0.0468 y=271.39x - 12.729
*Theoretical maximum number of peptides that can be added to the modified DS

1) IkLLpORGC
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Figure 2-1 Conjugation chemistry used to link DS to DMTMM. Sodium metaperiodate cleaves the DS ring
structure between two vicinal diols (blue stars) to create active aldehyde intermediates (red wedge) (A). During
DMTMM conjugation, DMTMM reacts with a carboxylic acid (green arrow) to form an active ester intermediate
(B). EDC works similarly to DMTMM but results in an isourea by-product (C).

2.5 Discussion

The one-bead-one-compound (OBOC) combinatorial peptide library synthesis method (8, 11) has
been greatly influential in the discovery of disease targeting peptides and small molecules. This solid state

synthesis format gives greater flexibility in the types of building blocks one can incorporate into the library,
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including, but not limited to, D- and unusual amino acids (8). The OBOC method is compatible with most

solid-state peptide synthesis resins, making it a highly adaptable tool for drug discovery.

In this work, TentaGel S-NH; resin was used to synthesize the peptide library. TentaGel S resin
consists of a polystyrene bead attached to a polyethylene glycol (PEG) linker (Figure 2-2). This linkage is
not acid labile, allowing for TFA cleavage of protecting groups from the final peptide after reaching a
desired length — in this case, 7 mer — without cleaving the peptide from the solid support. The peptide-on-
resin format allowed for the simple screening protocol described here. Screening was also facilitated by the

PEG linker; PEG acts as a spacer, distancing the peptides from the resin bead.

TentaGel S-NH2 ~ ~(OHCH,~CH,~0]~CH,—CH,~NH,
Figure 2-2 Structure of TentaGel S-NH2 resin

We have described the design of a OBOC peptide library for the discovery of a novel E-selectin
binding peptide. Though several selectin binding peptides exist in the literature (5, 12), the vast majority
are composed of L-amino acids — the more enzymatically vulnerable enantiomer (7). To address this, D-
and unnatural amino acids were incorporated into the OBOC library (Table 2-1). Screening iterations
yielded several sequences containing these building blocks (Table 2-2), suggesting selectin targeting may
be achieved with more enzymatically resistant peptide sequences. However, given that D- and unnatural
amino acids can influence peptide conformation and biological activity (13, 14), additional functional

studies are needed to assess in vivo efficacy and safety.

The discovery of E-selectin binding sequences with high affinity has been historically difficult (15),
in part due to the low affinity of E- and P-selectin for individual binding ligands (12, 15). A major advantage
of the OBOC library is the multivalent nature of the peptide-bead, with each bead containing of 100-350

pmol or 10" of copies of the same peptide on each bead. While the high density may increase the likelihood

49



of nonspecific binding to the peptide-bead due to phenomena such as charge-charge interactions or low
affinity interactions within a high density of ligand (16), in our hands optimization of the antibody and
protein treatments was sufficient to minimize background staining during the screening process. Multiple
screening iterations yielded 15 peptide sequences of interest, which were further narrowed down to 4
sequences. After an additional screening step, wherein color development was monitored after background
subtraction in the presence or absence of recombinant human E-selectin, a lead E-selectin binding sequence

was determined: IkLLpOR.

To verify we could decorate DS with our peptide, we tested three different conjugation chemistries:
oxidation, DMTMM, and EDC. Though oxidation chemistry is highly tunable, increasing amounts of
modification interfere with the stability of the DS (10). By using a non-destructive chemistry such as
DMTMM or EDC, which activate carboxylic acids on the DS backbone, we can modify the same number
of DS monomers — 15 — with half the number of peptides. Our molecule would therefore remain multivalent
while maintaining molecule stability. Of the non-destructive chemistries DMTMM and EDC, we saw better
coupling efficiency with DMTMM after the 48-h conjugation period; therefore, we chose to move forward

with this chemistry in future work.

In future studies using a peptide library, functional screening protocols after initial screening may
be better suited to molecule discovery depending on the interaction of interest. One limitation of the
screening protocol used in this work was the lack of a fluid shear component when binding to E-selectin.
Selectins act as catch bonds, wherein the bonds strengthen as shear force is applied (17). Therefore,
incorporation of a flow component into the screening protocol (e.g., by using a microfluidic device) may
lead to sequences with greater binding affinity, particularly after lead sequences have been identified using

the simple screening protocol described here.
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2.6 Conclusions

In this work, we describe the design and synthesis of a peptide-bead combinatorial library using
the OBOC split synthesis method. The library was biased toward a known E-selectin binding sequence (5,
12), and consisted of L, D-, and unnatural amino acids. A simple screening protocol requiring standard
laboratory equipment was used to select beads of interest for microsequencing. Sequences were further
assessed until a lead sequence, IkLLpOR, was selected for future studies. We proceeded to show this
peptide can be conjugated to a dermatan sulfate backbone using any of three chemistries. Conjugation
efficiency and degree of DS modification/ring cleavage were compared among oxidation, DMTMM, and
EDC conjugation. Of the three, DMTMM showed the greatest conjugation efficiency without cleaving the

ring structure and was therefore selected for future work.
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CHAPTER 3: SELECTIN-TARGETING GLYCOSAMINOGLYCAN-PEPTIDE
CONJUGATE LIMITS NEUTROPHIL MEDIATED CARDIAC REPERFUSION
INJURY

This chapter consists of a manuscript published by Dehghani T, Thai PN, Sodhi H, Ren L, Sirish P, Nader CE,
Timofeyev V, Overton JL, Li X, Lam KS, Chiamvimonvat N, and Panitch P in Cardiovascular Research,

2020, https://doi.org/10.1093/cvr/cvaa312.

3.1 Abstract

Aims: One of the hallmarks of myocardial infarction (MI) is excessive inflammation. During an
inflammatory insult, damaged endothelial cells shed their glycocalyx, a carbohydrate-rich layer on the cell
surface which provides a regulatory interface to immune cell adhesion. Selectin-mediated neutrophilia
occurs as a result of endothelial injury and inflammation. We recently designed a novel selectin-targeting
glycocalyx mimetic (termed DS-IkL) capable of binding inflamed endothelial cells. This study examines
the capacity of DS-IKL to limit neutrophil binding and platelet activation on inflamed endothelial cells, as

well as the cardio-protective effects of DS-IKL after acute myocardial infarction.

Methods and Results: /n vitro, DS-IKL diminished neutrophil interactions with both recombinant selectin
and inflamed endothelial cells, and limited platelet activation on inflamed endothelial cells. Our data
demonstrated that DS-IKL localized to regions of vascular inflammation in vivo after 45 minutes of left
anterior descending coronary artery ligation induced MI. Further, findings from this study show DS-IkL
treatment had short- and long-term cardioprotective effects after ischemia/reperfusion at the left anterior
descending coronary artery. Mice treated with DS-IkL immediately after ischemia/reperfusion and 24 hours
later exhibited reduced neutrophil extravasation, macrophage accumulation, fibroblast and endothelial cell

proliferation, and fibrosis compared to saline controls.

Conclusions: Our findings suggest that DS-IkL has great therapeutic potential after MI by limiting

reperfusion injury induced by the immune response.
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3.2 Introduction

Cardiovascular disease remains the leading cause of mortality in the United States. Approximately
805,000 Americans will be diagnosed with coronary artery disease (CAD), the most common heart disease,
this year (1). Approximately half of those diagnosed with CAD will be susceptible to acute myocardial
infarction (MI), as well as complications that can lead to heart failure and sudden cardiac death (2).
Although initial damage occurs during acute MI due to oxygen deprivation during the ischemic phase, it is
well documented that further injury can result from reperfusion (3). The effects of reperfusion injury (RI)
are complex. In the absence of oxygen, ischemic tissues experience severe disruptions to their homeostasis.
A necessary shift from aerobic to anaerobic metabolism results in the accumulation of lactic acid, which
contributes to a decline in intracellular pH, an impairment of ion exchange, and an increase in reactive
oxygen species (ROS) production (3, 4), subsequently damaging cells within the vicinity. Paradoxically,
the restoration of blood flow further contributes to cellular damage, partly due to inefficient oxidative
phosphorylation that results in further production of ROS, reductions in nitric oxide (NO), and the

recruitment of immune cells (5, 6).

Ischemia/reperfusion induced damage to vascular endothelial cells (EC) initiates an inflammatory
cascade that recruits neutrophils and platelets to the sites of damage (5). Increased permeability of the
vasculature potentiates RI by allowing the infiltration of immune cells into the tissue. Reperfused ECs
experience disruptions to their Ca*" homeostasis and begin to contract (7), giving rise to endothelial gaps
that facilitate the extravasation of leukocytes being recruited by ROS and cytokines. Though these cells
have vital cardioprotective functions, overaccumulation of leukocytes and activated platelets exacerbates

myocardial damage, contributing to the overall infarct size.

During RI, ECs shed their glycocalyx, a carbohydrate-rich protective layer that resides on the
surface of healthy endothelium (8, 9). The glycocalyx is known to play a role in many cellular processes,

including mechanotransduction (10), microvascular permeability (11), and modulation of inflammatory
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mediators (12). Diminution of the endothelial glycocalyx has been shown to contribute to vascular edema
as well as neutrophil and platelet adhesion (10, 13). While the endothelial glycocalyx has been shown to
recover from enzyme-induced damage, this recovery was inversely proportional to white blood cell count
(14). The inflammatory response hence plays a critical role in RI with respect to the glycocalyx, with
neutrophil influx (15, 16) and increased enzyme production (8, 17) likely delaying glycocalyx regeneration.
Therefore, a molecule that provides a stable, stealthy interface with the capacity to down-regulate platelet

activation and neutrophil capture could prevent inflammation-mediated RI.

To address this critical problem, we have designed a novel multivalent selectin-targeting
carbohydrate conjugate (termed DS-IKL) that effectively abates neutrophil interactions within damaged
regions of the vasculature. Given the elevated levels of matrix metalloproteinases and other proteolytic
enzymes within the inflammatory zone, the glycosaminoglycan-derived backbone is conjugated to several
selectin binding peptides consisting of D- or unnatural amino acids in order to increase the enzymatic
stability of the molecule in the harsh inflammatory environment. We directly test the hypothesis that DS-
IkL will significantly interfere with neutrophil capture and platelet activation on ECs in vitro, and provide
beneficial effects in vivo in a preclinical model of MI by reducing neutrophil extravasation, macrophage

accumulation, fibroblast and EC proliferation, and fibrosis.

Our study demonstrates that DS-IKL interfered with neutrophil capture and adhesion on E-selectin
substrates and cytokine stimulated cardiac-derived ECs. DS-IkL provided a protective effect against platelet
activation on ECs in vitro, maintaining a similar activation state as on unstimulated ECs. In corroboration
with these findings, we observed cardioprotection after a left anterior descending coronary artery (LAD)
ligation-induced MI in mice in vivo. Treatment with DS-IkL resulted in improved cardiac function, reduced
fibrosis, and a significant decrease in neutrophil, macrophage, proliferative fibroblasts, and proliferative
ECs in the infarcted region. Taken together, these findings establish a therapeutic role of DS-IKL after MI

by reducing reperfusion injury mediated by the immune response.
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3.3 Materials and Methods

For more detailed methods, please see Supplementary Materials.

3.3.1 Animal Model / IR Surgery

We used 10-16 week-old male and female C57B1/6J mice for this study. All animal handling and
laboratory procedures were performed in accordance with the approved protocols of the Institutional
Animal Care and Use Committee of the University of California, Davis, which conforms to the Guide for
the Care and Use of Laboratory Animals published by the US National Institutes of Health (8" Edition,
2011). Mice were selected to undergo either sham-operation, or ischemia followed by 24 hours
[triphenyltetrazolium chloride (TTC) staining and cardiac troponin measurments], 36 hours [in vivo
imaging (IVIS) and fluorescence assisted cell sorting (FACS) analysis], or 2 weeks (electrophysiology,
histology, immunohistochemistry) of reperfusion (I/R). Mice were anesthetised with 80 mg/kg ketamine
and 5 mg/kg xylazine, intraperitoneal, prior to surgery. After toe pinch and corneal reflexes were lost,
ischemia was induced by ligating the proximal LAD coronary artery for 45 minutes. Anaesthesia was
maintained by supplementing 1% isoflurane throughout the I/R procedure. Mice were injected with 100 ul
of either 0.9% saline or 30 uM DS-IKL in saline via the tail vein immediately after reperfusion and at t=24
hours. Mice were randomly selected to receive either DS-IKL or saline. Mice were given buprenorphine
twice daily for 48-72 hours post-operation (0.1 mg/kg subcutaneously). For euthanasia, mice were injected
with 80 mg/kg ketamine and 5 mg/kg xylazine to achieve a surgical plane of anaesthesia followed by
exsanguination upon removal of the heart. Cardiac structure and function, and neutrophil and macrophage
aggregation, were assessed 2 weeks after surgery. For the in vivo imaging system and flow cytometry
experiments, mice were allowed to recover for 36 hours after surgery. Animals were imaged on an IVIS
Spectrum in vivo imaging system (Perkin Elmer) 1, 12, 24, and 36 hours after reperfusion prior to

euthanasia. For TTC staining and troponin analysis, mice were euthanized 24 hours following reperfusion.
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3.3.2 Peptide Library

A combinatorial peptide library biased toward a known 7-mer selectin-binding peptide sequence,
Ile-Glu-Leu-Leu-Asp-Ala-Argl9, 20, was created using the one-bead-one-peptide split synthesis method21
on Tentagel S resin. The library was split a total of 7 times, yielding 317 unique sequences (Figure 3-1).
Protecting groups were cleaved (82.5% trifluoroacetic acid, 5% phenol, 5% water, 5% thioanisole, 2.5%
triisopropylsilane) and resin screened for binding to recombinant human E-selectin Fc chimera. One
sequence, lle-(D)Lys-Leu-Leu-(D)Pro-Hydroxyproline-Arg (IkL) was selected for use in the experiments

described herein.
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Figure 3-1 One-bead-one-peptide library synthesis. A) A combinatorial peptide library was designed using the split
synthesis method of Lam et al. biased toward a known E-selectin binding sequence. (1) Resin was split in half; (2)
half was coupled to the first amino acid of the selectin binding sequence and the other half divided evenly into 30
tubes, each containing a different amino acid. (3) After coupling was complete, resin was combined and deprotected.
(4) The cycle was repeated for each amino acid in the selectin-binding sequence to create a library with 317 unique
peptide sequences. B) In each step, resin is divided in two and coupled to a different amino acid, bx or ax. The cycle is
repeated three times to create a library with 2° unique sequences. C) An example of the screening result is shown.
Resin with peptide that bound E-selectin can be seen in brown (red arrows). This figure was created with BioRender.
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3.3.3 DS-IKL Synthesis

Dermatan sulphate (DS, 41816 Da, Celsus Laboratories) was dissolved in phosphate buffer (pH
4.54) and reacted with 45 equivalents of 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium
chloride (DMTMM) for 5 minutes. HyNic-GRGsIkLLpHypR (IkL) (InnoPep) was dissolved in phosphate
buffer and added to the reaction. The reaction was left to complete for 48-60 hours at room temperature
with constant shaking, quenched with water, then filtered using tangential flow filtration. Purified
molecules were frozen and lyophilized for future use. The number of peptides bound was quantified by
reading absorbance at 280 nm on a NanoDrop Microvolume Spectrophotometer (ThermoFisher Scientific)
and comparing it to a standard curve of free peptide. Unless otherwise stated, molecule with an average of
14-16 peptides bound per DS was used for the present studies. For fluorescent molecules, CF594 Dye
Hydrazide (Biotum) was conjugated to DS using 2 equivalents of DMTMM and the complex purified before

conjugation to IkL.

3.3.4 Cell Culture

Human cardiac microvascular endothelial cells (HCMEC, PromoCell) p4-6 were used. Stimulation
media was prepared by diluting to 0.4 ng/ml tumour necrosis factor alpha (TNF-a) and 0.3 ng/ml interleukin

1 beta (IL-1pB) in complete endothelial growth medium MV (PromoCell).

3.3.5 Neutrophil and Platelet Isolation

Human whole blood was collected into EDTA (neutrophil experiments) or sodium citrate (platelet
experiments) tubes in accordance with approved protocols of the Institutional Review Board Administration
at UC Davis, which conform to the principles outlined in the Declaration of Helsinki. All participants gave
informed consent prior to participation in the study. Neutrophils were isolated using an EasyStep Direct
Human Neutrophil Isolation Kit (Stem Cell Technologies) and used at 0.3-2x10° cells/ml in Hank’s

Balanced Salt Solution with calcium and magnesium (HBSS"") supplemented with 0.1% human serum
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albumin (HSA). For HCMEC binding experiments, neutrophils were stained with 1.5 nM Calcein-AM
(BioLegend) for 30 minutes at 37°C before use. For microsphere experiments, neutrophils were stained
with AF488 anti-human CD11a/CD18 (clone m24) and PE anti-human CD15 (clone HI98) antibodies
(BioLegend) for 20 minutes on ice. For platelet experiments, blood was separated by centrifugation for 20

minutes at 200 x g; the resultant platelet rich plasma (PRP) layer was collected and used.
3.3.6 Platelet Activation

HCMECs were grown to confluence on 96-well CellBind plates then treated with 30 uM DS-IKL,
450 pM IKL peptide, or 30 uM DS in stimulation media for 4 hours. Wells were rinsed 2x with HBSS"*
then treated with 100 pL of PRP at 37°C. After 1 hour, 45 pL of PRP was removed from each well and
added to tubes containing 5 uL. of ETP [107 mM Ethylenediaminetetraacetic acid, disodium salt (EDTA),
12 mM Theophylline, and 2.8 uM Prostaglandin E1 in water]|. Samples were briefly centrifuged and flash

frozen.
3.3.7 NAP-2 and PF-4 ELISA

Unless otherwise stated, all incubations occurred at room temperature with shaking (700 RPM) and
wells were rinsed 3x with PBS+0.05% Tween 20 (PBST) or 1% BSA in PBS between steps. Mouse
monoclonal anti-hNAP-2 IgG and anti-hPF4 IgG2p capture antibodies (R&D Systems) were coated on 96-
well EIA/RIA high binding plates (Corning) at 2 pg/mL in 1x PBS and incubated at 4°C overnight. Wells
were then blocked for 1 hour with 1% BSA. Samples were thawed and centrifuged at 2000 x g for 20
minutes and supernatant diluted 1:5000 in 1% BSA. Blocking buffer was removed (no rinse) and samples
added for 2 hours. Biotinylated polyclonal goat anti-hNAP-2 IgG and anti-hPF4 IgG detection antibodies
(R&D systems) were added at 0.2 pg/ml in 1% BSA for 2 hours. Streptavidin-HRP (diluted 1:200 in PBS)
was then added for 20 minutes. Colorimetric change was induced with 1:1 hydrogen
perodide:tetramethylbenzidine solution for 20 minutes. The reaction was stopped by addition of 2N sulfuric

acid and absorbance measured at 450 nm and 540 nm. Signals were subtracted to obtain a final absorbance.
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3.3.8 Neutrophil Binding to E-selectin Coated Microspheres

Fluoresbrite 641 1.75 pm carboxylate microspheres were coated with 10 png/ml E-selectin using a
PolyLink coupling kit (PolySciences, Inc.). Functionalized microspheres were treated with HBSS™*
(vehicle), EC-SEAL (30 uM), DS-IkLio (30 uM), or DS-IkL;s (30 uM) for one hour. Microspheres were
pelleted at 1000xg and resuspended in stained isolated human neutrophils, then incubated for 30 minutes at
room temperature with rotation. Samples were fixed in 4% paraformaldehyde (PFA) and read on an Attune

NxT Flow Cytometer (Invitrogen). Data was analysed using FlowJo software.

3.3.9 Neutrophil Binding to HCMECs

HCMECs were grown to confluence in a tissue culture treated 96-well plate, stimulated for 4 hours,
then treated with DS-IKL (30 pM), DS (30 uM), IkL alone (450 pM), or HBSS™* containing 0.2% HSA
(vehicle) for 1 hour. Cells were washed twice with HBSS™* then treated with 50,000 Calcein-AM labelled
neutrophils per well with rotation (150 RPM, 37°C). After 30 minutes, cells were washed to remove non-

adherent neutrophils and fluorescence read on a SpectraMax M5 plate reader (Molecular Devices).

3.3.10 CF594-DS-IKL Binding to Selectin Surfaces

Piranha etched glass coverslips were coated with 0.2 mg/ml protein A/G and 25 mM
(bis(sulfosuccinimidyl)suberate) (BS3) overnight before being adhered to sticky-Slides VI 0.4-untreated
(Ibidi). Channels were coated with E-selectin-FC or P-selectin-FC at 20 pg/ml (R&D Systems) for 1.5
hours with rocking, blocked with 0.2% HSA for 1 hour, then treated with serially diluted CF594-DS-1kL
in HBSS™* for 1 hour with rocking. Channels were rinsed and stored in HBSS"* at 4°C overnight before
imaging to remove non-specifically bound molecule, then imaged on a Nikon TE2000 inverted microscope
(Nikon, Minato, Tokyo, Japan). For each channel, five images were acquired in random locations and
average fluorescence (mean grey value) within a two-dimensional region of interest (ROI) quantified using

Imagel.

60



3.3.11 Echocardiography

Cardiac structure and function were monitored using 2D echocardiography (VisualSonic Vevo
2100 with a MS 550D probe). All mice underwent echocardiography 2 weeks after either sham-operation
or I/R surgery. Systolic function was recorded under conscious conditions, while diastolic function was
recorded with isoflurane (~0.5-1%). Systolic function was acquired from 2-D M-mode images and B-mode

videos at the short axis, and diastolic function was obtained from pulse-wave Doppler images.

3.3.12 Fibrosis Measurements

After 2 weeks, hearts from all four groups were fixed in 4% PFA solution in PBS, followed by
paraffin embedding. Five micrometre sections were cut at the transverse plane of the heart, at the point of
ligation. Sections were then deparaffinized in a series of xylene/alcohol (xylene, xylene, 1:1 xylene:ethanol,
100% ethanol, 100% ethanol, 95% ethanol, 70% ethanol, 50% ethanol; 3 minutes in each solution). These
sections were stained for both Picrosirius Red and Masson’s Trichrome, which provide information on the

collagen level. Images were analysed in a blinded fashion.

3.3.13 Cell Isolation

Cells were isolated using a Langendorff perfusion system as previously described (18). After

isolation, cells were fixed in 0.4% PFA, and then subjected to flow cytometry.

3.3.14 Flow Cytometric Analysis of Non-Myocyte Cells

Single cell suspension was obtained from 10- to 12-week-old C57BL/6 mice as described above.
The cells were re-suspended in Ca®" and Mg”" free PBS, treated with phytoerythrin-conjugated anti-Thy1.2
(BD Bioscience, San Diego, CA), anti-CD11b, anti-Ly-6C, anti-Ly-6G (BD Bioscience), anti-CD31 (BD
Bioscience), anti-MyHC (Developmental Studies Hybridoma Bank, created by NICHD of the NIH and

maintained at The University of lowa, Department of Biology, lowa City, [A), and proliferation-specific
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Ki67 antibodies (BD Bioscience). Cells were also stained with 40 pg/ml 7-amino- actinomycin D (7TAAD,
BD Bioscience, San Jose, CA) to measure the DNA content. Data was collected using a standard FACScan
cytometer (BD Biosciences, San Jose, CA) upgraded to a dual laser system with the addition of a blue laser
(15 mW at 488 nm) and a red laser (25 mW at 637 nm Cytek Development, Inc, Fremont, CA) or Becton
Dickinson LSR-II Flow Cytometer. Data was acquired using CellQuest and DIVA 6.2 software (BD
Bioscience). Cells stained with isotype-matched IgG antibodies were used as controls to determine the

positive cell population. Data was analysed using FlowJo software (ver9.4 Treestar Inc., San Carlos).

3.3.15 IVIS Imaging

Mice were injected with 30 uM CF594-DS-IkL or free fluorophore in 0.9% saline after surgery and
after 24 hours (100 pl via the tail vein). Prior to imaging, mice were anesthetized by isoflurane inhalation.
Mice (n=6 per group) were imaged in an IVIS Spectrum Imaging System (PerkinElmer). Fluorescent
images were taken 1, 12, and 24 hours after the initial injection, and 12 hours after the second injection (36
hours after the initial injection). Images were analysed using Living Image system software (PerkinElmer,
version 4.3.1). Two-dimensional ROI circles were drawn around the heart to quantify fluorescence and a
control ROI was drawn on the flank to quantify background. Fluorescence values were normalized to

background by dividing average radiant efficiency of heart by that of background.

3.3.16 Immunohistochemistry (IHC)

Hearts were fixed in 4% PFA overnight then washed with PBS the following day. Hearts were
paraffin embedded and sliced into 5 um sections. The sections were deparaffinized with xylene and
rehydrated in a descending grade of ethanol. Antigen retrieval was performed in Citrate Buffer (pH 6.0, 15
mins at 95°C). Sections were permeabilized with 0.25% Triton X-100 in PBS for 30 minutes at room
temperature, and then blocked with 5% donkey serum diluted by 0.25% Triton X-100. For macrophage
staining, sections were incubated with rat anti-F4/80 (BioLegend, monoclonal, 1:200) and mouse anti-a-

Actinin (Sigma, monoclonal, 1:200) primary antibodies. For neutrophil staining, primary antibodies used
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were rat anti-Ly6G (BioLegend, monoclonal, 1:200) and mouse anti-a-Actinin (Sigma, monoclonal,
1:200). Primary antibodies were diluted in blocking solution and sections incubated overnight at 4°C.
Secondary antibodies used were donkey anti-mouse Alexa Fluor 488 (Invitrogen, 1:500) or donkey anti-rat
Alexa Fluor 554 (Abcam, 1:500). Secondary antibodies were diluted in blocking solution and incubated for
1 hour at room temperature. Slides were mounted and then imaged using a Zeiss confocal LSM 700

microscope. Images were analysed by Image].

3.3.17 TTC Staining

Hearts were embedded in 2% agarose gel in a heart matrix, then subsequently sliced into 1-1.5 mm
sections. Sections were immersed in 1% TTC solution for 30 mins at 37°C. They were then fixed in 4%
PFA for 20 minutes before images were taken under a dissection microscope connected to a Dino-Lite USB

microscope.

3.3.18 Troponin I Measurements

Troponin I (CNTI) was measured using a commercial kit (Life Diagnostics) according to the
manufacturer instructions. Sample concentrations were calculated from a standard curve generated in
GraphPad Prism (San Diego, CA) using 4-parameter logistic regression. Sample concentrations were

multiplied by their respective dilution factors to obtain final concentration values.

3.3.19 Statistics

All in vitro experiments were repeated at least 3 times for an n > 3. Each experiment was performed
with 3-4 technical replicates. Data were analysed using one-way or two-way ANOV A with post-hoc Tukey

multi-comparisons analysis. Data are represented as means = SEM.
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34 Results

3.4.1 Combinatorial peptide library screening generated the selectin-binding sequence,

IKLLpHypR

Selectins mediate the initial capture of leukocytes to the vascular surface(15) and are therefore a
promising target for modulating leukocyte recruitment. We first set out to create a combinatorial peptide
library containing unnatural amino acids, biased toward the selectin binding sequence of EC-SEAL, a
molecule we previously described(19, 20). We used the one-bead-one-compound combinatorial library
method, which allows for the unrestricted incorporation of natural and unnatural amino acids (Figure 3-1)

(21), to discover the sequence Ile-(D)Lys-Leu-Leu-(D)Pro-Hydroxyproline-Arg.

3.4.2 DS-IKL exhibited binding to E- and P-selectin coated surfaces and reduced neutrophil

binding to E-selectin in solution

To confirm that DS-IKL binds selectins, P- and E-selectin coated surfaces were treated with
increasing concentrations of DS-IKL or DS alone. Dermatan sulphate (DS) is a negatively charged
proteoglycan that is known to interact with P-selectin (22). We directly determined if the addition of IkL
would improve binding to P- or E-selectin compared to DS alone. Figure 3-2 shows that DS-IkL exhibited
significantly enhanced binding to both selectins with increasing concentrations of molecule, which is not
observed in the DS group. The ability of DS-IKL to interfere with E-selectin binding to neutrophils in
suspension was further confirmed in Supplementary Figure 3-1. Treatment with DS-IkL inhibited
neutrophil binding to E-selectin, but not P-selectin, at 5-30 uM concentrations by up to 35%. These
reductions were similar to those seen on endothelial cell surfaces (Figure 3-3D). Higher concentrations
were needed to reduce P-selectin binding. Similarly, in the presence of DS-IKL, stimulated neutrophils
bound less E-selectin, but not intercellular adhesion molecule-1 (ICAM-1) (Supplementary Table 3-1),

suggesting DS-IkL preferentially binds E-selectin.
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MFI
(Normalized to HBSS)

DS-kL | DS | DSkl | DS

P-Selectin | E-Selectin

Figure 3-2 Improved binding to immobilized selectin surfaces with DS-IKL. P- and E-selectin coated surfaces
were treated with CF594-DS-IkL (30 uM, red) or CF594-DS (30 uM, black). CF594-DS-IkL binding increased with
increasing concentration, as assessed by mean fluorescence intensity (MFI) normalized to vehicle (HBSS). Data are
represented as means + SEM of 3 biological replicates. * p<0.05, ** p <0.01, *** p<0.001 by two-way ANOVA with
post-hoc Tukey test.

3.4.3 Treatment with DS-IKL significantly reduced platelet activation on stimulated

endothelial cells

Enhanced platelet activation and binding have been implicated in a multitude of chronic
inflammatory diseases, including acute coronary and pulmonary syndromes (23). Activated platelets release
cytokines such as platelet factor 4 (PF-4) and neutrophil activating peptide 2 (NAP-2) that can in turn
activate neutrophils (24). Given their contributions to neutrophil recruitment to sites of inflammation, we
aimed to test if treatment of inflamed ECs with DS-IkL could reduce PF-4 and NAP-2 activation of platelets.

Platelets were allowed to interact with stimulated HCMECs under standard culture conditions for 1 hour
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before supernatant was collected. Levels of PF-4 and NAP-2 that accumulated in the supernatant during
this time were significantly diminished in DS-IkL treated cells (p<0.05), as shown in Figure 3-3A-B.
Notably, DS-IKL reduced NAP-2 activation on stimulated HCMECs to levels similar to unstimulated

controls, implying our molecule has the potential to act as a barrier to platelet-induced neutrophil activation.

3.4.4 DS-IKL reduced neutrophil arrest on E-selectin coated microspheres and stimulated

endothelial cells

The neutrophil adhesion cascade begins with initial capture and slow rolling along selectins that
are upregulated on inflamed endothelium and activated platelets; therefore, interfering with this initial
capture could prove therapeutically beneficial. To test our molecule’s ability to block neutrophil-selectin
interactions, E-selectin coated microspheres were treated with DS (30 uM), IkL peptide (450 uM), DS-IKL
(30 uM), DS-IkL1o (30 uM), or vehicle prior to incubation with isolated human neutrophils. Only IkL
peptide and DS-IkL were able to reduce neutrophil adhesion to microspheres to approximately 75% of
control (p<0.05, Figure 3-3C), with DS and DS-IkLo exhibiting similar neutrophil-microsphere
colocalization as control. Given the importance of tightly regulated neutrophil capture and activation in

proper wound healing (25), this slight reduction could be the tipping point back toward a restorative state.

We next sought to investigate if the effect of DS-IkL on neutrophil-selectin interactions was
retained on ECs, which are known to upregulate their selectin expression upon stimulation with
inflammatory cytokines such as TNF-a and IL-1B (26). HCMECs were treated with DS-IkL under
stimulatory conditions prior to incubation with neutrophils. Neutrophils exhibited reduced adhesion to
treated ECs as compared with vehicle controls (p<0.01, Figure 3-3D), to a similar extent as on selectin-
coated microbeads. These results support our hypothesis that DS-IKL reduces selectin-mediated neutrophil

capture at sites of inflammation.
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Figure 3-3 Treatment with DS-IKL reduced neutrophil binding and platelet activation. Platelet activation on
stimulated HCMEC:s as assessed by A) NAP-2 and B) PF-4 was reduced after treatment with DS-IkL (30 uM) and/or
IKL peptide (450 uM), but not DS (30 uM). C) E-selectin coated microspheres were treated with HBSS, DS-IKL, IkL
peptide, or DS prior to incubation with isolated human neutrophils (PMN). Data represent PMN binding to
microspheres as assessed by flow cytometry. D) DS-IkL reduced PMN binding to stimulated HCMECs toward the
level of unstimulated controls (p=0.09). Data are represented as means + SEM of n=3-4 biological replicates. * p<0.05,
** p <0.01, *** p<0.001 by one-way ANOVA with post-hoc Tukey test.

3.4.5 DS-IKL targeted to the heart after I/R

Since DS-IKL suppressed neutrophil adhesion in vitro, we investigated whether this would occur
in vivo following a myocardial infarction, induced by 45 minutes of ischemia at the LAD with subsequent
reperfusion. To verify proper occlusion of the LAD, we monitored ECG recordings during occlusion
(Supplementary Figure 3-2). Only I/R mice with ST-segment elevations were included in the I/R group.

Immediately after sham or LAD operation, we injected either 30 uM DS-IkL conjugated to a fluorophore
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(CF594-DS-IkL) or saline with equal concentration of the fluorophore, and monitored in vivo fluorescent
intensity at 1, 12, 24, and 36 hours after surgery. Representative images of all four groups are shown in
Figure 3-4A. As evidenced by these images, fluorescence signals were primarily localized to the cardiac
region only in the I/R group after the CF594-DS-IkL injection. We observed some targeting to throat
regions that sustained damage during tracheotomy, as well as background fluorescence in the abdomen,
likely from autofluorescent components of mouse chow (27). Quantitatively, signal intensity was
significantly higher an hour after surgery in mice treated with DS-IkL after I/R, relative to mice treated
with the fluorophore dissolved in saline (p<0.001, Figure 3-4B). There was no difference in fluorescent
intensity in the cardiac region in saline sham mice vs saline I/R mice, suggesting that the molecule just
circulated in the blood, but did not localize to the heart. In addition, fluorescent signal persisted for at least
24 hours in the cardiac region after I/R surgery in mice treated with DS-IKL. After a subsequent dosage at
the 24-hour mark, no noticeable difference was observed in this group relative to the other groups at the
36-hour time point. Taken together, our in vivo imaging suggested that DS-IKL targeted to the heart, and

the binding of DS-IkL lasted for at least 24 hours.

3.4.6 Mice treated with DS-IKL exhibited reduced infarct size and improved cardiac

function after I/R

To examine the in vivo effects of DS-IkL on cardiac structure and function, we performed either
sham or 45 mins I/R. To assess the short-term effects of DS-IkL on cardiac injury, we administered one
injection of either saline or DS-IKL immediately after surgery and examined the degree of myocardial
infarction and extent of cardiac injury after 24 hours of reperfusion. Representative sections stained with
TTC are displayed in Figure 3-5A. As evident from the sections, I/R induced a more pronounced increase
in damaged, non-viable cardiac regions, relative to DS-IKL treated mice. Sham-operated sections are
displayed in Supplementary Figure 3-4. Quantification, percentage of infarcted region relative to left

ventricular area, demonstrated a significant reduction in infarct size in DS-IKL hearts (Figure 3-5B).
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Cardiac injury was assessed by measuring cardiac Troponin I. Although there was not a significant

difference, there was a trend towards a reduction in injury at 24 hours post injury (Figure 3-5C).

To determine the long-term effects of DS-IkL, we performed the same procedure, but mice were
subjected to 2 weeks of reperfusion. To ensure robust activity of DS-IkL, we administered an additional
dose of DS-IKL 24 hours after surgery on top of the dose given immediately after surgery. Cardiac structure
and function were assessed 2 weeks post-operation. Representative M-mode tracings at the parasternal
short-axis are shown for all four groups and display the beat-to-beat changes in wall thickness and diameter
of the left ventricle (Figure 3-5D). Recordings were performed in conscious mice; heart rate in all groups
were therefore similar (Figure 3-5E). Structurally, I/R resulted in an increase in the left ventricular mass
in groups treated with either saline or DS-IkL, relative to their respective sham-operated groups (p<0.05,
Figure 3-5F). Similar to our echocardiography findings, I/R induced an increase in heart weight to tibial
length ratio in mice treated with either saline or DS-IkL, relative to their sham-operated controls
Supplementary Figure 3-3). Even though I/R resulted in a reduction in fractional shortening (Figure
3-5G) and ejection fraction (Supplementary Table 3-1) in both groups, there was a significant
improvement in fractional shortening in the DS-IKL treated mice compared to saline alone (p<0.05, Figure
3-5G). Furthermore, strain analysis revealed a significant reduction in global radial strain (Figure 3-5H) in
both I/R groups relative to their respective sham groups. However, the decrease was significantly less in
DS-IKL mice treated groups. Although the local radial strain was not significant (Figure 3-5I), the small
improvement in all the different regions of the heart contributed to an overall and global increase in global
radial strain in DS-IKL mice. Global circumferential strain was significantly reduced in saline treated mice

relative to their control sham (Figure 3-5J). However, this was not observed in DS-IkL treated mice.
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Figure 3-4 DS-IKL targeted to the heart after I/R. Animals were injected with either CF594 dissolved in saline or
CF594-DS-IKL after surgery and 24 hours later. A) Representative images taken 1 hour after each injection, and every
12 hours after reperfusion until the 36-hour time point. B) Data summary of CF594 (black bars) and CF594-DS-1kL
(red bars) targeting to heart at 1, 12, 24, and 36 hours after surgery. Black arrows depict injections. Data are represented
as means £ SEM of n=6 mice per group. * p<0.05, ** p<0.01; *** p<0.001 by two-way ANOVA with post-hoc Tukey
test.
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Diastolic function was assessed using the blood flow velocity through the mitral valve during the
cardiac cycle. Representative tracings using pulse-wave Doppler show two distinct waveforms, which
correspond to left ventricular filling during early diastole (E wave) and left ventricular filling during late
diastole (A wave, Figure 3-5K). The ratio of the two provides an indication of diastolic function(28). Mice
treated with DS-IKL did not exhibit a change in diastolic function, as compared to their sham control;
whereas, mice treated with saline showed a significant reduction in the E/A ratio, indicating an impairment
in diastolic function (Figure 3-5L). Indeed, the E/A ratio of mice treated with DS-IkL was significantly
higher than mice treated with saline, after I/R (p<0.05). Although the isovolumetric relaxation time (IVRT,
Figure 3-5M) did not change significantly, the MV deceleration time was significantly elevated in the I/R
group treated with saline, relative to the saline sham group (p<0.05, Figure 3-5N). This was not seen when
the mice were treated with DS-IkL. Together, these data suggest that both systolic and diastolic function

was significantly improved with the treatment with DS-IkL.

3.4.7 DS-IKL limited fibrosis after I/R

Ml induces loss of cardiomyocytes with concomitant increase in fibrosis (29). Histological analyses
of cardiac sections were performed 2 weeks after I/R. Representative whole heart images of all four groups,
and short-axis sections stained with Masson’s Trichrome (MT) and Picrosirius Red (PSR) are shown
(Figure 3-6A). Percentages of fibrotic area relative to the total left ventricular area were quantified in a
blinded fashion and were low and not significantly different in the sham-operated groups. In contrast, there
was a significant elevation in collagen deposition in both I/R groups, relative to their respective sham-
operated controls (p<0.01, Figure 3-6B). However, I/R mice treated with DS-IkL showed significantly less
fibrosis than mice treated with saline (Figure 3-6D-E, p<0.05), consistent with TTC data observed 24 hours
after I/R (Figure 3-5A-B). Together, the data show that DS-IkL limited fibrosis, which in part contributed

to the improved cardiac function as assessed by echocardiography.
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Figure 3-5 Mice treated with DS-IKL exhibited reduced infarct size and improved cardiac function after I/R.
A) After 24 hours of reperfusion, we assessed size of myocardial infarction using TTC staining. Representative
sections are shown. B) Quantification revealed an increase in infarct size with saline treated mice. C) Cardiac injury
was also assessed using cardiac troponin I. After 2 weeks of reperfusion, mice were subjected to conscious
echocardiography to examine the cardiac structure and function. D) Representative M-mode images at the parasternal
short-axis for all four groups are depicted. E) Heart rate was not significantly different in these conscious mice. F) I/R
induced an increase in left ventricular (LV) mass, and G) reduced fractional shortening and H) global radial strain. I)
Summary data of region-specific radial strain and J) circumferential strain are displayed. K) Diastolic function was
assessed by the blood flow velocity through the mitral valve, as shown in representative images in all four groups. L)
The E/A ratio was significantly decreased in both groups but was more obvious in the saline I/R group. M) Although
the isovolumetric relaxation time (IVRT) was not significantly different in all four groups, N) there was a difference
in the mitral valve (MV) deceleration time in the saline I/R group vs the saline sham group. Data are represented as
means £ SEM of n=5-7 mice per group. * p<0.05, ** p<0.01 by one-way ANOVA with post-hoc Tukey test.
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Figure 3-6 DS-IKL limited fibrosis after I/R. A) Representative images of whole hearts (top), Masson’s Trichome
(middle), and Picrosirius Red (bottom) stained sections. Collagen deposition by Masson’s Trichrome (B and C) and
Picrosirius Red (D and E) was significantly reduced in DS-IKL treated mice after I/R. Data are represented as means
+ SEM of n=5-7 mice per group; 6 sections were analysed per mouse. * p<0.05, ** p<0.01, *** p<0.001 by one-way
ANOVA with post-hoc Tukey test.

3.4.8 DS-IKL prevented neutrophil and macrophage aggregation, fibroblast proliferation,

and endothelial cell proliferation after I/R

I/R causes cardiac endothelial cell dysfunction, leading to an amplified inflammatory state and an
increase in vascular permeability (30). If not tightly regulated, immune cells recruited to the damaged
regions accentuate damage and contribute to tissue fibrosis. To determine the effect of DS-IkL on neutrophil
and fibroblast accumulation, we isolated non-myocyte cell populations from the hearts from all four groups
36 hours after sham or I/R surgeries. Flow cytometric analysis showed a significant increase in
CD11b"/Ly6-C/G" neutrophils in the saline treated I/R group compared to sham controls (p<0.05), but no
significant increase in the DS-IKL treated I/R group (Figure 3-7A-B), suggesting that treatment with DS-
IKL limited neutrophil accumulation after I/R. Furthermore, there was a significant increase in both total

(CD31") and proliferative ECs (Ki67"/CD31") in the saline I/R group, but not in the DS-IKL treated I/R
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groups (Figure 3-7C-E), suggesting a significant decrease in adverse vascular remodelling by DS-IkL.
Moreover, the percentage of proliferative fibroblasts (Thy1.2") in the saline I/R group was significantly
higher than in the DS-IKL treated I/R group (Figure 3-7F-H), consistent with the significant increase in

collagen deposition observed 2 weeks after reperfusion.

Although the immune response is heightened shortly after MI, the effects can manifest long-term
as the body tries to re-establish homeostasis. To determine the long-term effects of DS-IkL on neutrophil
and macrophage accumulation, we performed immunohistochemistry on all four groups after 2 weeks of
I/R. Representative images of IHC are shown in Figure 3-71. Tissue sections were stained with a-actinin
to stain for cardiomyocytes, F4/80 to stain for macrophages, and Ly6G to stain for neutrophils. DS-IkL
treatment significantly reduced the number of macrophages per area (Figure 3-71 and J) and neutrophils
per area (Figure 3-7I and K) at both 36 hours (Figure 3-71) and 2 week (Figure 3-7J and K). Together,
our data suggest that DS-IKL limited neutrophil and macrophage aggregation, as well as fibroblast and EC
proliferation. Mechanistically, DS-IKL treatment prevented multiple aspects of the immune response by
acting as a molecular bandage on the damaged endothelial surface, which ultimately resulted in less fibrosis

and improved cardiac function (Figure 3-7L).
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Figure 3-7 DS-IKL prevented neutrophil and macrophage aggregation, fibroblast proliferation, and endothelial
cell proliferation after I/R. We investigated the short- and long-term effects of DS-IKL on the immune response. A)
Flow cytometric analysis of isolated cardiac cells. Nucleated cells were selected from debris based on the incorporation
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of 7-ADD and the separation of the myocytes from the non-myocyte cells (NMC) using a cardiac myosin heavy chain
(MF20)-specific antibody. Neutrophils and monocytes were separated based on the presence of CD11b/Lys6-C/G
from all four groups as depicted. Neutrophils were further distinguished by gating on the SSC-high and FSC-low cells
from CD11b"/Ly6C/G" population. B) Summary data shows that there was a significant reduction in neutrophils in
the DS-IKL I/R group, compared to the saline I/R group. C) Flow cytometric analysis of CD31"/Thy1.2" endothelial
cells in all four groups. D) Summary data showing a significant increase in endothelial cells in saline I/R group relative
to saline sham. DS-IKL prevented the increase. E) Assessment of proliferation using the Ki67 proliferative marker
showed a similar trend. F) Fibroblasts (Thy1.2*/CD11b/Ly6 C/G") were detected using flow cytometric analysis. G)
Summary data of Thy!1.2 positive cells and H) proliferative Thy1.2 positive cells using Ki67 are shown. X and Y axes
represent arbitrary units. I) We examined the accumulation of neutrophils (Ly6G) and macrophages (F4/80) after 2
weeks of I/R using IHC. Representative images are shown for all four groups. DS-IKL prevented accumulation of both
J) macrophages and K) neutrophils. n=5 mice per group for flow cytometric analysis. n=3 mice per group for IHC.
Data are represented as means £ SEM. * p<0.05, ** p<0.01, *** p<0.001 by one-way ANOVA with post-hoc Tukey
test.

3.5 Discussion

Inflammatory responses significantly contribute to further injury after the initial insult of an MI.
Ischemic coronary vessels undergo drastic alterations to their microstructure and homeostasis upon
reperfusion, conducive to immune cell infiltration. Ion imbalance disrupts cell-cell junction integrity along
the endothelium (31), creating migration points for neutrophils and macrophages that are recruited to these
cytokine-rich environments (30). Furthermore, ECs exhibit signs of endothelial cell dysfunction, namely
enhanced cell contractility, upregulated cell adhesion molecules such as E- and P-selectin, and the loss of
the glycocalyx (10, 30). The dysfunctional EC phenotype facilitates neutrophil recruitment and
extravasation. Neutrophils that have been recruited to these sites activate and secrete a milieu of pro-
inflammatory cytokines that in turn recruit additional leukocytes (32), shifting the inflammatory process
from restorative to destructive. Therapeutics that limit the initial binding and activation of circulating

immune cells could tip the balance back to a restorative state.

3.5.1 Design of the novel DS-IkL

We previously described a molecule termed “EC-SEAL” composed of oxidized dermatan sulphate

(DS), to which known selectin-binding peptides were conjugated via a heterobifunctional crosslinker (20).
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Although EC-SEAL mitigated the immune response in vitro, it is not an acceptable drug candidate for the
clinic. The chemistry used to functionalize the DS uses glycol splitting by periodate oxidation, a mechanism
which cleaves carbohydrate rings at vicinal diols to create a reactive intermediate (33). This chemistry
renders the molecule unstable; thus, it cannot be stored long-term. Furthermore, the chain conformation
changes dramatically, resulting in a chain coiled polymer chain rather than an extended linear structure seen

with natural glycosaminoglycans.

In this study, we designed an improved molecule termed DS-IkL. We demonstrated that DS could
be modified with peptides without cleaving the ring structure and still maintain the ability to bind to the
selectin receptors to interfere with platelet and neutrophil binding. Importantly, this new chemistry, which
better maintains DS structure, eliminates the reactive intermediates that reduced the stability of EC-SEAL.
Additionally, the selectin binding sequence in EC-SEAL consisted solely of L-amino acids, which are
readily degraded by proteolytic enzymes present at sites of inflammation. Though not directly addressed
here, we believe that the incorporation of D-amino acids within the selectin binding sequence delays DS-

IkL’s degradation and clearance, supporting its presence on ECs for at least 24 hours.

To design DS-IKL, we first created a combinatorial peptide library containing unnatural amino
acids, biased toward the E-selectin binding sequence of EC-SEAL (19, 20). We chose to use the one-bead-
one-compound combinatorial library method, which allows for the unrestricted incorporation of natural and
unnatural amino acids (21), to discover the sequence I-k-L-L-p-Hyp-R. Our preliminary efforts focused on
the ability of IkL peptide and our DS-IKL glycoconjugate to bind selectins (Figure 3-2) and interfere with
neutrophil binding to E-selectin coated microspheres (Figure 3-3A). Selectins mediate the initial capture
of leukocytes to the vascular surface(15), and are therefore a promising target for modulating leukocyte
recruitment. We hypothesized that selectins blanketed with our glycoconjugate would be masked from
circulating leukocytes, therefore limiting their capture. In line with this hypothesis, we observed significant
reductions in neutrophil binding to both selectin coated microspheres and stimulated ECs upon treatment

with DS-IkL s, suggesting DS-IkL s interacted with upregulated selectins on the cell surface.
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3.5.2 DS-IKL reduced platelet activation on endothelial cells

Given the destructive role platelets play in myocardial I/R injury (16, 34), we were interested in
DS-IkL’s effect on the activation state of platelets incubated on stimulated ECs. Interestingly, we saw
significant reductions in NAP-2 levels and a trend toward reduction in PF-4 in cultures that had been pre-
treated with DS-IKL as compared to HBSS treated controls, suggesting ECs treated with DS-IkL presented
fewer available platelet activating ligands such as endothelial P-selectin. Though we did not observe
significant reductions in PF-4, a chemokine which induces firm adhesion of neutrophils in the presence of
TNF-a (24, 35), we believe our modest results may be an artefact of the experiment. PF-4 has an affinity
for GAGs (35) and therefore may have been sequestered by DS-IkL or heparin on the cell surface or within

the media.

In addition to direct damage caused by activated platelets, these bioactive blood components have
been shown to play a pivotal role in neutrophil capture along inflamed endothelium, offering an anchor
point via platelet P-selectin and facilitating endothelial transmigration (23, 34). Although E- and P-selectin
are very similar molecules, both in structure and function, we observed slight differences in binding to E-
and P-selectin coated surfaces (Figure 3-2), with DS-IkL exhibiting more consistent binding to E-selectin
at higher concentrations. Our results suggest that IkL peptide plays a more influential role in E- and P-
selectin binding when DS-IkL is administered at higher concentrations, whereas at lower concentrations,
selectin binding may be influenced more by DS. By interacting with both P- and E-selectin, DS-IkL may
simultaneously protect from neutrophil interactions, platelet aggregation, and the formation of platelet-
neutrophil complexes. Therefore, DS-IKL presents a two-fold cardioprotective potential by limiting damage

from both activated platelets and neutrophils.

3.5.3 DS-IKL improved cardiac function by disrupting components of the immune response

Since one of the hallmarks of reperfusion injury is overactivation of the immune system due to

leukocyte accumulation and platelet activation, we assessed the potential therapeutic benefits of DS-IKL in
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a clinically relevant murine model of I/R. Our data show that DS-IKL localized to the damaged cardiac
region (Figure 3-4) and limited neutrophil and fibroblast accumulation after I/R, which resulted in less
tissue fibrosis (Figure 3-6), reduced myocardial infarction, and improved cardiac function (Figure 3-5).
Interestingly, DS-IKL treated I/R mice did not exhibit the increase in total and proliferative ECs that was
observed in the saline I/R group. In some cases, a heightened presence of proliferative ECs may indicate
tissue regeneration (36); however, the saline treated I/R group exhibited poor cardiac function and enhanced
fibrosis. Our results therefore suggest that rather than regeneration, early remodelling and myocardial

hypertrophy was beginning to occur, necessitating an increase in cardiac angiogenesis (37).

3.5.4 Proposed Mechanism of DS-IkL

Other attempts have been made to limit I/R induced injury after MI(38), including ischemic pre-
and postconditioning, pharmacologic interventions targeting metabolic pathways that contribute to RI(39,
40), and the use of monoclonal antibodies to limit platelet and neutrophil adhesion(38). In particular,
antibody therapy to P-selectin (41, 42) and ICAM-1 have been investigated as cardioprotective therapies
against neutrophil and platelet mediated RI (43). However, as evidenced by the SELECT-ACS trial
evaluating the effect of Inclacumab (44), a recombinant monoclonal antibody against P-selectin, a major
drawback of antibody therapy is the need for high doses for therapeutic effect(45), lending to high
production costs(46). It is worth noting that monoclonal P-selectin antibody crizanluzumab (47) (awarded
Breakthrough Therapy designation) and the pan-selectin inhibitor Rivipansel (48) (failed at Phase 3) have
shown promise in vaso-occlusive crises in sickle cell disease. However, neither of these have been tested

in RI.

Our strategy is unique from antibody therapeutics. DS-IKL is generally smaller than antibody
therapeutics (~62 kDa) and has been designed to interrupt multiple parts of the immune pathway
simultaneously by masking adhesion molecules on the endothelial surface. We designed a molecular

bandage that targets DS — a native component of the glycocalyx — to inflamed endothelium. By blanketing
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DS over the dysfunctional endothelial surface, we aimed to directly reduce selectin availability while
indirectly interfering with immune cell interactions with other adhesion molecules on the endothelial
surface. We demonstrated that DS-IKL binds to E- and P-selectin, limited neutrophil and platelet adhesion
to inflamed ECs, reduced neutrophil, macrophage, and fibroblast accumulation after MI (Figure 3-7), and
improved cardiac function after MI. We conducted our current study at a treatment concentration of 30 uM.
Figure 3-2 suggests DS-IkL may have a greater therapeutic benefit at higher concentrations; therefore,
future studies will be required to determine the concentration of DS-IKL that produces the optimum

therapeutic effect, as well as to further elucidate the mechanism by which DS-IkL works.

3.6 Conclusions

We created DS-IkL using the one-bead-one-peptide synthesis approach. In vitro, DS-IKL bound to
both P- and E-selectin coated surfaces and prevented neutrophil binding and platelet activation. In vivo,
DS-IKL localized to the cardiac region in mice after MI and limited neutrophil and fibroblast accumulation.
Mice treated with DS-IKL exhibited improved cardiac function and less fibrosis. Taken together, our data
suggest that our recently developed, novel DS-IkL molecule reduced the inflammatory response induced

by MI, which resulted in cardioprotection.
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3.10 Supplementary Methods

3.10.1 Peptide Library

1 g of resin was swollen in dimethylformamide (DMF) overnight and divided in half. Half of the
resin was coupled to the first amino acid in the known sequence; the other half was split equally into 30
polypropylene columns, each containing a different amino acid (10 equivalents in DMF). Ten equivalents
of N-N’-diisopropylcarbodiimide (DIC) and hydroxybenzotriazole (HOBt) were added. Complete coupling
was confirmed by a colorless Kaiser test. The resin was then combined into a single column and deprotected

with 20-25% piperidine. The process was repeated for the next amino acid in the known sequence.

3.10.2 Library Screening for E-Selectin Binding Peptide

Peptide-conjugated Tentagel S resin was immobilized with 90% DMF to form a confluent
monolayer on a 12-well polystyrene plate. Resin was blocked with 5% bovine serum albumin (BSA) in
phosphate buffered saline (PBS) then pre-screened for binding to the HRP-anti-His secondary antibody
(1:400 in PBS, 1 hour at room temperature with rocking). Resin which stained positive was removed prior
to screening. Resin was then blocked with a human FC fragment (1mg/ml in 1% BSA) for 1 hour at room
temperature with rocking. FC-chimera human recombinant E-selectin with a 6-histidine tag (R&D Systems)
was added to each well and incubated overnight at 4°C with rocking, washed 3x with PBS, then treated
with HRP-anti-His for 1 hour at room temperature. Resin was washed and visualized using a 3,3'
diaminobenzidine (DAB) solution. Resin which stained positive for E-selectin binding was removed and
sequenced. This procedure was repeated until 30 unique sequences were identified. Sequences were
compared for homology and multiple selected for further analysis. Sequences were remade on Tentagel S

resin and binding to E-selectin compared.
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3.10.3 DS-IKL inhibiting selectin and ICAM binding to neutrophils

Isolated neutrophils were resuspended in HBSS+/+ with 0.4% HSA and added at 165k cells per
tube. DS-IKL was dissolved in HBSS+/+ at 120 uM, sterile filtered through a 0.2 um filter, and serially
diluted to 60 uM, 30 uM, and 10 uM. Fifty microlitres of DS-IKL was added to a 1.5 mL Eppendorf tube
containing 40 uL of the neutrophil suspension, followed by 10 uL of 100 ug/mL recombinant human ICAM,
P-selectin, or E-selectin. This yielded final DS-IKL concentrations of 60 uM, 30 uM, 15 uM, and 5 uM and
10 ug/mL selectin. For stimulated groups, TNF-[J was added to samples at a final concentration of 5 ng/mL.
Tubes were gently mixed then incubated on ice with rotation (120 RPM). After 30 minutes samples were
washed twice with HBSS+/+ then blocked with 5% BSA in HBSS+/+ + SmM HEPES for 60 minutes.
Samples were stained with PE anti-human CD62E, PE anti-human CD62P, or PE anti-human CD54
antibodies (BioLegend, San Diego, CA) for 30 minutes (4 uL antibody per 100 uL solution), washed twice,
then immediately ran on an Attune NxT Flow Cytometer. Data was analysed in FlowJo by plotting SSC-A
versus FSC-A and selecting the granulocyte population, excluding doublets by plotting FSC-A versus FSC-

H, then gating for PE+ populations compared to unstained controls.

3.10.4 Troponin I Measurements

Mice were injected with heparin before they were sacrificed. After removal of hearts, blood was
collected into EDTA-coated blood tubes and spun down at 2000xg for 30 mins. Separated plasma was
transferred into a new tube and flash frozen. Troponin I (CNTI) was measured using a commercial kit (Life
Diagnostics). Plasma was thawed then centrifuged at 2000xg for 20 minutes at 7°C. Supernatant was diluted
1:4 in plasma diluent, then further diluted in standard diluent as needed (final dilution 1:8 or 1:12).
Standards were prepared by serially diluting a CNTI stock solution to 10, 5, 2.5, 1.25, 0.625, 0.313, and
0.156 ng/mL. HRP conjugate (100 pL) was added to anti-CTNI coated wells followed by 100 pL of
standards or diluted plasma, each ran in duplicate. Wells were incubated on an orbital micro-plate shaker

at 150 rpm and room temperature for one hour. Wells were emptied and washed 6x with 1x wash solution.
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TMB chromogen (100 pL) was added and incubated for 15 minutes at 150 rpm and room temperature. Stop
solution (100 pL) was added to each well and absorbance measured immediately at 450 nm. Sample
concentrations were extrapolated from a standard curve generated in GraphPad Prism (San Diego, CA)
using 4-parameter logistic regression. Sample concentrations were multiplied by their respective dilution

factors to obtain final concentration values.

3.10.5 Cell Isolation

Mice were injected with 0.1 ml heparin (1000 units/ml) 10 mins prior to heart extraction. Mice
were anesthetized with ketamine/xylazine (80 mg/kg / 5 mg/kg). Hearts were removed and placed in
Tyrode’s solution containing in mM: 140 NacCl, 5.4 KCI, 1.2 MgCl,, 5 N-2-hydroxyethylpiperazine-N’-2-
ethanesulphonic acid (HEPES), and 5 glucose at a pH 7.4. The aorta was cannulated, mounted on a
Langendorff setup, and retrogradely perfused with Tyrode’s solution containing O, at 37°C for 3 mins at a
flow rate of approximately 3 ml/min. The perfusion pressure was monitored, and the flow rate was adjusted
to maintain perfusion pressure at ~80 mmHg. The solution was then switched to Tyrode’s solution
containing collagenase type 2 (1 mg/ml, 330 units/mg, Worthington Biochemical Corporation). After about
12 mins of enzyme perfusion, hearts were removed from the perfusion apparatus and gently separated in
high K" solution containing in mM: 120 potassium glutamate, 20 KCI1, 1 MgCl, 0.3 EGTA, 10 glucose,
and 10 HEPES, pH 7.4 with KOH. All chemicals were acquired from Sigma Chemicals (St. Louis, MO)

unless stated otherwise.
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3.11 Supplementary Figures
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Supplementary Figure 3-1 A) Neutrophils bound less E-selectin, but not P-selectin, in the presence of 5, 15, and 30
uM DS-IkL. B) Under stimulatory conditions (5Sng/mL TNF-a), 30 uM of DS-IkL had no effect on neutrophil binding
to [ICAM. Data are represented as means = SEM of 3 biological replicates. * p<0.05, ** p <0.01, *** p<0.001 by one-

way ANOVA with post-hoc Tukey test.
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Supplementary Figure 3-2 Representative ECG recordings during surgical procedure. For I/R mice,
confirmation of LAD ligation was done visually (blanching of the heart) and also by the presence of ST-elevation.
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Supplementary Figure 3-3 Heart weight normalized to tibial length of all four groups. n=5-7 mice per group.
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Supplementary Figure 3-4 Representative heart sections from sham-operated mice after TTC staining.
Sections were taken from base to apex. n=5 mice per group.
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Supplementary Table 3-1 Echocardiography Table

Heart Rate (bpm) 5803 612410 569+28 591+13 NS
LV Mass Corr (mg) 58.6+6.0 | 59.8+6.4 103.6+12.6 | 113.947.1 NS
LVAW;d (mm) 0.77+0.02 | 0.78£0.07 | 0.90+0.06 | 0.86+0.02 NS
LVAW;s (mm) 143+0.05 | 1.4440.09 | 1.39+0.10 | 1.54+0.04 NS
LVID;d (mm) 3124007 | 3174013 | 3.9140.28 | 3.85+0.20 NS
LVID;s (mm) 14140.05 | 1.5340.09 | 2.76+024 | 2.4140.25 NS
LVPW;d (mm) 0.76:0.04 | 0.78+0.05 | 0.85+0.06 | 0.87+0.04 NS
LVPW;s (mm) 1.38+0.08 | 1.4540.11 | 1212011 | 1.48+0.09 NS
CO (ml/min) 20111 | 201223 | 22.1+4.4 25.4+1.8 NS
Ejection Fraction (%) 86.5t1.1 | 83.541.4 | 57.443.1 68.2+4.4 <0.05
Fractional Shortening (%) | 54.8+1.3 | 51.8+1.4 | 29.8+2.0 38.143.2 <0.05
LV Vol;d (ul) 387119 | 40.5443 | 68.6x12.7 | 65.5+8.5 NS
LV Vol;s (ul) 5.8+0.4 6.5+0.9 29.9+6.6 22.8+6.4 NS
Stroke Volume (ul) 343118 | 327434 | 38.4+6.7 42.942.9 NS
Radial Strain (%) S5.51.83 | 48.2542.4 | 22.042.4 32.1942.2 <0.05
g}:)c“mfere“t‘al Strain 313419 | 262432 | -19343.2 23.242.0 NS
IVRT 13.6740.8 | 12.740.6 15.8+0.5 14.140.5 NS
MV E/A 1.7740.08 | 1.8440.1 1.24+0.1 1.52+0.06 <0.05
MYV Deceleration Time (s) | 17.89+0.7 17.2+1.2 24.8+1.6 18.7£0.9 <0.001
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Supplementary Table 3-2 Commercial Reagent List

Reagent/Antibody Vendor Location Catalog Number

PE anti-human CD62E antibody, | BioLegend San Diego, CA, | 322606

clone USA

HCD62E

PE anti-human CD62P antibody, | BioLegend San Diego, CA, | 304906

clone AK4 USA

Dermatan Sulfate Celsus Labs Cincinnati, OH,
USA

Recombinant human E-selectin-FC | R&D Systems Minneapolis, MN, | 724-ES-100

chimera protein USA

Recombinant human P-selectin-FC | R&D Systems Minneapolis, MN, | 137-PS-050

chimera protein USA

EasySep™ Direct Human | StemCell Cambridge, = MA, | 19666

Neutrophil Isolation Kit Technologies USA

PE anti-human CDS54 antibody, | BioLegend San Diego, CA, | 353106

close HASS USA

Human Cardiac Microvascular | PromoCell Heidelberg C-12285

Endothelial Cells Germany

Endothelial growth medium MV PromoCell Heidelberg C-22120
Germany

Calcein-AM BioLegend San Diego, CA, | 425201
USA

Human Serum Albumin Solution — | Gemini Bio 800-120

25%

AF488 anti-human CD11a/CD18, | BioLegend San Diego, CA, | 363404

clone m24 USA

PE anti-human CD15, clone HI98 BioLegend San Diego, CA, | 301906
USA

CF594 Dye Hydrazide Biotium Fremont, CA, USA | 92158

Prostaglandin E1 Enzo Life Sciences | Farmingdale, NY, | BML-PG006-
USA 0010

Solid state peptide synthesis | CEM and AAPPTec Various

products

4-(4,6-Dimethoxy-1,3,5-triazin-2- Sigma-Aldrich St. Louis, MO, USA | 74104-1G-F

yl)-4-methylmorpholinium chloride

Human CXCL7/NAP-2 Antibody R&D Systems Minneapolis, MN, | MAB393
USA

Human CXCL7/NAP-2 | R&D Systems Minneapolis, MN, | BAF393

Biotinylated Antibody USA

Human CXCL4/PF4 Antibody R&D Systems Minneapolis, MN, | AF795
USA

Human CXCL4/PF4 Biotinylated | R&D Systems Minneapolis, MN, | BAF795

Antibody USA

EDTA Solution Promega Madison, WI, USA | V4231

Theophylline Sigma-Aldrich St. Louis, MO, USA | T1633-100G

PolyLink Protein Coupling Kit PolySciences, Inc. Warrington, PA, | 24350-1
USA

Fluoresbrite® 641 Carboxylate | PolySciences, Inc. Warrington, PA, | 17797

Microspheres 1.75pm USA
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Pierce™ Recombinant Protein A/G | ThermoFisher Waltham, 21186
Massachusetts, USA
BS3 ThermoFisher Waltham, 21580
(bis(sulfosuccinimidyl)suberate) Massachusetts, USA
Thy1.2-PE antibody e-Bioscience San Diego, CA, ) )
UCSA 12-0902-81
Rat Anti-Mouse CD11b antibody BD Bioscience Franklin Lakes, NJ,
557397
USA
Rat Anti-Mouse Ly-6C/G antibody | BD Bioscience Franklin Lakes, NJ,
553128
USA
MyHC antibody Developmental Iowa City, IA, USA
Studies Hybridoma
Bank
Rat Anti-Mouse CD31 antibody BD Bioscience Franklin Lakes, NJ,
558737
USA
Rat Anti-Mouse Ki-67 antibody BD Bioscience Franklin Lakes, NJ,
558615
USA
Mouse Cardiac Troponin-I ELISA Life Technologies West Chester, PA, CTNI-1 HSP

USA
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CHAPTER 4: USE OF DS-IKL AS AN ANTAGONIST TO PLATELET-
NEUTROPHIL AND PLATELET-NEUTROPHIL-ENDOTHELIAL
INTERACTIONS

4.1 Abstract

Neutrophils, platelets, and endothelial cells each play a significant role in inflammatory disease.
Interactions among these cell types further complicate the inflammatory environment, leading to increased
thrombosis, vascular dysfunction, and organ damage. Here, we investigate the efficacy of DS-IKL, a
selectin-targeting peptide-glycosaminoglycan conjugate that we recently reported on, on platelet-
neutrophil-endothelial interactions. DS-IkL was shown to interact with endothelial E-selectin and, to a
lesser extent, P-selectin, leading to reductions in neutrophil binding to inflamed endothelium. Platelet P-
selectin engagement by neutrophil PSGL-1 is a pivotal component of platelet-neutrophil interactions. We
were therefore interested in exploring whether DS-IKL has an effect on platelet-neutrophil complexing,
cytokine secretion, and neutrophil extracellular trap (NET) formation in the presence of activated platelets.
DS-IkL reduced platelet-neutrophil complexes (PNCs) but did not significantly affect cytokine secretion.
When endothelial cells were added to the system, cytokine secretion increased considerably. Platelet
activation and PNC formation did not elicit NET release, even in inflammatory endothelial cell
environment. These data suggest that, though DS-IkL may help reduce PNC formation, selectin-
independent mechanisms may have a greater impact on PNC-endothelial interactions in the systems

described herein.
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4.2 Introduction

During acute sterile inflammation, the vasculature undergoes a phenotypic shift that facilitates pro-
coagulant functions, immune cell adhesion, and vascular leakage. In particular, endothelial cells lining the
afflicted blood vessels exhibit endothelial dysfunction, a complex phenotype that is characterized in part
by the loss of the glycosaminoglycan- and proteoglycan-rich glycocalyx (1-3) and upregulation of immune
cell adhesion molecules E- and P-selectin. Upregulated selectins on the luminal surface of endothelial cells
aid in the capture of circulating leukocytes (e.g., neutrophils) and platelets (4), which are recruited though
signals secreted by damaged cells (5). While these first responders are vital to the resolution of
inflammation, too robust of a response can be detrimental to the vasculature and the surrounding tissue,

perpetuating vascular damage and promoting fibrotic remodeling.

This story becomes increasingly complicated when neutrophil-platelet and neutrophil-platelet-
endothelial cell interactions are considered. In a recent review (6), we described the complex and dynamic
relationship among neutrophils, platelets, and endothelial cells in inflammatory disease. Tethered platelets
and platelet thrombi facilitate leukocyte tethering via platelet P-selectin—neutrophil P-selectin
glycoprotein ligand-1 (PSGL-1) and platelet glycoprotein Iba (GPIba)—neutrophil Mac-1 (7, 8). These
interactions have been further correlated with elevated neutrophil extracellular trap (NET) formation and
thrombus formation (9), though the mechanisms behind these events remain unclear and are likely context

dependent.

Platelet-neutrophil complexes (PNCs) have been observed both in circulation and along inflamed
vessel walls. Discrete mechanisms become even more obscured in the latter scenario, as endothelial
adhesion molecules and secreted soluble factors further promote neutrophil and platelet engagement (6).
Furthermore, as the number of cell types involved increases, so does the body’s capacity to compensate for

interactions inhibited by small molecule or antibodies therapeutics, further blurring the mechanistic lines.
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Rather than target an individual component of these interactions, we propose that multifunctional

therapeutics may have greater efficacy in these complex environments.

We have recently reported on a selectin-targeting glycosaminoglycan-peptide conjugate, DS-IkL,
that reduced neutrophil-endothelial interactions, platelet activation on cytokine-stimulated endothelial cells,
and cardiac fibrotic remodeling after acute myocardial infarction (10). In our previous work, our
investigations were limited to neutrophil-endothelial and platelet-endothelial interactions after endothelial
stimulation or damage. However, others have shown that PNCs play a nontrivial role in disorders such as
ischemia reperfusion injury (11). We have shown previously that DS-IKL has a slight affinity for P-selectin
(10), potentially mediated in part by the DS backbone (12, 13). Given the prominent role P-selectin
engagement plays in PNC formation, DS-IKL could be an interesting therapeutic for disrupting platelet-

neutrophil-endothelial cell interactions.

In the present work, we investigate the interaction between platelets, neutrophils, and endothelial
cells in the presence of several inflammatory mediators. The experiments described herein focus on platelet
activation as an initiator of neutrophil and endothelial inflammation. Adenosine di-phosphate (ADP) and
fibrillar collagen type-1 were used as soluble inflammatory mediators to activate resting platelets in platelet-
rich plasma. DS-IKL interfered with PNC formation but did not significantly reduce cytokine secretion by
PNC-endothelial cell mixtures. Stimulated PNC suspensions did not elicit NET release, even in high

cytokine environments. Additional work is needed to elucidate the central mechanisms behind these results.

4.3 Methods

4.3.1 Neutrophil and platelet rich plasma isolation

Blood was collected into EDTA or sodium citrate BD Vacutainer Venous Blood Collection Tubes

(BD Biosciences) for neutrophil or platelet isolation, respectively, in accordance with approved protocols
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of the Institutional Review Board Administration at UC Davis, which conform to the principles outlined in
the Declaration of Helsinki. Polymorphonuclear neutrophils (PMN) were isolated using an EasyStep
neutrophil isolation kit (StemCell) according to the manufacturer’s instructions. For platelet studies, citrate
tubes were centrifuged at 200 x g for 25 minutes with no brake. The top two-thirds of the clear platelet rich
plasma (PRP) layer was collected into a sterile 5 mL polypropylene test tube for later use. If layers did not
sufficiently separate, tubes were spun an additional 5 minutes. Cell suspensions were kept at room

temperature with light rotation until use.

4.3.2 Molecule synthesis

Molecules were synthesized as previously described (10). Briefly, C-terminus hydrazide-
functionalized peptides (ROpLLkIsGRG-N2H3) were conjugated to dermatan sulfate (DS, 41816 Da,
Celsus Labs) at a 15:1 molar ratio using 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
chloride (DMTMM, Sigma-Aldrich) as a coupling regent at a 1:45 molar ratio. Samples were reacted for
48 h with end-over-end rotation before quenching with ultrapure water and purifying against ultrapure water
using tangential flow filtration with a 10 kDa cutoff (Spectrum Labs). Samples were frozen and lyophilized,
and the average number of peptides per DS backbone determined using a standard curve of free peptide
absorbance at 205 nm on a NanoDrop Spectrophotometer (ThermoFisher). For unmodified DS, fresh buffer

was added instead of dissolved peptide and the reaction protocol was carried out as described.

4.3.3 Platelet-neutrophil complex formation

20 pL of PRP was added to 0.5 mL microcentrifuge tubes and diluted with 25 pL of buffer [Hank’s
Balanced Salt Solution (HBSS) with calcium and magnesium, 0.3% human serum albumin (HSA), 20 mM
HEPES)]. 50 pL treatments were added before addition of 5 pL stimulation buffer [400 uM ADP (final
concentration 20 uM) or 60 pg/mL fibrillar collagen type 1 (final concentration 3 ug/ml)]. Treatment groups
included buffer (vehicle), DS (4 or 40uM), DS-IKL (4 or 40 uM), IkL peptide (600 uM) and anti-P-selectin

[5 pL purified anti-P-selectin (Biolegend) + 45 pL buffer]. Samples were gently mixed and incubated at
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room temperature (RT) with orbital rotation (120 RPM). After 10 minutes, 150,000 neutrophils (100 pL of
a 1.5 million cells/mL suspension) were gently mixed into each tube and incubated for 20 minutes with
rotation. Cell populations were stained for CD45 (leukocytes), CD15 (neutrophils), and CD41 (platelets)
(Biolegend) for 10 minutes at RT. In tubes with cell clotting, clots were carefully removed using a 1 mL
pipette tip to prevent clogging. Samples were then run on an Attune NxT flow cytometer (ThermoFisher)

(Table 4-1, Table 4-2). All data were normalized to vehicle control for each experiment’s respective donor.

Table 4-1 Attune NxT Antibody Information and Laser Settings

Target Clone Fluorophore Laser Line Voltage
CD41 HIPS PE YLI 350
CD45 HI30 APC RL1 385
CD15 HI98 FITC BL1 270
CD11a/CD18 m24 AF488 BL1 300
CD62P AK4 PE YLI 340

Table 4-2 Flow cytometer settings

PARAMETER SETTING
FSC Voltage: 350
SSC Voltage: 350
Flow rate (fast) 200 puL/min
Flow rate (slow) 25 uL/min
Draw volume (high) 500 uL
Draw volume (low) 200 uL

# Events max 25,000 or off

96



4.3.4 Cell clotting during PNC formation

To quantify cell clotting, we measured the number of cells remaining after clot removal from each
tube. Draw volumes (100-500 pL) were allowed to run in full (no event maximum). Draw volumes and run
speeds were adjusted for each sample as needed to maintain 50-150 events/s (Table 4-2). Data were
extrapolated to total tube volume by multiplying by the corresponding dilution factor (total volume divided
by draw volume). Treatment groups included vehicle, anti-P-selectin (5 puL stock), DS (40 uM), and DS-

IKL (40 pM).

4.3.5 Activated partial thromboplastin time coagulation testing

Activated partial thromboplastin time (aPTT) was used to test the anticoagulative properties of DS
and DS-IkL. Plasma from healthy donors or a control plasma (Pacific Biosciences) was used for coagulation
testing. For data from healthy donors, whole blood was collected into sodium citrate tubes and centrifuged
at 1500 x g for 15 minutes with no brake. The top cell-free plasma layer was collected into a polypropylene
test tube. All reagents were kept at 37°C throughout the duration of the experiment. FibroTube cups (0.3
mL, Thomas Scientific) were placed into the warming wells of a BBL Fibrometer Precision Coagulation
Timer (Beckton, Dickinson and Company). Plasma (100 pL) and treatment (50 pL) were added and
incubated for 1 minute before adding 100 ul APTT-XL solution (Pacific Biosciences). Heparin (Bioiberica)
was used as a positive control. After incubating for 3 minutes, 50 pl of 0.04 M CaCl, solution was added

forcefully and the fibrometer started. Time to coagulation was recorded for each sample.

4.3.6 Endothelial activation by platelet-neutrophil complexes

CellBind 96-well plates (ThermoFisher) were coated with 50 pg/mL of rat tail collagen type-I
(Corning) in 20 mM acetic acid for 1 hour at RT then rinsed 3x with Dulbecco’s Phosphate Buffered Saline

(DPBS). Human umbilical cord endothelial cells, pooled donor (HUVEC, PromoCell) passage 2-5 were
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seeded at 20,000-30,000 cells/cm®. Media was changed every other day until cells were confluent.

Confluent cells were rinsed 1x with pre-warmed DPBS before use.

Twenty microliters of platelet rich plasma were added to wells of a polypropylene 96-well plate
containing 25 ul buffer (HBSS"* + 0.3% HSA + 20 mM HEPES), 50 ul treatments, and 5 pl stimulation
bufter [400 uM ADP (final concentration 20 uM) or 60 ng/mL fibrillar collagen type 1 (final concentration
3 ng/mL)]. Plates were incubated for 10 minutes at RT with rotation (120 RPM). After 10 minutes, 100 pL
of a neutrophil suspension (1.5 x 10° cells/mL) was added to each well and gently mixed. The entire PRP-
PMN suspension was transferred to the HUVEC plate. Cells were incubated for 4 h at 37°C with rotation

(120 RPM).

After 4 hours, supernatant was collected from all wells and transferred into a polypropylene 96-
well plate. Plates were centrifuged at 900 x g for 10 minutes with no brake to pellet cells. Supernatants were

collected immediately into a new polypropylene 96-well plate and frozen at -80°C until use.

4.3.7 Quantification of cytokine expression after PNC incubation

A custom U-Plex Biomarker Group 1 Assay (Mesoscale Discovery) for human IFN-y, IL-1p, IL-
6, IL-8, IL-10, and TNF-a was performed according to the manufacturer’s instructions. U-Plex plates were
coated with analyte-coupled linkers for 1 hour at RT with shaking (750 RPM). Plates were washed 3x with
PBS-Tween (PBST), then samples (30 ul sample + 20 pl diluent) or serially diluted standards (25 ul
standard + 25 pl diluent) were added. Plates were incubated for 1 hour at RT with shaking. Plates were
washed 3x with PBST before adding secondary antibody cocktail for 1 hour at RT with shaking. After 3x
washes, 1x read buffer was added and the plates read on an MSD QuickPlex SQ 120 (Mesoscale Discovery).
Concentrations were determined within the Discovery Workbench software using a standard curve, then

dilution corrected in Excel.
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4.3.8 Neutrophil extracellular trap detection

Neutrophil extracellular trap (NET) experiments were repeated 1 time for an n = 2. Isolated
neutrophils (50 pl of a 1.5 x 10° cells/mL suspension) were added to a black clear bottomed 96-well plate
(Corning) and incubated for 10 minutes. Platelet-rich plasma (20 pL), treatments or buffer (50 puL), and
stimulation buffer (5 uL) were gently mixed in. Diluted Sytox green (25 puL, ThermoFisher) was then added
to a final concentration of 2.5 uM. Plates were immediately transferred into a SpectraMax M5 Microplate
Reader (Molecular Devices) pre-warmed to 37°C. Fluorescence kinetics was monitored by reading
fluorescence values at 488/540 nm (ex/em) every 5 minutes for 4 hours, with a 2 second shake between
reads. After 4 hours, DNAse I (New England Biolabs) was added to a final concentration of 2 U/mL and
fluorescence read every 10 minutes for 60 minutes. Two fluorescence images per well were acquired using

a Keyence BZ-X700 All-In-one Fluorescence Microscope (Keyence).

In some experiments, HUVECs (passage 2-5) were seeded at 20,000-30,000 cells/cm? and grown
to confluence before use. Neutrophils were added into HUVEC-coated wells and the experiment conducted
as described. In experiments without HUVECsS, bottom reads were taken every hour in addition to the

described data collection. Fluorescence data were normalized to each group’s respective initial value.

4.3.9 Statistics

Experiments were conducted at least three independent times for an n>3 unless otherwise stated.
For each experiment, data is summarized as the average of 2-4 technical replicates. At least 3 different
blood donors were used in experiments requiring blood components. Data are represented as mean +/-
standard deviation (SD). In experiments with 2 groups, an unpaired two-tailed student’s t-test was used. In
experiments with more than 2 groups, a one- or two-way analysis of variance (ANOVA) with post-hoc
Tukey test was used to assess statistical differences. A p-value < 0.05 was considered statistically

significant.
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4.4 Results

4.4.1 Platelet-neutrophil complex formation

In addition to their independent responses to inflammatory injury, platelets and neutrophils can
complex with one another to form inflammatory aggregates (14). Platelet-neutrophil complexes (PNCs)
have been associated with exacerbation of chronic disease (14, 15); therefore, reducing their formation
could aid in slowing disease progression. To test if DS-IkL affects the formation of PNCs, PRP was pre-
activated with ADP or fibrillar collagen type-1 in the presence of buffer, DS (40 uM), DS-IkL (40 uM),
IKL peptide (600 pM), or an antibody to P-selectin. Neutrophils were then added to the suspension and the

resulting aggregates analyzed using flow cytometry.

In ADP-stimulated suspensions, treatment with 40 uM of DS resulted in a significant decrease in
PNC formation, as assessed by CD45"/CD15"/CD41" (neutrophils positive for platelets) populations
(Figure 4-1). Low concentrations of DS and DS-IkL had no effect on PNC formation, and 40 pM DS-IkL
caused only a small (~25%) reduction in PNC formation. It is worth noting that large donor-to-donor

variability was observed in these experiments (Figure 4-2).

We were next interested in assessing if treatment with DS or DS-IkL would affect the proportion
of CD417/CD45"/CD15" aggregates, or platelets positive for neutrophil markers (Figure 4-1). No effect
was observed with this gating. However, in collagen-stimulated samples, treatment with both DS and DS-
IkL was associated with a significant decrease in platelets positive for neutrophil markers (Figure 4-3B),

but not neutrophils positive for platelet markers (Figure 4-3A).
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Figure 4-1 Effect of treatments on ADP-induced PNC formation. Treatment with DS and aCD62P lead to
significant reductions in PNC formation. While treatments had no effect on platelet populations positive for
neutrophils (left), they did affect neutrophil populations positive for platelets (right). Data represent mean + SD of 2

technical replicates from 3 independent experiments (n=3). In panel B, * p < 0.05, ** p <0.01, **** p < 0.001.
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Figure 4-2 Donor-to-donor variability. In three separate experiments, healthy donors elicited differing responses to
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treatments. Variable shifts in CD45°CD15*CD41" cell populations are shown.
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Figure 4-3 Effect of treatments on collagen-stimulated suspensions. DS, DS-IKL, and aCD62P groups exhibited
reductions in neutrophils positive for platelet CD41 (A), but not to a significant level. However, all three treatments
were associated with significantly reduced levels of platelets positive for neutrophil CD45/CD15 (B). Data points
represent mean = SD of 2 technical replicates from 3-4 independent experiments. n = 3-4; *** p < 0.001.

4.4.2 Cell clotting and coagulation testing

During PNC experiments, we noticed small fibrin clots formed at the bottom of the microcentrifuge
tube in vehicle, aCD62P, antibody controls, isotype controls, and even unstimulated vehicle control samples
within the first 10-15 minutes of coincubation. Clots were not observed in DS or DS-IkL treated samples.
To examine how clotting affected total and differential cell counts available for flow cytometry in collagen-
stimulated samples, draw volumes were allowed to run in full rather than setting an event maximum. Figure
4-4A shows that vehicle and anti-P-selectin treated groups had an almost 100-fold reduction in cells
remaining, suggesting a large proportion of cells are lost in the clot. When cells were further gated to
analyze neutrophil and platelet populations individually, only platelet populations were significantly
reduced in vehicle and P-selectin groups compared to DS and DS-IkKL treated samples, with neutrophil

populations exhibiting smaller differences (10-fold).

Cell suspensions were further analyzed to determine what percent of the total cell population

neutrophils and platelets made up. In vehicle and anti-P-selectin groups, platelets comprised a slightly lower
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percent of the total cell population compared to DS and DS-IkL treated samples (Figure 4-4B). This trend
was reversed for neutrophils, wherein neutrophils made up a larger percent of total cell population in vehicle

and anti-P-selectin groups.

To further investigate the anticoagulative properties of DS and DS-IkL, we tested coagulation using
aPTT (Figure 4-5). Heparin was tested at a maximum concentration of 7 ug/mL; plasma was unable to clot
at higher concentrations. Plasma coagulated when treated with up to 750 ug/mL DS, and up to 2000 pg/mL
of DS-IKL (maximum concentration tested). Coagulation ability began to differ between DS and DS-IkL at
concentrations as low at 100 pg/mL, suggesting DS-IkL is minimally anticoagulative compared to both DS

and heparin.
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Figure 4-4 Quantification of cell clotting in collagen-stimulated groups. Total number of events was significantly
reduced in vehicle and anti-P-selectin treated groups compared to DS and DS-IkL-treated groups (A). After further
breakdown of these populations, a trend toward a decreased proportion of platelets (B) and increased proportion of
neutrophils (C) was observed in vehicle-treated groups compared to DS and DS-IKL. (D) Representative image of cell
clotting in Vehicle (left) versus DS-IKL (right) treated samples. Data represents mean + SD of 2 technical replicates
from 2-4 independent experiments (n = 2-4). * p <0.05, ** p <0.01, *** p <0.001.
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Figure 4-5 Activated partial thromboplastin time. Plasma was briefly pre-treated with increasing concentrations of
heparin, DS, or DS-IKL before coagulation testing. DS-IKL exhibited minimal anti-coagulative properties compared
to DS. Data represents mean + SD of 2 technical replicates from 3 independent experiments. Red triangles denote
samples that were stopped after 1000 s.

4.4.3 Endothelial activation by platelet-neutrophil complexes

Given the differences in PNC formation, we were interested in probing how this translated to
cytokine secretion. Levels of proinflammatory cytokines IFN-y, IL-1pB, IL-6, IL-8, IL-10, TNF-a in
supernatants of ADP or collagen-stimulated cell suspensions were analyzed (Figure 4-6). Interestingly,
neutrophil-platelet suspensions did not secrete significant levels of proinflammatory cytokines when
stimulated with collagen (Figure 4-6A) or ADP (Figure 4-6B). However, when HUVECs were added to
the system, cytokine expression increased by up to 30-fold in ADP-stimulated groups and 40-fold in

collagen-stimulated groups (Figure 4-7).

Despite seeing reductions in PNC formation in DS- and DS-IkL-treated suspensions, cytokine
levels were similarly elevated in all PNC-HUVEC treatment groups (Figure 4-8). Collagen stimulation led
to a slight increase in cytokine expression compared to ADP-stimulated groups, particularly for IL-10 and

IL-8. In ADP-stimulated suspensions, treatment with DS led to slight reductions in all cytokines except
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TNF-a (Figure 4-8A). DS-IKL treatment did not significantly reduce the relative expression of most

analytes and was associated with slight increases in TNF-a expression.

In collagen-stimulated suspensions, IL-8 expression was significantly reduced in DS-treated
groups; a trend toward reduced IFN-y, IL-1f, I[L-6, and IL-10 was also observed (Figure 4-8B). Treatment
with DS-IKL did not cause a significant reduction in cytokine expression; however, a trend toward reduction
was observed for IFN-y, IL-10, IL-1p, and IL-8. Similar to ADP-stimulated mixtures, TNF-a expression

was slightly elevated in DS-IkL-treated samples.
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Figure 4-6 Cytokine secretion by PNC suspensions. Cytokine secretion by collagen-stimulated PNCs (A) and ADP-
stimulated PNCs (B) was similarly low in all treatment groups. Data represents means + SD for all technical replicates
of 4 independent experiments.
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Figure 4-7 Proinflammatory cytokine secretion increased in the presence of HUVECs. Cytokine secretion was
significantly increased in PNC-HUVEC suspensions compared to PNCs alone. Data represents means + SD of 2
technical replicates from 4 independent experiments (n =4). * p <0.05, *** p <(0.001.

4.4.4 Neutrophil NET formation in the presence of activated PRP

To determine if PRP activation and PNC formation induces NET production, we next monitored
the presence of extracellular DNA in PNC suspensions over a 4-hour incubation time using Sytox Green.
Neutrophils incubated with 100 nM PMA served as a positive control. In these experiments, activation via
fibrillar collagen or ADP did not elicit significant neutrophil NET production (Figure 4-9). PMA-
stimulated PNC suspensions exhibited an approximately 50-fold increase in DNA content after 3 hours;
however, ADP- and collagen-stimulated groups exhibited a less than 2-fold increase compared to initial
values, regardless of treatments (Figure 4-9D-E). Incorporations of HUVECSs into this system did not lead
to increased NET production in ADP and collagen-stimulated groups (Figure 4-10). Again, only PMA

stimulation elicited NET production in both neutrophil-only samples and PNC suspensions.
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Figure 4-8 Cytokine expression from PNC-HUVEC mixtures. Similar trends in cytokine expression between ADP
(A) and collagen (B) stimulated groups was observed. While DS-treated groups saw some reduction in cytokine
expression, DS-IKL had minimal effects in both stimulants. Data represents means + SD of 2 technical replicates from
2 independent experiments. * p < 0.05, ** p <0.01, *** p <0.001.
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4.5 Discussion

Platelets, neutrophils, and platelet-neutrophil complexes have been implicated in many
inflammatory disease mechanisms (15-20). Platelet-neutrophil complexing is facilitated primarily through
platelet P-selectin—neutrophil PSGL-1 or platelet GPIba-neutrophil Mac-1 (17), with P-selectin—PSGL-1
engagement playing a greater role in initial tethering and intracellular signaling cascades. In the current
work, we investigated the effect of DS-IKL on several aspects of neutrophil and platelet activation, including

platelet-neutrophil complexing, fibrin clot formation, NET release, and plasma coagulation.

4.5.1 DS-IKL reduced PNC formation without being anticoagulative

Due to the multivalent, multifunctional nature of DS-IKL, we hypothesized that the molecule
would interfere with PNC formation, endothelial cell engagement, and subsequent proinflammatory
cytokine secretion. To test this, PRP was activated with ADP or fibrillar collagen type-1 in the presence of
DS, DS-IKL, IkL peptide, or an antibody to P-selectin (aCD62P) prior to coincubation with isolated human
neutrophils. Interestingly, flow cytometry data from these studies suggest that the mechanisms behind PNC
formation in response to these stimulants differs slightly. In ADP-treated groups, DS-IkL did not have a
significant effect on PNC formation as assessed by CD41°CD45"CD15" (platelets positive for neutrophils)
or CD45"CD15'CD41" (neutrophils positive for platelets) (Figure 4-1). However, donor-to-donor
variability plots in Figure 4-2 suggest that there is a slight shift toward aCD62P control values in DS and

DS-IKL treated groups.
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In collagen treated samples, we saw a significant decrease in CD41°CD45"CD15" populations after
treatment with DS or DS-IKL (Figure 4-3), as well as a slight reduction in CD45"CD15"CD41" populations,
albeit with a high degree of variability. Data from collagen-stimulated groups was further complicated by
the formation of fibrin clots within vehicle and aCD62P sample tubes. Flow cytometer settings had to be
adjusted to account for significant cell loss to clot removal (Figure 4-4, Table 4-2), wherein greater draw
volumes were required to collect enough events from samples with clots for analysis. This loss was further
quantified in Figure 4-4 B-C, which show the breakdown of cell counts as well as the relative contribution
neutrophils and platelets made to the total cell. Clots were occasionally observed in ADP-stimulated
samples, but to a lesser extent; therefore, cell counts were only quantified in collagen-stimulated
suspensions. In groups in which clots were removed, neutrophils made up a higher proportion of the cell
population in vehicle-treated groups compared to DS and DS-IkL; however, significant differences were
only observed in vehicle-treated groups. These results suggest that, since platelet losses were proportionally
higher in vehicle and aCD62P treated groups compared to DS and DS-IkL, platelets were likely the primary

population within cell clots.

To further investigate the absence of clot formation in DS and DS-IkL treated groups, we tested
the anticoagulant properties of these molecules using activated partial thromboplastin time (aPTT). DS is
the primary anticoagulant and antithrombotic glycosaminoglycan along vessel walls (12, 21, 22). In
designing DS-IkL, we aimed to create a targeted anti-inflammatory molecule that has minimal effect on
blood coagulation, thereby addressing one of the major drawbacks of heparin as a treatment for
inflammatory disease (23). aPTT testing showed that coagulation time remained relatively stable even at
the highest concentrations tested (Figure 4-5), whereas coagulation time of DS-treated samples was

significantly elevated compared to DS-IkL-treated samples at 100 pg/mL and 400 pg/mL concentrations.

These results were promising, given only approximately 15% of the available -COOH groups on
the DS polymer are modified with the IkL peptide when synthesizing DS-IkL, suggesting anticoagulative

properties may be another tunable parameter for this molecule. 400 pg/mL was chosen as the upper limit

110



for coagulation studies because it was the approximate serum concentration used in previous in vivo work
(10, 24). PNC experiments were conducted at 40 pM in 200 pl suspensions, making the working
concentration of molecule approximately 2.4 mg/mL. Therefore, additional studies are needed to determine
both the efficacy of DS-IkL at lower concentrations in vitro, as well as the anticoagulative properties of

DS-IKL at higher concentrations.

4.5.2 Endothelial cells bolster cytokine secretion regardless of treatment

To further investigate the downstream effects of PNC formation, we probed for proinflammatory
cytokine levels in the supernatants of PNC suspensions. Neither ADP nor collagen stimulation of PNC
suspensions elicited a robust inflammatory response, as measured by IFN-y, IL-1p, IL-6, IL-8, IL-10, TNF-
o (Figure 4-6). Once HUVECs were introduced into the system, cytokine expression increased significantly
with both collagen and ADP stimulated PNC suspensions (Figure 4-7 and Figure 4-8), particularly IL-1p,
IL-6, IL-8, IL-10. However, very large variations were observed in experiments involving HUVECs,
making it difficult to extrapolate the effect of DS or DS-IKL on cytokine expression. The large variation in
cytokine expression was not surprising, given a different blood donor was used for each experiment and
HUVECs were sourced from a donor pool. Donor populations were diversified intentionally to create a
more clinically relevant in vitro system; however, this strategy will require a larger sample size to power
the results. Currently, in our preliminary system it appears modifying the DS backbone with the IkL peptide

may negatively affect the capacity of DS as an anti-inflammatory.

4.5.3 Activated PRP induces marginal NET formation

Finally, we monitored the kinetics of DNA release over a 4-hour period to examine if activated
PRP and PNC-stimulated endothelial cells elicit NET release, and if treatment with DS or DS-IKL affects
this. Others have shown that activated platelets and PRP can elicit NET release in vitro (25, 26). However,
in our hands, activated PRP alone did not lead to significant NET release compared to unstimulated controls

(Figure 4-9 A-B), and only marginal increases were observed when fluorescence values at the 3 hour
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timepoint were compared to initial values (Figure 4-9 A-C). However, within these small increases, it
appears groups treated with DS-IKL and IkL peptide exhibited slight reductions in NET formation,
suggesting these treatments may be interfering with platelet-neutrophil complex formation and neutrophil
activation. Similarly, in the presence of HUVECs, NET formation remained relatively constant over time
(Figure 4-10); an appreciable increase in extracellular DNA content was only observed in PMA-treated
groups. Further work is needed to understand the interplay between platelets, neutrophils, and endothelial

cells in this system.

Of note, clotting was once again detected in NET experiments for all groups except those treated
with DS and DS-IKL. It is possible that NETs were sequestered within the fibrin clot and DNA from secreted
NETs therefore inaccessible to the Sytox dye. Further studies are necessary to determine if NETs are
detectible when fibrin clotting mechanisms are inhibited or clots are digested prior to DNA staining. In
addition, preliminary studies showed neutrophil activation (measured by CD11a/CD18 upregulation) was
increased in PNC suspensions compared to neutrophil-only controls (data not shown). Activated
neutrophils have been shown to express tissue factor (25), an initiator of blood coagulation. Quantifying
levels of tissue factor in the supernatants of PNC suspensions may give insight into coagulation mechanisms

at play in this system; however, these are outside of the scope of the current work.

4.6 Conclusions

Neutrophils, platelets, and endothelial cells play dynamic roles in acute and chronic inflammatory
environments. Unregulated interactions among these three key players can drive the progression of disease.
In this work, we further characterize DS-IKL as a therapeutic for inflammatory disease. We first characterize
the anti-coagulant properties of DS and DS-IkL compared to a clinical gold-standard, heparin. DS-IkL was
significantly less anticoagulative than DS at concentrations that showed efficacy in previous in vivo work.

We next showed DS and DS-IKL interfere with platelet-neutrophil complex formation in the presence of
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platelet stimuli, but this reduction did not translate to reduced cytokine expression in a PRP-PMN-HUVEC
system. Finally, PNC formation in the presence of platelet activation factors ADP and fibrillar collagen did
not prompt appreciable NET formation by resident neutrophils. Further work is necessary to characterize

the effect DS-IKL has on neutrophil, platelet, and endothelial cell mediated inflammation.
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CHAPTER 5: CONCLUSIONS AND FUTURE OUTLOOKS

5.1 Conclusions

Endothelial dysfunction is a complex phenomenon that can simultaneously cause, result from, and
perpetuate disease. Adverse changes in endothelial phenotype, including reduced nitric oxide production,
actin stress fiber formation, glycocalyx shedding, and upregulation of immune cell adhesion molecules such
as selectins (1-4), are shared among most organ systems, providing a platform for disease agnostic drug
discovery. Through the chapters of this dissertation, we introduce a novel selectin-binding
glycosaminoglycan-peptide conjugate (DS-IkL) as a therapeutic addressing multiple elements of
endothelial dysfunction, including selectin upregulation, glycocalyx shedding, and aberrant immune cell

adhesion and influx (1, 5).

Chapter 2 detailed the design and synthesis of a one-bead-one-compound combinatorial peptide
library (6, 7) weighted toward a known E-selectin binding sequence. Use of this method enabled the simple
incorporation of D- and unnatural amino acids into the library, rendering improved enzymatic stability to
the lead E-selectin binding sequence, IkLLpOR. By having many copies of a unique peptide sequence on
each resin bead and using an on-bead screening format, we were able to circumvent the low affinity E-
selectin has for monovalent binding ligands by imitating a multivalent system (8). This worked in our favor,
as it also recapitulated the multivalent molecule we planned to synthesize using the lead sequence. We went
on to validate that our lead sequence could be conjugated to a dermatan sulfate backbone in a tunable
manner. This was pivotal for later examination of the effect our molecule, DS-IkL, had on immune cell-

endothelial interactions in future chapters.

In Chapters 3 and 4, we began to establish the therapeutic efficacy of our glycan therapeutic, DS-
IKL. Chapter 3 detailed inhibitory effects DS-IkL had on neutrophil binding to recombinant human selectin

and inflamed endothelial cells. Neutrophil interactions with upregulated selectins have been associated with
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acute organ dysfunction (9-12), chronic inflammation (13-16), and fibrotic remodeling (10, 17) in several
organ systems, including the heart (16, 18, 19), lungs (20-22), and kidneys (23). Circulating neutrophils are
recruited to sites of sterile injury by damage activated molecular patterns (DAMPs) released by damaged
or disrupted cells (24). Endothelial selectins facilitate the initial tethering and rolling of circulating
neutrophils along the inflamed endothelial surface (25). Neutrophil engagement of endothelial selectin
stimulates the transition of neutrophil lymphocyte function-associated antigen 1 (LFA-1) to an intermediate
affinity conformation, facilitating firm adhesion and arrest through engagement with endothelial
intercellular adhesion molecule 1 (ICAM-1) (26). In most organ systems, these steps are critical for
downstream neutrophil adhesion and transmigration into the underlying tissue, where myofibroblast

activation and fibrotic remodeling can occur (13, 27).

In a model of cardiac ischemia reperfusion injury (IRI) by acute myocardial infarction, DS-IkL
protected against neutrophil and macrophage infiltration into infarcted tissues. Animals treated with DS-
IKL after the reperfusion phase exhibited early reductions in infarct size, reduced fibrosis, and improved
cardiac function compared to those treated with saline. Live in vivo imaging confirmed that DS-IKL targeted
to inflamed regions after surgery, suggesting the E-selectin binding peptide on the dermatan sulfate (DS)
backbone aids in DS homing to inflamed vasculature. Additional studies are needed to confirm this
localization would not be achieved and/or sustained with unmodified DS, and that the individual molecule
components (DS and IkL peptide) are not sufficiently cardioprotective on their own. However, given DS
interacts with the endothelium transiently (28) and monovalent binding ligands typically bind selectins with

low affinity (8, 29), we do not anticipate the individual components would have equivalent efficacy.

In Chapter 4, we began to address the benefits of modifying the DS backbone. Though DS itself
has been shown to have inherent anti-platelet and anti-neutrophil properties, the heterogeneity of natural
and even commercially available DS make the extent of these properties unpredictable (28). In addition,
DS is known to interact with heparin cofactor II and thereby acts as an anticoagulant (30), increasing the

likelihood of systemic side effects when used as a therapeutic. In Chapter 4 we showed that, though DS-
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IKL may retain some anticoagulative properties, they are minimal compared to DS and heparin.
Anticoagulants have therapeutic value in some indications, but in many cases anticoagulation, or “blood
thinning,” is an undesirable systemic side effect of drugs such as heparin (31). Finally, Chapter 4 discussed
the ability of DS-IKL to interfere with platelet-neutrophil complex (PNC) formation and endothelial cell
activation in the presence of activated PNCs, perhaps by interfering with interactions between platelet P-
selectin and neutrophil P-selectin glycoprotein ligand 1 (PSGL-1). PNCs have been implicated in many

diseases, including sepsis, thrombotic disease, and the recent SARS-COV-2 epidemic (32-37).

The work presented here suggests a molecule such as DS-IkL, which can regionally limit
endothelial-neutrophil interactions and platelet-neutrophil interactions without greatly affecting blood
coagulation, could have therapeutic value in numerous disease indications. Many otherwise seemingly
disparate diseases, including cancer, deep vein thrombosis, and chronic obstructive pulmonary disease,
share inflammatory mechanisms that could be addressed by our glycan therapeutic. By focusing on
inflammatory disease from the vascular side, we hope that this work can broadly impact disease

progression.

5.2 Future outlooks

The current work serves as a foundation for many interesting studies into disease mechanisms
mediated by leukocyte, platelet, and endothelial cell interactions. In part 2 of the Appendix, we began to
establish a model of renal ischemia reperfusion injury with warm ischemia time, a phenomenon that occurs
during organ transplant (38-40). As the number of viable donor kidneys remains in a severe shortage, there
is an urgent need to develop strategies and/or therapies that help preserve high-risk kidneys, facilitate graft
success, and improve patient survival. Kidney IRI, delayed graft function, and acute kidney injury have all

been shown to be driven in part by neutrophil influx and activation (23, 41) and platelet-driven
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inflammation (41). A molecule such as DS-IkL could aid in regulating inflammatory processes and immune

cell interactions, thereby improving transplant outcomes.

Further work on our preliminary model is necessary to investigate the efficacy of DS-IKL in renal
indications. This will include assessing the optimal warm ischemia time to elicit endothelial dysfunction
and neutrophil influx, reperfusion time, and dosing parameters (e.g., timing and concentration) for maximal
therapeutic effect. Thus far, our results indicate that immediate dosing with DS-IkL after 21 minutes of
warm ischemia time with contralateral nephrectomy does not affect kidney damage as assessed by serum
creatinine, lactate, glucose, and blood urea nitrogen at post-op day 3. However, pulmonary and peripheral
edema appear to be less severe in DS-IkL treated animals at this time point. Additional studies into the

renal-pulmonary axis (42, 43) may shed light onto these results.

Future investigations into the effect of DS-IKL on the inflammatory triangle formed by endothelial
cells, neutrophils, and platelets may be worth consideration. This triad is implicated in many diseases, with
the relative contributions of each cell type to inflammation shifting in response to a given environment (13).
The initial work described in Chapter 4 suggests DS-IkL may have protective characteristics in an
inflammatory environment driven by these three cell types, and it would be worth investigating the
mechanisms behind this interaction. It is possible that DS-IkL’s mechanism of action is similarly fluid,

shifting from DS-mediated, to peptide-mediated, depending on the physiological environment.

DS-IkL was designed as a disease-agnostic molecule, offering a treatment modality that can be
applied to numerous inflammatory disease indications. The molecule functions primarily by 1) occupying
upregulated selectins on the endothelial (and potentially platelet) surface, and 2) creating a steric, band-aid-
like barrier between inflamed endothelial cells and circulating blood components (e.g., immune cells).
Given the dynamic role both selectins and the glycocalyx play in vascular homeostasis, it is possible DS-
IkL has additional effects not explored in this dissertation, including adverse effects. These may include

endothelial stimulation by selectin engagement, immune cell activation by the increase in circulating
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glycosaminoglycans, and regional sequestering of chemokines, etc. once bound to the endothelium. These

and other safety factors should be considered when designing future experiments.
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A: EFFECT OF DS-IKL ON PULMONARY INFLAMMATION

A.1 Introduction

With nearly 6 million deaths per year worldwide and more than 480,000 deaths per year in the
United States, smoking is the leading cause of preventable death (1). Tobacco smoke is a key factor in the
onset of Chronic Obstructive Pulmonary Disease (COPD), the third leading cause of death in the United
States (2). COPD patients are highly susceptible to acute exacerbations, short-lived event characterized by
worsening of respiratory symptom. Acute exacerbations are the primary cause of COPD patient
hospitalization, and overall account for approximately 50% of the cost of the disease. Exacerbations tend
to come in clusters over approximately two-month periods and their onset is often predictable by patients,
lending a method for predicting timely dosing of medicines to reduce the occurrence and severity of

exacerbations, and by proxy the downstream complications and tissue destruction (3).

There is currently no effective treatment for COPD; instead, common approaches to treating COPD
include smoking cessation and oxygen therapy (4). However, though cigarette smoking is the primary cause
of COPD, smoking cessation is unable to relieve symptoms (5) or ease pulmonary inflammation (6).
Persistency of pulmonary inflammation seen in COPD patients after quitting smoking indicates permanent
changes to pulmonary immune responses; however, detailed pathways and mechanisms remain elusive.
Treatment strategies employing deletion of a single cytokine, such as TNF-a, have proved ineffective given

inflammatory cytokine levels in lung tissue and peripheral blood are persistently elevated in COPD patients

(7

Exacerbations are associated with detrimental changes in lung function, including endothelial
dysfunction (8). Endothelial dysfunction is characterized by the loss of the glycocalyx, a thin
glycosaminoglycan-rich layer on the endothelial cell (EC) surface, which provides a protective interface

that regulates immune cell adhesion. Data indicate increased infiltration of neutrophils into the lung tissue
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as a result of endothelial insult and inflammation (9). In the lung, neutrophil emigration occurs in both the
capillaries surrounding alveoli as well as the post-capillary venules of the airways, creating multiple regions

of therapeutic interest.

We have recently discovered a glycosaminoglycan derived, selectin targeting anti-adhesive coating
(termed DS-IKL) consisting of a dermatan sulfate backbone and multiple selectin-binding peptides. We’ve
shown that DS-IKL profoundly diminished the ability of neutrophils to attach to interact with endothelium
(10, 11). With respect to its ability to control cell adhesions at the vascular interface, DS-IKL is a promising
therapeutic for pulmonary inflammation and inflammation-induced acute exacerbations seen in COPD. In
the following work, we use cigarette smoke exposed media in vitro (12) and inhaled ozone in vivo (13) as

models of pulmonary inflammation in order to test the efficacy of DS-IkL as a pulmonary therapeutic.

A.2 Methods

A.2.1 Cigarette smoke exposed media

Endothelial growth medium MV (ECGM MV, PromoCell) was exposed to cigarette smoke at the
UC Davis Center for Health and the Environment as described previously ((12, 14)). Medium was exposed
to 106 +/- 13 mg/m’ total suspended particulate matter (TSP) for 4 hours. Average carbon monoxide in the
chamber was 250 ppm. Cigarette smoke exposed (CSE) medium was filtered through a 0.45 uM syringe

filter, aliquoted, and frozen until use.

A.2.2 Cell culture

Human pulmonary microvascular endothelial cells (HPMEC, PromoCell) were expanded to
passage 3-6 in tissue culture treated T75 flasks. ECGM MV was changed every other day until cells were
70-85% confluent. TrypLE was used for all dissociation steps (passaging and cell seeding). Cells were
rinsed 1x with 5 mL prewarmed DPBS the incubated with 3 mL TrypLE for 3-5 minutes at room
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temperature (RT). After gentle agitation, 4 mL ECGM MV was added. The suspension was collected and
centrifuged for 5 minutes at 200 x g. Supernatant was aspirated and the cell pellet resuspended in ECGM

MYV, counted, and diluted to indicated concentrations.

A.2.3 E- and P-selectin expression and molecule binding after CSE exposure

HPMECs were seeded at 10,000 cells/cm? into a tissue culture treated T25 flask and grown to 90%
confluence. Flasks were stimulated with 0%, 3%, or 5% CSE medium or 10 ng/mL TNF-a in ECGM MV
for 6 hours in a cell culture incubator (37°C, 5% CO,). After 6 h, cells were dissociated from the flask as
described and resuspended at 1.95 x 10° cells/mL in buffer [Hank’s buffered salt solution with calcium and
magnesium (HBSS"") supplemented with 0.3% human serum albumin (HSA)]. Suspensions were aliquoted
into individual 1.5 mL microcentrifuge tubes (100 pL into 2-3 tubes for each treatment) and stained with 3
uL PE anti-human CD62E antibody (BioLegend) or PE anti-human CD62P antibody (BioLegend) for 30
minutes on ice in the dark. Cells were washed 3x with buffer, resuspended in 1 mL, and run on an Attune
NxT flow cytometer (ThermoFisher). In some experiments, cells were fixed for 10 minutes in 3% PFA in

PBS, centrifuged, and resuspended in DPBS before flow cytometry.

To test molecule binding, tissue culture treated 96-well plates (Thermo) were coated with 50 pg/ml
rat tail collagen type-1 solution in DPBS. Plates were incubated at 37°C for 1 hour then washed 3x with
Dulbecco’s phosphate buffered saline (DPBS). HPMECs were seeded at 40,000 cells/cm® and used after
reaching at least 90% confluence. Confluent cells were treated with 30 pM CF633-DS or CF633-DS-1kL
(11) in 200 pL stimulation media (10% CSE or 10 ng/ml TNF-a). After 6 hours, wells were rinsed 3x with
DPBS and fluorescence measured using a SpectraMax M5 Microplate Reader (ex/em 630/650, Molecular

Devices).
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A.2.4 Cell viability after CSE exposure

Tissue culture treated 96-well plates (Thermo) were coated with 50 pg/ml rat tail collagen type-1
solution in DPBS. HPMECs seeded at 40,000 cells/cm” and grown overnight before use. CSE was serially
diluted in fresh medium to 50%, 30%, 20%, 15%, 10%, 5%, and 2.5%. CSE medium that was not diluted
was considered as 100%. HPMECs were rinsed 1x with pre-warmed DPBS, then 150 pL of pre-warmed

CSE medium (2.5-100%) was added. For longer studies, medium was replaced every other day.

Cell proliferation was quantified at day 0, 1, 3, and 5 using a CyQUANT NF Cell Proliferation
Assay (ThermoFisher). HPMECs were rinsed 2x with pre-warmed DPBS before adding 100 pL. CyQuant
solution (5 pL solution A, 1 pL solution B into 2.5 mL. HBSS). Plates were incubated for 60 minutes then
read on a SpectraMax M5 Microplate Reader (Molecular Devices) at ex/em 485/530 nm. Additional

readings were taken at the 2 h and 3 h time points.

Cell metabolism was quantified using an MTS assay kit. Cells were rinsed 1x with pre-warmed
sterile DPBS then incubated with MTS (100 pL HBSS"* + 0.3% HSA, 20 pL MTS solution) for up to 4

hours. Absorbance readings (490 nm) were taken at the 2 h, 3 h, and 4 h time points.

For both assays, readings were normalized to day 0, 0% CSE baseline readings. Four technical

replicates were averaged for each group. The experiment was conducted 2 independent times for an n=2.

A.2.5 Ozone exposure

Male BALB/c mice were obtained from the Jackson Laboratories (Bar Harbor, ME). All
experiments were performed on 10-12-week-old mice. All animal handling and laboratory procedures were
performed in accordance with the approved protocols of the Institutional Animal Care and Use Committee
of the University of California, Davis, which conforms to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (8th Edition, 2011). Mice were injected

intravenously via the tail vein with 100 pL of 30 uM DS-IKL or saline before and after exposures. Mice
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were placed in mire mesh cages without food or water in an exposure chamber before being exposed to 3
ppm ozone or ambient air for 2 h, then placed back into normal cages for overnight housing. Animals were

euthanized and necropsies performed 12 hours after O3 exposure.

A.2.6 Bronchoalveolar lavage fluid collection

Tracheas were cannulated and lungs were gently lavaged using a total of 1 mL sterile DPBS (two
0.5 mL lavages). The total amount of liquid retained after bronchoalveolar lavage (BAL) was greater than
0.5 mL. Total cell counts obtained in BAL were performed using a Countess Automated Cell Counter, and
differential cell counts were determined using cytospin preparations (Cytospin 3; Thermo Scientific)
stained with Kwik-Diff (Thermo Scientific). Differential cell counting was performed at 40X magnification
under a light microscope. Immune and inflammatory cell morphology appeared normal in the BAL samples

and macrophages displayed inflammatory alterations in response to ozone as expected.

A.3 Results

A.3.1 Cell viability after CSE exposure

To test the toxicity of CSE media to HPMEC:s, cells were incubated with increasing concentrations
of CSE over a 5-day period. Cell viability was assessed by metabolism (MTS) and proliferation (CyQuant
NF) (Figure A-1). Cells tolerated CSE up to 10%, with concentrations at or above 20% leading to
reductions in cell metabolism and proliferation over the 5-day incubation period. Within the tolerable range,
cell viability as assessed by proliferation decreased with increasing CSE concentration (Figure A-1B) as
expected. Interestingly, cell metabolism increased after 1-5% CSE treatment even out to day 5, despite

reductions in proliferation.
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Figure A-1 CSE viability measurements over 5 days of exposure. HPMECs were treated with increasing
concentrations of CSE media for up to 5 days. Metabolism (A) and proliferation (B) were used as measures of cell
viability.

A.3.2 E- and P-selectin expression and molecule binding

Cigarette smoke is a known irritant of lung epithelial cells, translating into inflammation within the
pulmonary vasculature (15-17). To investigate the effect of acute cigarette smoke exposure on endothelial
selectin expression, HPMECs were stimulated with increasing concentrations of CSE or 10 ng/ml TNF-a
for 4-6 hours. TNF-a is known to stimulate endothelial cells and promote endothelial P-selectin
mobilization (18) and E-selectin synthesis (19), and was therefore used as a positive control. E- and P-
selectin expression were probed using flow cytometry (Figure A-2). P-selectin expression was maximized
after 4 hours of 5% CSE stimulation (Figure 2A); however, we observed only slight increases in both E-

and P-selectin expression regardless of stimulant.

We were next interesting in whether DS-IkL. would bind to CSE stimulated HPMECs. Cells were
incubated in 10% CSE or 10 ng/ml TNF-alpha for 6 hours, then treated with CF633-tagged DS or DS-IkL.

DS-IkL bound to stimulated HPMEC:s to a greater extent than DS regardless of stimulant (Figure A-2B).
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Figure A-2 Selectin expression and molecule binding. HPMECs were stimulated with CSE or TNF-a for up to 6
hours. P- and E-selectin expression were quantified using flow cytometry (A). To assess molecule binding, stimulated
cells were incubated with fluorescently tagged DS or DS-IkL. Greater levels of binding were seen with DS-IkL
compared to DS in both CSE and TNF-a stimulated HPMECs (B).

A.3.3 Effect of DS-IKL on immune cell influx after acute ozone exposure

After confirming that DS-IKL bound inflamed pulmonary endothelial cells, we next tested the in
vivo efficacy of our molecule in a murine model of acute pulmonary inflammation by acute ozone exposure,
an established model of pulmonary inflammation (13, 20) that has been shown to promote pulmonary
vascular endothelial dysfunction (21, 22) and cause a sharp immune cell influx. Animals were treated with
saline or 30 uM DS-IkL before and after ozone exposure to maximize potential effects of the molecule.
Total and differential cell counts in BAL were similar in saline and DS-IkL treated mice 12 hours after
exposure (Figure A-3), suggesting DS-IkL does not affect immune cell infiltration caused by ozone-

induced pulmonary injury.
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Figure A-3 In vivo effect of DS-IKL on ozone-induced immune cell influx. Mice were treated with DS-IKL or saline
before and after ozone exposure. Total cells in BAL (A) and immune cells in cytospins (B) did not differ between
groups 12 hours after exposure. MO: Macrophages; PMN: Neutrophils. ns: not significant.

A.4 Discussion

COPD and other cigarette smoking related pulmonary diseases present a huge health care and
economic burden worldwide. Disease exacerbations are accompanied by heightened inflammatory events,
including vascular barrier and endothelial dysfunction, epithelial damage, and immune cell influx via
exposed immune cell adhesion molecules (23-26). Activated and adherent neutrophils release proteases and
other products that degrade the endothelial glycocalyx, exposing additional immune cell adhesion
molecules and amplifying the inflammatory cascade. Upregulated adhesion molecules (e.g., selectins) are

therefore a promising target for anti-inflammatory therapeutics.

DS-IkL is a glycan therapeutic that targets dermatan sulfate, a glycocalyx component, to
upregulated selectins on inflamed endothelium. We have shown DS-IkL reduces neutrophil interactions
with inflamed endothelial cells in vitro, and is cardioprotective against ischemia reperfusion injury after
acute myocardial infarction in vivo (11). In the present work, we aimed to test the efficacy of our
glycosaminoglycan-peptide therapeutic DS-IKL against pulmonary inflammation. In vitro, we used

cigarette smoke exposed media as a model of soluble cigarette smoke-induced vasculature inflammation.
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In vivo, mice were challenged with inhaled ozone, a known pulmonary epithelial and endothelial irritant

(13, 21, 22, 27).

We first wanted to determine the toxicity of cigarette smoke exposed media on pulmonary
endothelial cells. HPMECs were challenged with 0-100% CSE media for up to 5 days. We were surprised
to see that cells exhibited an increase in metabolism when treated with up to 5% CSE, perhaps due to
metabolic stimulation by nicotine in the media, while total relative cell count simultaneously decreased
(Figure A-1), (28). Unsurprisingly, cell viability as measured by CyQuant NF reduced with increasing
concentrations of CSE. From these studies, we chose to move forward with 5% CSE as a non-lethal

concentration for selectin expression studies.

Treatment with 5% CSE resulted in a slight upregulation of endothelial E- and P-selectin Figure
A-2A, in some cases to a greater extent than TNF-a stimulation. However, relative expression changes were
lower than expected. Several experimental parameters may have contributed to low expression levels. It is
possible that too few cells were used, CSE concentration was not sufficient to initiate selectin expression,
proteins were cleaved or endocytosed after TrypLE incubation, insufficient E/P-selectin antibody was used,
or flow cytometer settings were not appropriately optimized. Further work is necessary to parse out the

subtleties of these results.

For molecule binding studies, we chose to challenge cells with 10% CSE rather than 5% CSE to
create a more acute inflammatory environment, in part due to the lower selectin expression levels observed
with 5% CSE. Cells were stimulated with 10% CSE or 10 ng/ml TNF-a for 6 hours in the presence of
fluorescently tagged DS or DS-IKL. Figure A-2 shows DS-IkL exhibited greater binding to both CSE and
TNF-a stimulated HPMECs compared to DS controls, suggesting the molecule may have targeting potential

in an in vivo system.

Next, a pilot study of acute pulmonary inflammation by ozone exposure was conducted. Mice were

treated with saline or DS-IKL before and after exposure to either ambient air or 3 ppm ozone for 2 hours.

132



Immune cell infiltration into the lungs was assessed by analyzing BAL collected 12 hours after exposure.
No changes in total cell count or differential immune cell counts were observed in DS-IKL treated mice
compared to saline treated mice (Figure A-3). Further studies are needed to better understand the outcomes
of this pilot study. We speculate that inhaled ozone exposure may cause too severe of an epithelial injury,
leading to a robust immune cell influx that is not mediated by endothelial mechanisms under these
conditions. Additionally, it is possible that selectins do not mediate neutrophil trafficking in the pulmonary
capillaries, particularly alveolar capillaries (29), making acute ozone exposure an incompatible model for
testing the efficacy of DS-IkL. Alternative models such as ventilator induced injury (30, 31) should be

explored further.

A.5 Conclusions

Smoking remains a leading cause of preventable death in the United States (1). In addition to
epithelial damage, acute and chronic cigarette smoke exposure has been shown to promote endothelial
dysfunction and pulmonary vascular dysfunction. In this work, we explored the effect cigarette smoke
exposed media had on HPMEC viability and selectin expression in vitro. Up to 5% CSE was well tolerated
by cells and caused a slight upregulation of endothelial selectins. DS-IkL bound to CSE-stimulated
HPMECs, suggesting it may have potential as a pulmonary endothelial cell therapeutic. In vivo efficacy
was tested using inhaled ozone as a model of acute pulmonary inflammation. In these preliminary studies,
DS-IkL was not protective against immune cell influx into the lungs. Future work should explore the
relative contribution selectins have in immune cell trafficking in this model, as well as alternative models

of pulmonary vascular injury.
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B: EFFICACY OF DS-IKL AS A TREATMENT FOR ACUTE KIDNEY INJURY

B.1 Introduction

Organ shortage (32), delayed graft function (33), prolonged cold or warm ischemia time (34), and
ischemia reperfusion injury (35) continue to pose major clinical challenges for renal transplant efforts.
Several preventative methods have been considered to expand the viable donor pool, including donor-

targeted therapies (36) and ex vivo organ perfusion (32).

Ischemia reperfusion injury (IRI) is an unavoidable complication during renal transplant and can
have a lasting impact on organ morbidity and transplant success. The complex physiology of kidney
perfusion intensifies tissue damage caused by IRI compared to other organ systems (37). Regional changes
in blood flow during an ischemic event exacerbates renal injury caused by the reperfusion phase, causing
enhanced endothelial injury, vascular dysfunction, and a heightened inflammatory response. Pro-
inflammatory mediators recruit circulating leukocytes to the injured regions, facilitating leukocyte
extravasation into the kidney (37). If this cycle perpetuates, inflammatory IRI can progress to chronic

kidney disease.

Therapeutics that protect the vasculature from immune cell infiltration could be pivotal in
preventing the long-term effects of IRI. We have recently reported on a selectin-targeted
glycosaminoglycan-peptide conjugate termed DS-IKL that reduced IRI-induced leukocyte infiltration and
cardiac fibrosis after acute myocardial infarction (11). We have shown DS-IKL inhibits neutrophil binding

to E-selectin in vitro and targets to damaged vasculature in vivo.

In this work, we aimed to establish a murine model of acute kidney injury through prolonged warm
ischemia time and subsequent IRI (38). A pilot study was performed wherein left kidneys were subjected
to 18, 21, or 23 minutes of ischemia with contralateral nephrectomy and treatment with DS-IkKL or saline.

Changes in serum biomarkers of kidney injury (creatinine, lactate, and glucose) were assessed over a 3-day

134



reperfusion time. Blood urea nitrogen and pulmonary edema were assessed after three days of reperfusion.

Preliminary data suggests DS-IKL is not protective against acute injury under the parameters described.

B.2 Methods

B.2.1 AKI surgery protocol

Male and female 8-11-week-old C57BL6/J mice were purchased from the Jackson Laboratory and
acclimated for at least one week before use. Mice were anesthetized using 5% inhaled isoflurane and blood
collected via the retroorbital sinus for baseline point of care (POC) measurements. The abdomen was
shaved and sanitized with an ethanol-iodine-ethanol wash sequence. Anesthesia was maintained at 1-2%

isoflurane for the duration of the surgery. Body temperature was monitored and maintained at 36-38°C.

Abdomens were transected at the midline in two layers and the intestines externalized to expose
the renal pedicle. Fat surrounding the pedicles was gently dissected. A nondestructive vascular clamp was
placed onto the left renal pedicle for 18, 21, or 23 minutes. Meanwhile, the right renal pedicle and ureter
were ligated, and the right kidney removed and placed in formalin for later analysis. In some studies, mice
were injected with 50-75 pl of DS-IKL (60 pL), DS (60 uL), or saline i.v. via the inferior vena cava (IVC)
2 minutes before the vascular clamp was removed. A 35-gauge needle atop a 100 pL. NonoFil low volume
syringe (World Precision Instruments) was used for all IVC injections. After injection, gentle pressure was
applied to the IVC until bleeding stopped, approximately 30 s. Intestines were replaced, and 1 mL of sterile
pre-warmed saline was injected into the abdominal cavity. Animals were sutured in two layers and
monitored until ambulatory. After surgery, mice were recovered under a heat lamp for 1 hour before being

placed back into social housing.
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At the study endpoints, mice were anesthetized and exsanguinated then perfused through the left
ventricle with saline for 2 minutes at 2 mL/min. Perfused kidneys were dissected and fixed in formalin

cups. In some experiments, lungs were grossly dissected for edema measurements.

B.2.2 Point of care measurements for serum biomarkers of kidney injury

Point of care measurements and animal weights were taken every 24 hours. Blood was collected
from the retroorbital sinus using a heparinized capillary tube. Using a micropipette, blood droplets were
placed onto creatinine (mg/dL), lactate (mmol/L), or glucose (mg/dL) test strips and read on Nova
Biomedical StatSensor, StatStrip Xpress, and StatStrip Meter Systems, respectively. After each blood draw,
mice were injected subcutaneously with 0.5 mL sterile saline. In some cases, creatinine levels were below
the detection limit of the point of care device. When this occurred, creatinine was recorded at the lower

detection limit, 0.3 mg/dL.

B.2.3 Pulmonary edema

Dissected lungs were placed into pre-weighed glass scintillation vials. Lungs were weighed
immediately after dissection (wet weight) and after 3 days in a 200°C oven (dry weight). The ratio of

wet:dry weight was taken as a measure of pulmonary edema.

B.2.4 Urine collection

In some experiments, mice were recovered for up to 12 h in social housing before being placed into
individual metabolic cages (wire mesh cages with fluid capture trays) for urine collection before surgery

and at post-op nights 1 and 2. Urine was collected into conical tubes overnight and frozen for later analysis.

B.2.5 Blood urea nitrogen

Blood was collected from the retroorbital sinus using a heparinized capillary tube into

microcentrifuge tube and spun down at 1000 x g for 10 minutes to collect serum. Serum was stored at -
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80°C until use. Blood urea nitrogen (BUN) levels were tested using a commercially assay kit
(QuantiChrom™ Urea Assay Kit, BioAssay Systems). Samples were thawed then diluted 1:2, 1:10, or 1:30
in ultrapure water. Five microliters of standard or diluted sample were added to a clear flat bottomed 96-
well plate in duplicate, followed by 200 pl of working reagent. Wells were gently mixed and incubated for
20 minutes at room temperature before reading optical density at 520 nm on a SpectraMax M5 Microplate
Reader (Molecular Devices). Urea concentration was calculated as [Urea] = ODsample — ODblank / ODstandard
— ODuiank x dilution factor x [STD] (mg/dL). The conversion BUN (mg/dL) = [Urea] / 2.14 was used to

calculate BUN concentration.

B.3 Results

B.3.1 Determining warm ischemia time (WIT)

To determine the duration of ischemia time required to elicit kidney injury, the left kidney was
subjected to 18, 21, or 23 minutes of warm ischemia time. A nephrectomy was performed on the right
kidney within 5 minutes of the start of left kidney ischemia. To remain consistent with later study protocols,
mice were injected with 50 ul of sterile saline via the IVC immediately after reperfusion. Serum levels of
creatinine, glucose, and lactate were measured every 24 hours to assess kidney damage. Mice that received
18 minutes of warm ischemia showed a slight increase in creatinine (Figure B-1) after 24 h, but returned
to baseline levels after 48 h. However, mice subjected to 21 and 23 minutes of warm ischemia showed
spikes in creatinine after 24h (Figure B-1), with 21 min WIT trending back down toward baseline after 48

h and 23 min WIT remaining elevated.

Glucose levels remained stable over the 48-h period in mice that received 18 min of WIT, but

decreased in the 21-min and 23-min groups (Figure B-1). Lactate levels dropped in all groups (Figure
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B-1). Due to high mortality rates in the 23 min group (data not shown), we decided to move forward with

21 minutes WIT in subsequent studies.

e 18 min
= 21 min
4 23 min

Relative change
(normalized to pre-op)

=

T T T T T T T T T
Pre-op 24h 48h Pre-op 24h 48h Pre-op 24h 48h

Creatinine Glucose Lactate

Hours post-op

Figure B-1 Point of care readings after 18-, 21-, and 23-min WIT. Creatinine, glucose, and lactate levels were
measured in saline treated mice over 2 days post-op. 21 minutes of WIT was chosen for the remainder of the study.

B.3.2 Serum markers of renal damage unaffected by treatment with DS-IKL

Creatinine, lactate, and glucose levels were measured from the blood every 24 hours to detect
changes in renal damage. In some cases, serum biomarkers were below the meter system’s limit of
detection. Therefore, relative changes reported here may not accurately depict absolute changes in serum
biomarker levels. As is, levels of all three soluble biomarkers remained statistically similar in all groups
over the course of recovery (Figure B-2 A-C). DS-IKL treated mice exhibited trends toward increased
creatinine levels at POD1 and POD2 compared to saline controls, suggesting that DS-IkL may not protect

against fluctuations in creatinine, lactate, or glucose levels in serum after renal ischemia.
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Figure B-2 Change in serum biomarkers and animal weight. Glucose (A), lactate (B), and creatinine (C) levels
were measured in saline, DS, or DS-IkL treated mice over a 3-day reperfusion time. Serum biomarkers were
statistically similar among all groups. Animal weights were similar over the course of reperfusion for all treatment
groups (D).

B.3.3 Pulmonary edema reduced in DS-IKL treated mice

Respiratory complications such as pulmonary edema are a common complication of acute kidney
injury (39, 40). To test the effect of DS-IKL on pulmonary edema, the wet to dry ratio (wet:dry) and percent

weight change of lungs was taken in saline and DS-IkL treated mice at POD3. DS-IkKL treated mice had
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significantly less water retention in lungs compared to saline mice (Figure B-3). Similarly, visual
reductions in peripheral edema in the animal hindlimbs over the course of recovery were observed (data
not shown). Further exploration into these phenomena, including a potentially protective effect of DS-IkL

against pulmonary and peripheral edema and the underlying mechanisms, is needed.
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Figure B-3 Pulmonary edema. Treatment with DS-IKL resulted in a reduction in pulmonary edema, as assessed by
% change in lung weight and wet to dry ratio. P-values shown are from a one-way ANOVA with post-hoc Tukey test.

B.3.4 Blood urea nitrogen levels elevated in DS-IKL treated mice

To investigate if DS-IKL affects kidney function after AKI, we quantified the levels of urea in the
serum of afflicted mice two- or three-days post-op using a blood urea nitrogen (BUN) assay (Figure B-4).
Data is displayed as both BUN and BUN/creatinine ratio, two methods of clinical reporting for potential

AKI (41, 42). DS-IKL treated mice exhibited increased BUN at POD3 compared to saline treated mice
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(Figure B-4 A). BUN and BUN/creatinine levels were similar for DS-IkL and saline treated mice at POD2.

DS-IKL treated sham mice likewise exhibited a high BUN/creatinine ratio at POD3 (Figure B-4 B).
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Figure B-4 Blood urea nitrogen (BUN) levels. Treatment with DS-IKL did not protect against elevations in BUN
levels (A) or BUN/creatinine ratios (B) at POD2 or POD3.

B.4 Discussion

Vascular complications make up a significant percentage of postoperative renal transplant
complications (43). Downstream consequences of ischemia and ischemia reperfusion injury (IRI) can occur
for both the donor kidney and the recipients, thereby playing a role in short- and long-term vascular
complications related to transplant. Here we describe a molecule, DS-IkL, as a potential therapeutic after
acute renal ischemia reperfusion injury. Previous work with this molecule has shown it is cardioprotective

after cardiac IRI in a murine model of ST-elevation myocardial infarction (11). We were therefore interested
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in testing the molecule’s efficacy in a renal IRI model that recapitulates warm ischemia time experienced

by transplant kidneys.

We first set out to optimize warm ischemia time (WIT), recovery time, and time points for serum
biomarkers. After several iterations of surgery parameters, we settled on 21 minutes of WIT due to
insufficient creatinine elevation after 18 minutes of WIT, and high mortality after 23 minutes WIT. Mice
received a single injection of treatment via the [IVC two minutes before reperfusion such that treatments
would immediately circulate into the kidney once the clamp was removed. Since the contralateral kidney
was removed prior to injection, we did not anticipate large molecule clearance or loss during the latency

time.

Initially, wire mesh metabolic cages were used to collect urine from post-op mice to assess changes
in urea excretion after kidney injury. However, urine collection was halted after observing detrimental
effects on animal recovery. Metabolic cages put excessive stress on the animals at PODI1, leading to
increased dehydration, slower recovery time, and increased mortality. This may be in part due to the
mouse’s inability to thermoregulate properly after long-term isoflurane exposure (38), therefore leading to
animals being cold and lethargic after overnight housing in the metabolic cages. In addition, urine collection
was inconsistent from animal to animal, perhaps due to animal dehydration or evaporation of the small
urine volumes on the large catch plate below the cage. Due to inconsistent urine collection, samples that

had been collected were not processed.

When time points were extended past POD3, animal mortality and weight loss increased beyond
acceptable levels (data not shown). Therefore, the study endpoint was chosen at POD3. High levels of
variation, unpredictable animal survival, and indeterminant data suggest that further optimization of this
model is required before conclusions can be made regarding the efficacy of DS-IkL. Future studies should
adjust the study parameters until a desired level of endothelial injury is observed before assessing molecule

efficacy. As is, the effect of DS-IKL on WIT and renal ischemia reperfusion injury remains undetermined.
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B.5 Conclusions

In this study, we describe preliminary efforts at developing a model of severe acute renal injury in
C57BL6/J mice and test the efficacy of a selectin-targeted glycan therapeutic designed in the lab, DS-IkL.
We showed that, though DS-IkL may provide some protection against edema following AKI, it may not
have therapeutic value in the model used here. Serum levels of creatinine, lactate, and glucose were
unchanged compared to saline treated controls. Animal weights did not differ between groups over the
course of the study. Finally, blood urea nitrogen levels were similarly elevated in all groups. Future studies
should emphasize optimizing the study protocol to assess longer-term markers of organ damage and

recovery.

143



C: NEUTROPHIL AND MOLECULE BINDING TO PLATELETS

C.1 Methods

C.1.1 Neutrophil binding to platelets

Ibidi sticky slides VI** were adhered to standard microscope slides and channels coated with 75
ug/mL rat tail collagen type-1 at 37°C for 1 hour. During this time, platelet-rich plasma and neutrophils
were isolated from whole blood from healthy donors as described previously. Wells were rinsed 3x with
DPBS then incubated with 100 uL platelet rich plasma at 37°C for 1 hour. Meanwhile, neutrophils were
stained with CellTracker Green (ThermoFisher; final concentration of 3 pM for 30 minutes at RT with
end-over-end rotation). Platelet-coated wells were rinsed 3x with DPBS and stained with CellTracker Red
(3 uM for 30 minutes at RT), then fixed for 10 minutes at RT with 4% PFA in PBS. After 3 washes, 100
uL of stained neutrophil suspensions were added to individual channels at increasing concentrations (0-
400,000 cells/mL). Chips were left rocking at RT for 30 minutes, washed 3x with HBSS™* with 0.4%
HSA and 20 mM HEPES, then imaged on a Keyence BZ-X700 microscope. Neutrophil binding was

quantified in ImageJ as mean fluorescence intensity (mean grey value) over a 45.059 square inch area.

C.1.2 Molecule binding to platelets

Ibidi p-slides VI*! were coated with fibrillar collagen type-1 (50 pg/ml in saline) for at least 30
minutes at room temperature then washed 3x with DPBS. Platelets were isolated according to standard
Abcam protocols. Briefly, citrate-buffered whole blood was centrifuged at 200 x g for 20-25 minutes at
RT with no brake. The top platelet-rich plasma layer was collected and diluted 1:1 with HEP buffer (140
mM NaCl, 2.7 mM KCI, 3.8 mM HEPES, 5 mM EGTA, pH 7.4) with 1 uM prostaglandin E1 and further
centrifuged at 100 x g for 15 minutes at RT with no brake. The supernatant was collected and centrifuged
at 800 x g for 15 minutes at RT with no brake. The supernatant was aspirated and the remaining platelet

pellet was resuspended in Tyrode’s buffer (134 mM NaCl, 12 mM NaHCOs, 2.9 mM KCI, 0.34 mM
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Na,HPO,4, 1 mM MgCl,, 1 mM CaCl,, 10 mM HEPES, pH 7.4). and stained with 3 uM calcein-AM
(ThermoFisher) for 30-45 minutes at 37°C. Calcein-labeled platelet suspensions were further diluted to
10® cells/ml and 60 puL added to each microchannel. Chips were incubated for 1 hour in a cell culture
incubator then carefully washed 3x with 50 uL. HEPES-buffered Tyrode’s Buffer with calcium and
magnesium. CF633-tagged molecules were dissolved at 60 pM in Tyrode’s buffer with ions and added to
individual wells (40 pL per channel), then incubated for 1 hour in a cell culture incubator. Channels were
washed 3x with Tyrode’s buffer, fixed for 20 minutes at RT with 4% PFA in PBS, then rinsed 3x in
DPBS before overnight storage. The next day, channels were rinsed an additional time and imaged on a
Keyence BZ-X700 all-in-one fluorescence microscope (Keyence). Images were analyzed in ImagelJ by
quantifying median CF633 fluorescence that colocalized with calcein-AM (platelet)-positive regions of
interest. Values were normalized to vehicle treated groups. Experiments were repeated three independent
times for an n=3. Statistics were conducted using a one-way ANOVA with post-hoc Tukey’s test. P-

values less than 0.05 were considered significant.

C.2  Results

C.2.1 Neutrophils binding to platelets

During severe inflammatory injury the vascular endothelial lining can be denuded, exposing the
underlying collagen-rich extracellular matrix. Circulating platelets adhere to this collagen-rich surface and
activate, leading to the upregulation of P-selectin molecules on the platelet surface. As discussed in
Chapter 4, platelet P-selectin can facilitate neutrophil tethering and additional thromboinflammatory
events. To first validate that isolated human neutrophils tether to collagen-bound platelets, fluorescently
tagged neutrophils were incubated with immobilized platelets in microfluidic channels. Bidirectional

shear was used to create an environment that enables neutrophil rolling. After one hour, channels were
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rinsed with cell-free buffer and overall cell binding visualized using a fluorescence microscope. Figure

C-1A shows that neutrophil binding to platelet surfaces increased with neutrophil concentration.

C.2.2 Molecule binding to platelets

To test molecule binding to collagen-activated platelets, we immobilized platelets on microfluidic
channels pre-coated with fibrillar collagen type-1 prior to incubation with fluorescently tagged molecules.
In these preliminary experiments, we observed a significant increase in DS-IKL binding to regions with
immobilized platelets compared to both vehicle-treated controls and DS-treated channels (Figure C-1B).
Additional studies investigating the effect of our molecule on neutrophil binding to platelet-rich surfaces

are needed to determine the efficacy of DS-IKL in reducing neutrophil-platelet complex formation under
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Figure C-1 Neutrophil and molecule binding to platelets. Neutrophil binding to platelet-rich channels increased
with neutrophil concentration (A). DS-IKL exhibited significantly more binding to platelet-rich channels compared
to Vehicle or DS-treated groups (B). Data represented as means = SD for 2-4 independent experiments. *** p <
0.001.
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