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Abstract

Background: This thesis encompasses two distinct projects. 1) von Willebrand factor (VWF) is a
highly adhesive multimeric glycoprotein found in the Weibel-Palade bodies of endothelial cells
and in a-granules of megakaryocytes and platelets. At the site of vascular injury, VWF is essential
for recruitment and activation of platelets and is the key mediator of blood clot formation. SARS-
CoV-2 is a respiratory virus that infects host cells by binding to angiotensin converting enzyme 2
(ACE2) on host cell surfaces. In addition to respiratory complications, inflammation and an
increase in thrombotic markers (such as VWF) are also markers of severe SARS-CoV-2 infection.
Since VWF is released from endothelial cells and these cells also express ACE2, I hypothesized
that engagement of ACE2 by the SARS-CoV-2 spike protein on endothelial cells induces
upregulation and release of VWF. 2) Resistance arteries can actively regulate their diameter
through endothelial and smooth muscle mechanisms that rely on signalling molecules such as
calcium (Ca?") or inositol triphosphate (IP3). Connexins (Cx) make up the gap junctions between
adjacent endothelial and smooth muscle cells that allow for the spread of electrical and chemical
signalling along the vessel wall via rapid transfer of ions and small molecules. Changes in gap
junction function are associated with cardiovascular diseases such as hypertension but the relative
importance of various Cx to vascular control is unclear. I examined vascular responses of
mesenteric arteries from rats lacking Cx40 globally to test the hypothesis that arteries from Cx40
deficient rats will show impaired responses to the endothelium-dependent vasodilator
acetylcholine (ACh).

Results: In cultured human umbilical vein endothelial cells (HUVECsS), exposure to SARS-CoV-
2 spike protein did not significantly change VWF mRNA expression levels but caused a significant

increase in released VWF after five minutes. VWF release in cells that were treated again 72 hours
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after their first treatment with spike protein was also significantly increased compared to the
control and initial treatment groups. Immunofluorescence imaging confirmed the presence of
ACE2 on the surface and in the cytoplasm of endothelial cells; additionally, VWF and ACE2
expression in HUVECs was detectable using western blot analysis. I used a combination of
inhibitors of endothelium-dependent vasodilator pathways to investigate the impact of loss of
Cx40 on responses of mesenteric resistance arteries to the endothelium-dependent vasorelaxant
ACh and to the aj-adrenoceptor agonist phenylephrine. The effects of the inhibitors on the
responses to ACh were significantly different in arteries from female rats of all genotypes and
male wild type (WT) and knockout (KO) rats but not male heterozygous (HET) rats. However, in
arteries from female rats, addition of the inhibitors together revealed a difference between the
genotypes. A difference in the genotypes was also seen in the male control group. Phenylephrine-
induced tone was enhanced in arteries from both male and female KO rats relative to responses of
arteries from WT rats.

Conclusions: Exposure of endothelial cells to SARS-CoV-2 spike protein alone increases VWF
release. I confirmed that HUVECs express ACE2, so it is possible that this effect is due to a spike
protein-ACE?2 interaction. However, more work is needed to confirm that the observed increase is
due to this interaction and to elucidate the mechanism through which engagement of ACE2 leads
to increased VWF release. Loss of Cx40 impacted responses to the endothelium-dependent
relaxant ACh in male but not female rats but there was no obvious effect on the relative
contributions of NO and EDH to ACh-evoked vasorelaxation. However, the enhancement of
phenylephrine-induced tone in arteries from Cx40 KO rats of both sexes indicates that Cx40 may
play a role in smooth muscle to endothelial communication in mesenteric vessels. Further work is

required to explore the impact of loss of Cx40 on vascular function.
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Preface

All animal care and experimental use was approved by the University of Alberta Animal
Care and Use Committee for Health Sciences (AUP 312) in accordance with Canadian Council on

Animal Care guidelines as described by Grundy (2015).
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Chapter 1: Introduction

This thesis is comprised of two distinct projects. The first investigates the effects the
SARS-CoV-2 spike protein on VWF release and upregulation in cultured endothelial cells while
the second investigates the role of Cx40 in endothelium-dependent relaxation using isolated

mesenteric arteries from Cx40 KO rats.

The role of VWF in health and disease

1.1 Structure of the vascular system

The purpose of blood vessels is to transport nutrients and oxygen to tissues and to remove
waste. All blood vessels share a similar structure whereby they are composed of three layers: the
tunica intima, the tunica media, and the tunica adventitia also known as the tunica externa (Figure
1.1).! The tunica intima is primarily composed of the endothelial cells that line the lumen of the
blood vessel. The middle layer, the tunica media, is composed of smooth muscle cells and the
tunica adventitia is composed of connective tissue and collagen.! This outer layer is also the site
of autonomic innervation. Arteries and veins share the same structure; however, the tunica media
of veins is thinner and contains less smooth muscle cells. Capillaries are single cell layer blood
vessels, composed of only the funica intima layer as well as external support cells called pericytes.

This topic is reviewed by Pugsley and Tabrizchi (2000).!
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Figure 1.1 The structure of blood vessels. Image reproduced from Blausen.com staff (2014).2

1.2 Endothelial cells and thrombosis

Endothelial cells play many important roles in the cardiovascular system. Most importantly
they play a role in blood pressure control as well as in the regulation of platelet activation and
coagulation.? The intact endothelium expresses and releases molecules that prevent inappropriate
coagulation and thrombosis. Surface expression of negatively charged heparan sulfate
proteoglycans and ecto-nucleotidases (such as CD39) that convert adenosine diphosphate (ADP;
a platelet agonist) to adenosine, prevent platelet adhesion and activation.*> The release of
prostacyclin I (PGI) and prostaglandin E> as well as nitric oxide (NO) from endothelial cells
contributes to their protective role by also preventing platelet adhesion.®® The endothelium also
plays a role in inhibiting the formation of thrombin, which normally promotes fibrin formation
from fibrinogen and stabilizes clots.” Endothelial surface heparan sulfates in the glycocalyx, which
consists of luminal membrane proteoglycans and glycoproteins, bind antithrombin, a potent
thrombin inhibitor.!® Endothelial cells also express receptors that can bind thrombin to promote

anticoagulant properties. These receptors, such as thrombomodulin and endothelial cell protein C



receptor can contribute to the thrombin-catalyzed formation of activated protein C (APC).!'> APC
is a serine protease with anticoagulant activities that causes irreversible inactivation of factor Va
and VIlIa, both implicated in coagulation. A loss of thrombomodulin has been linked to increased
thrombosis and coagulation.'? Finally, endothelial cells also express tissue factor pathway inhibitor
which prevents the initiation of the extrinsic coagulation pathway by inhibiting the formation of
the factor VIla/tissue factor complex.'*

Conversely, endothelial cells play an important role in the preservation of blood volume in
the face of vascular injury. After stimulation with thrombin, histamine, or bradykinin, endothelial
cells release endothelin-1 which causes rapid local vasoconstriction to prevent blood loss.! In
response to injury, endothelial cells also release hemostatic proteins such as von Willebrand factor
(VWF) that binds to factor VIII, platelets, and extracellular matrix proteins and is essential to clot
formation.'®

This balance in the regulation of thrombosis and hemostasis by endothelial cells can be
disrupted by a shift in endothelial cell phenotype from healthy to proadhesive, proinflammatory,
and prothrombotic, which contributes to endothelial dysfunction (ED).!” This can be linked to risk
factors such as hyperlipidemia, diabetes, smoking, and hypoxia to name a few, and results in
increased thrombosis and decreased thrombus resolution. Endothelial stimulation with
inflammatory cytokines such as tumor necrosis factor (TNF)-a and interleukin (IL)-1 can lead to
an increase in tissue factor and VWF release accompanied with a decrease in NO and PGl
production.® Hypoxia can also induce VWF upregulation and release leading to increased platelet
binding.'® Endothelial cells may additionally be activated to increase the surface expression of

adhesion receptors leading to the increased recruitment of immune and inflammatory cells.®> The



consequences of ED highlight the importance of appropriate regulation of thrombotic mediators
such as platelets, thrombin, and VWF.

1.3 VWF Structure, Function, and Regulation

VWF is a multimeric glycoprotein that is exclusively made in endothelial cells and
megakaryocytes (platelet precursors).'® Additionally, it is found circulating in the plasma as well
as deposited in the sub-endothelial matrix, and plays an important role in hemostasis and
thrombosis.!” ! The gene for VWF is located on chromosome 12, is 180kb in length, and contains
52 exons.’>?* VWF is synthesized as a pre-propolypeptide of 2813 amino acids (22 in signal
peptide, 741 in propeptide, 2050 in mature protein) with repeating domain structures.'®!%?* The
sequence of these domain structures is D1-D2-D'-D3-A1-A2-A3-D4-C1-C2-C3-C4-C5-C6-CK
(see Figure 1.2). VWF contains many cysteine residues (8.3% of the protein).'® These allow for
the formation of many disulfide bonds that are important for protein folding and secretion as well
as the formation of VWF dimers and multimers.>>*® Dimerization occurs due to disulfide bonds at
the C-terminal domains, while multimerization is due to disulfide bonds at the D1, D2, and D3
domains.?’?® VWF undergoes many post-translational modifications including dimerization,
multimerization, cleavage of the propeptide (D1, D2 domains), and glycosylation.!” N- and O-
linked glycans can undergo further modification such as sialylation, sulfation, and the addition of
ABO(H) blood group determinants.?®-*

The domains of VWF contain many binding sites that play an important role in its
hemostatic activities. The A1 domain is primarily responsible for binding to glycoprotein (Gp) Iba
receptors on the platelet surface as well as binding to extracellular membrane protein collagen type
I, 11T, and VI.3!3? The A2 domain is the site of cleavage for ADAMTS13, a metalloprotease

responsible for the cleavage of VWF multimers.>* The A3 domain is the main binding site of
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collagen to VWF 2> C1 is the binding site for GplIb/Illa receptors on activated platelets. The
D’D3 domain is the binding site for factor VIII (FVIII), a protein involved in the intrinsic clotting
pathway that is carried and stabilized in circulation by VWEF.?” The C-terminal cysteine knot (CK)

is responsible for the dimerization of VWF monomers.?
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Figure 1.2 VWF structure and domains. A schematic of a VWF monomer indicating its domains
and binding sites. The signal peptide (SP) is removed along with the D1-D2 propeptide in mature
VWE. VWF monomers will interact at the C-terminal cysteine knot (CK) and dimerize. Image
reproduced from Bryckaert et al (2015).38

Multimerized VWF is stored in Weibel-Palade bodies (WPB) in endothelial cells and a-
granules in megakaryocytes.?!** VWF multimers range in size from 500kDa to over 10,000 kDa.*’
Unlike a-granules, WPB formation is dependent on the presence of VWF in the cell.*! During
storage, VWF multimers need to be in a helicoidal structure that allows for 100-fold compaction
of the protein.!® VWF release from platelets requires stimulation while VWF release from WPB is
both basal and subject to regulation.*>* Basal release occurs when random movement of WPBs
in the cell drives them to the membrane where they can fuse and release their contents into the
blood or sub-endothelium.* There also exists a pool of VWF in endothelial cells that is not stored
in WPB and is released constitutively. This constitutively released VWF usually consists of small

multimers and dimers and does not elicit a thrombotic response; rather, it is either deposited in the
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extracellular matrix, or its role is primarily to act as a carrier for FVIII, increasing its half-life by
protecting it from clearance.**® Endothelial stimulation due to injury or other inducers will result
in the release of ultra-long (UL) VWF. Regulated release happens through the localization of the
WPBs to the perinuclear area, followed by the fusion of many WPBs to form a secretory pod and
subsequent release of VWF multimers.*** These released UL-VWF multimers are highly
adhesive, binding to the extracellular matrix (ECM) and endothelial cell surface, as well as to
platelets. These associations occur through VWF interactions with their target receptors including
platelet glycoprotein receptors, making UL-VWF the most hemostatically active form of
VWF 423051 VWF release can be triggered by many stimuli including adrenaline, ADP, collagen,
fibrin, histamine, thrombin, complement protein, DDAVP (1-deamino-8-D-arginine vasopressin),
hypoxia and inflammation among many others.>*’

Once VWF is released it can be found in the subluminal ECM as small dimers/multimers
or circulating as globular UL-VWF. Since it is a highly adhesive protein it can also associate with
other ECM proteins such as collagen that become exposed upon injury of the vessel wall and
mediate platelet aggregation and thrombosis.*> VWF is sensitive to changes in hydrodynamic
forces, and in the presence of shear stress, globular UL-VWF anchored to the ECM or the
endothelial luminal surface membrane unravels and exposes its binding sites (Figure 1.3).°%> UL-
VWEF is the most susceptible to unfolding since it is bigger and therefore experiences the greatest
shear stress.

Platelet adhesion occurs when Gplba binds to the A1 domain on tethered, unfolded VWF
leading to a transient interaction which slows down the platelet.®®! Stable platelet aggregation
occurs through platelet adhesion interactions to collagen through the receptors GpVI and of:

integrin (Gpla/lla) and activation of platelet GplIb/Illa receptors which bind fibrinogen and
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contribute to interplatelet interactions.®? ®* High shear stress can also cause VWF self-association
where VWF multimers bind to each other to create fibres that form web-like stuctures.’®%>% These
structures allow for even greater platelet adhesion during hemostasis. Activated platelets release
UL-VWF (from a-granules), thromboxane A2, ADP, and serotonin all of which lead to the
recruitment of other platelets.®”-*® Platelets contribute to secondary hemostasis through thrombin

release and subsequent three-dimensional clot formation.

e e TN T ————
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v oFu SORCRON Endotheial cell
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globular VWF in blood will unravel and expose its binding sites. It can bind to collagen in the
exposed sub-endothelial layer as well as bind and activate platelets, initiating thrombus formation.
VWEF activity is regulated by ADAMTSI13 that cleaves VWF multimers to reduce their hemostatic
activity. B) VWF release by external stimuli leads to binding to the surface of endothelial cells and
unraveling to bind platelets and form aggregates in a similar way to those seen in injury. Image

reproduced from Alavi et al (2021).4

VWF activity is regulated by ADAMTS13 (a disintegrin and metalloproteinase with a
thrombospondin type 1 motif, member 13). This protease cleaves unfolded VWF on the A2 domain
at Tyr1605-Met1606 to limit the pro-thrombotic and pro-hemostatic activities of UL-VWF.* VWF
multimer size is related to its biological and hemostatic function, and therefore regulation is
important. VWF cleavage 1s enhanced by shear stress, and binding to both FVIII and platelet Gplb

suggesting a further destabilization of the A2 domain through altered domain-domain



interactions.’%"> Disruptions in the ratio of VWF to ADAMTSI13 levels, in favour of VWF can
lead to coagulopathies.

Decreased VWF in von Willebrand’s disease (VWD) is the most common inherited
bleeding disease of which there are four subtypes.”” Decreased VWF levels (quantitative) are
characteristic of both type 1 (mild deficit) and type 3 (severe deficit) VWD while in type 2 VWD,
there is impaired VWF function (qualitative).”*”* Platelet-type VWD is characterized by a gain of
function mutation in platelet Gplba that causes greater than is appropriate VWF-platelet binding
leading to thrombocytopenia.’® Conversely, increased VWF levels and activity are risk factors for
thrombosis that in large vessels could lead to stroke or heart attack and in small vessels could lead
to thrombotic microangiopathy.”’ Decreased ADAMTS13 activity, leading to increased VWF can
cause thrombotic thrombocytopenic purpura.’® Increased levels of VWF have also been found in
other disease states such as vascular dementia, Alzheimer’s, traumatic brain injury, acute
respiratory distress syndrome, kidney failure, and COVID-19.7"%3 Other factors such as age can
affect VWF levels as well.*

1.4 Severe acute respiratory coronavirus 2 (SARS-CoV-2)

1.4.1 Origins and host entry

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which causes
coronavirus disease 2019 (COVID-19), is a viral respiratory virus that first emerged in Wuhan,
China in 2019 and has since become a global pandemic.®* SARS-CoV-2 belongs to the genus
Betacoronavirus and is an enveloped, positive sense, single stranded RNA virus.®* Other viruses
that belong to this genus include SARS-CoV (responsible for the 2002-2004 SARS epidemic),
Middle East respiratory syndrome (MERS-CoV), and the human coronaviruses (HCoV) HCoV-

0C43 and HCoV-HKU1.% SARS-CoV-2 enters cells through initial interactions with the receptor
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angiotensin converting enzyme 2 (ACE2).8% ACE2 is also the receptor for SARS-CoV and
alphacoronavirus HCoV-NL63 entry into cells.3%%

The SARS-CoV-2 virion consists of the nucleocapsid, membrane, envelope, and spike (S)
proteins. Spike proteins form a homotrimer of which there are multiple copies on the membrane;
it is through this protein that the virus attaches to the host membrane and viral fusion is
achieved.®>”! During viral maturation, the SARS-CoV-2 spike protein gets cleaved into the S1 and
S2 subunits by furin (a proprotein convertase) in the Golgi apparatus of virus producing cells.”? In
the mature virion, S1 and S2 form non-covalent bonds with each other.®> The role of S1 is to bind
to ACE2 and S2 contains the fusion peptide and interacts with other proteins that are involved in
membrane fusion.”®

SARS-CoV-2 infection is dependent on the insertion of viral RNA into the host cytoplasm
to allow for viral replication. Formation of a fusion pore occurs through host receptor engagement
with viral glycoproteins and other triggers that induce a conformational change in the spike protein
subunits and allows the membranes to come together.”> In SARS-CoV-2, binding to ACE2 by S1
exposes another site in the S2 unit called S2° which can be cleaved by transmembrane protease,
serine 2 (TMPRSS2) on the host cell surface or by cathepsin L after clathrin-mediated endocytosis
envelops the ACE2 bound virus in an endolysosome.”*®® This releases the fusion peptide and
initiates the formation of the fusion pore with either the cell membrane or endosomal membrane
allowing viral RNA into the host cell cytoplasm.

1.4.2 Spike protein structure

Spike monomers are classified as type 1 membrane proteins and each trimer contains 66

N-linked glycans (22 per monomer).” In the prefusion conformation, the S1 subunit has four

domains: N-terminal domain (NTD), receptor binding domain (RBD), and C-terminal domain



(CTD) 1 and 2 (Figure 1.4).!% The role of the NTD is unclear, however, it is the target of some
neutralizing antibodies, and mutations and deletions in the NTD have rendered these antibodies
ineffective.!°'"1% This suggests that the NTD has a functional role or is near other important
functional domains such as the RBD. The RBD, specifically the receptor binding motif (RBM), is
responsible for SARS-CoV-2 interactions with ACE2.3¢%7 This domain is also the primary target
for antibodies from immune response or vaccination and three antigenic sites in this region have
been identified.!® The CTDs play a role in stabilizing the spike protein structure and mediating
the conformational changes needed for fusion. CTD1 appears to act as a structural relay between
RBD and the fusion peptide proximal region (FPPR) on S2 which helps stabilize the closed
conformation of the S trimer. %1% CTD2 contains the ‘630 loop’ that helps stabilize the S trimer
as well as containing the furin cleavage site.!° In the prefusion conformation, most of the S2
subunit peptide forms a nine-helix bundle made up of a central coiled coil containing heptad repeat
1 (HR1) and other helices that stabilizes the spike protein.!” S2 contains the fusion peptide
adjacent to the FPPR. Post-fusion, the S2 subunit elongates into a stable structure.!? It is likely
that the HR1 conformational change inserts the fusion peptide into the cell membrane which is
similar to the mechanism proposed in other coronaviruses.'’®!” SARS-CoV-2 structure and

mechanism of entry is well reviewed by Jackson et al (2022).%°
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Figure 1.4 SARS-CoV-2 spike protein structure. A) Schematic of the SARS-CoV-2 virus and
its spike protein with two subunits (S1 and S2). B) Spike protein structure as seen by X-ray
crystallography. C) Primary structure of SARS-CoV-2 spike protein. Angiotensin converting
enzyme 2 (ACE2); N-terminal domain (NTD); receptor binding domain (RBD); C-terminal
domain (CTD); fusion protein (FP); fusion peptide proximal region (FPPR); heptad repeat 1/2
(HR1/2); central helix (CH); transmembrane anchor (TM); C-terminal tail (CT). Adapted from
“An In-depth Look into the Structure of the SARS-CoV2 Spike”, by BioRender.com (2022) using
information from Jackson et al (2022).% Retrieved from https://app.biorender.com/biorender-

templates.

1.4.3 Angiotensin converting enzyme 2 (ACE2)

ACE?2 is an 805 amino acid zinc carboxypeptidase found on the surface of some cells.!!%!!1
It is part of the renin-angiotensin-aldosterone system (RAAS) that regulates sodium retention,
proliferation, blood vessel diameter, and cell growth (Figure 1.3).!'> The ACE2 gene is located on
chromosome Xp22 and has 18 exons and the resulting protein is 40% homologous to angiotensin

)110

converting enzyme (ACE ACE2 is an integral membrane protein with its N-terminus and

catalytic domain exposed in the extracellular space making it an ectoenzyme. The catalytic domain

11


https://app.biorender.com/biorender-templates
https://app.biorender.com/biorender-templates

includes the HEMGH zinc-binding motif that is conserved from ACE.!'"!!3 The intracellular C-

terminus contains a membrane anchor.!'%!!!

Circulating RAAS system

( Angiotensinogenj

v
[ Angiotensin | ]———

ACE

[ Angiotensin Il i Ang 1-7 A4 Ang 1-5

A A L 2
AT, AT, MAS
Receptor Receptor Receptor
Vasoconstriction A Vasodilatation

Proinflammatory Antiproliferative
Profibrotic Antiinflammatory
Prothrombotic Antifibrotic
Arrhythmogenic Antithrombotic

Figure 1.5 The Renin-Angiotensin-Aldosterone System (RAAS). Angiotensin converting
enzyme (ACE) converts angiotensin I into angiotensin II. ACE2 primarily converts angiotensin II
into angiotensin (1-7) (Ang 1-7) and converts angiotensin I into angiotensin (1-9) (Ang 1-9).
Angiotensin II acts on angiotensin II type 1 and 2 receptors (AT and AT2). Ang 1-7 acts on MAS
(mitochondrial assembly)-related G-protein-coupled receptor (MAS). Reproduced with
permission from Renin-Angiotensin-Aldosterone System Inhibitors in Covid-19, New England
Journal of Medicine (2020), Copyright Massachusetts Medical Society.!!*

ACE2, like ACE is a C-terminus carboxypeptidase; however, it only cleaves a single
peptide, whereas ACE cleaves a dipeptide. Its main substrates are angiotensin (Ang) I and II that
get converted to Ang(1-9) and Ang(1-7) respectively (Figure 1.3)."!! Of both Angl and Angll, the
latter is hydrolyzed more efficiently by two orders of magnitude than Angl, suggesting that the

major physiological role of ACE2 is to make Ang(1-7) rather than Ang(1-9).!'> ACE2 can also act
12



on other substrates such as apelin-13, neurotensin (1-11), dynorphin A-(1-13), B-casomorphin-(1-
7), and ghrelin.!'® As stated earlier, ACE2 is also a receptor for human coronaviruses such as
SARS-CoV, HCoV-NL63, and SARS-CoV-2.8890

1.4.4 ACE2 expression and SARS-CoV-2 infection

The ACE2-RBD interface, which mediates the association of SARS-CoV-2 with a target
cell, is formed by the concave outer surface of the SARS-CoV-2 S1 RBM and the ACE2 N-
terminal helix.®®%” Twenty residues from ACE2 and 17 from the S1 RBD form hydrophilic side-
chain interactions. Mutations in the RBD at residues such as Lys417, Leu452, Glu484, and Asn501
occur in SARS-CoV-2 variants and may increase receptor binding and/or antibody resistance.®
As with SARS-CoV RBD binding, the SARS-CoV-2 spike protein trimer interacts with
monomeric ACE2 when the spike RBD is in its up conformation.!!” Upon binding, the NTD shifts
slightly outwards while the conformation of the S2 subunit remains unchanged.

ACE?2 expression throughout the body is variable both in organ and cell type. Hikmet et a/
recently conducted a thorough study in which immunohistochemical analysis of ACE2 was
examined in multiple cell types and found consistent ACE2 expression in enterocytes, renal
tubules, gallbladder, cardiomyocytes, male reproductive cells, placental trophoblasts, ductal cells,
and vascular endothelial cells.!'® However, they did not find consistent ACE2 expression in the
respiratory system, which differs from what other groups have found,''®"1?? and this could be due
to differences in detection protocol used. ACE2 expression can be tied to SARS-CoV-2
comorbidities.'?* Later studies found that ACE2 expression in the respiratory tract aligns with the
infection gradient seen.'?* The nasal epithelium (especially ciliated cells) and the upper bronchial
epithelium have higher ACE2 expression compared to the limited expression seen in type Il

alveolar cells in the lower lung.'?*!247126 [n early infection, the ciliated nasal cells are the primary
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targets for SARS-CoV-2 replication.'?* Autopsies have revealed cardiac infection, and it has been
suggested that gastrointestinal and renal complications are due to ACE2 expression in colon
(enterocytes) and kidney (proximal tubule cells and in the Bowman’s capsule) cells.!!126:127
Upregulation of ACE2 expression due to inflammatory cytokines such as IL-1p and type I and
type III interferons from SARS-CoV-2 infection can lead to a positive-feedback loop for increased
121,128,129

viral replication.

1.5 SARS-CoV-2 and thrombosis

Most patients with viral infection due to SARS-CoV-2 do not experience severe symptoms;
however, severe disease is associated with inflammation and thrombosis, which can lead to multi-
organ failure, as well as respiratory failure, and increased morbidity and mortality. 12134 Both
arterial and venous thrombosis in the lung, kidney, heart, and brain are seen in severe SARS-CoV-
2 infection. These thrombotic events are seen despite the use of anticoagulant prophylaxis in
patients with severe COVID-19."3%134 Venous thromboembolic events (VTE) are most common,
such as pulmonary embolism (PE), deep vein thrombosis (DVT), and cerebral venous sinus
thrombosis. '**!13> Microvascular thrombosis was discovered in organ microvessels after autopsy
in lung, heart, kidney, and liver.!*® This can affect organ perfusion and can lead to multi-organ
failure. Thrombosis has been correlated with patient death in severe COVID-19. Autopsy reports
have revealed DVT and PE in patients where PE was the cause of death.'*¢ Another autopsy report
found alveolar-capillary microthrombi in the lungs of afflicted patients.!*” Another group reported
a procoagulant state in 50% of non-survivors compared to 7% in survivors.'*> These findings
highlight the significant contribution of coagulation along with increased platelet activation and

lack of fibrinolysis to disease severity and patient morbidity and mortality.
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In severe COVID-19, there is a hypercoagulable state where high levels of D-dimer (fibrin
degradation product), VWF, and FVIII as well as increased thrombosis and lack of fibrinolysis
have been observed.!**'*! The presence of other markers of thrombosis such as prothrombin time,
platelet count, decreased ADAMTS13, IL-6, fibrinogen, and antiphospholipid antibodies have also
been reported in severely ill patients.!4*14>~144 In addition, a ‘cytokine storm’ involving the release
of many inflammatory markers such as interleukins, interferons, tumor necrosis factor, and
chemokines is characteristic of the hyperinflammatory state in severe SARS-CoV-2 infection.'#
Increased neutrophils and neutrophil extracellular traps are also associated with increased risk of
thrombosis although the mechanism is unclear.!*®!*” Inflammation can damage endothelial cells
and leads to ED, resulting in a shift in endothelial cell phenotype to a procoagulant state.!*” This
leads to the release of procoagulant molecules such as VWF. These factors along with underlying
comorbidities and hospitalization contribute to the increased coagulopathy seen in patients with
severe COVID-19.

1.5.1 SARS-CoV-2 and VWF levels

As previously mentioned, thrombosis is usually triggered by an insult to the endothelium.
The role of the endothelium in regulating this process has led to the hypothesis that SARS-CoV-2
is an endothelial disease in addition to being a respiratory disease.'*® As mentioned in Section
1.4.3, ACE2 is expressed on endothelial cells, and plays an important role in the RAAS to maintain
hemostasis.''? Endothelial damage and subsequent activation and release of large quantities of
VWEF can arise as a result of inflammation from viral infection.!*!>° Released VWF will activate
platelets and initiates the coagulation cascade resulting in clot formation.’! Hemodynamic changes
can also contribute to thrombosis and stimulate VWF release. Shear stress is another inducer of

VWEF release and causes the unfolding of globular VWF into hemostatically active VWF strings
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that can bind collagen and platelets.’®> Inflammation may result in vasoconstriction as the body
reduces blood flow at the site of injury.'>! In small vessels and capillaries, such as alveolar
capillaries, the effects of vasoconstriction are more pronounced and there is an increase in
resistance to blood flow."!>! Consequently, shear stress could potentially induce VWF release. The
high incidence of thrombosis in COVID-19 patients in addition to the development of
pathophysiological conditions that result in VWF release highlight the importance of VWF in
SARS-CoV-2 pathology.

Whether ED and the release of procoagulant molecules is due to inflammation because of
epithelial cell infection alone or also due to direct endothelial cell infection has been debated. A
study by Monteil et al in engineered capillary organoids found evidence of SARS-CoV-2 infection
in these cells.!>? Liu et al observed SARS-CoV-2 infection of lung endothelial cells in a mouse
model expressing human ACE2 as well as in autopsied lung tissue and in aortic mouse endothelial
cells.'>® The contrasting view that SARS-CoV-2 does not infect endothelial cells is guided by the
principle that endothelial cells do not express high enough levels of ACE2 or TMPRSS2 for
infection.!>* Experiments done by Schimmel et al support this hypothesis since they observed
endothelial cell infection only when ACE2 was upregulated or the cells were exposed to high
levels of SARS-CoV-2.15 Another group only saw infection of primary human endothelial cells,
which exhibited low levels of endogenous ACE2 expression, when modified to exogenously
express recombinant ACE2.!°® Many of the experiments that found endothelial cell infection were
done in vitro, or in models that do not accurately represent human physiology, and this may explain
the differences in the observed results. Other groups have confirmed that the inflammatory
responses in endothelial cells were not due to direct infection but rather through epithelial cell

infection that affected the surrounding cells.!>”"!>® Overall, it seems that ACE2 may not mediate
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endothelial cell infection; however, this does not rule out the possibility that SARS-CoV-2 may
bind to, but not enter endothelial cells through ACE2.

It is well established that there is an increase in VWF levels in critically ill patients.
Increased VWF has been associated with disease severity, admittance to the ICU, mortality,
increased risk of PE, and severe acute respiratory distress syndrome.'*° In some cases, VWF levels
were observed to be elevated up to six times higher than its upper limit.!>!" This can also be
associated with a decrease in ADAMTS13 that enhances the VWF elevation in the blood, however
this is not always seen. The effects of SARS-CoV-2 can range beyond increased plasma VWF; the
enhancement of some qualities of VWF have been reported.'® Ward et al reported that patients
with severe COVID-19 exhibited enhanced collagen binding activity of VWF compared to
control.'® This enhanced activity means that VWF is more likely to bind subendothelial collagen,
unravel, and mediate platelet activation and clot formation. In those with comorbidities such as
age, diabetes, and hypertension where there are already increased plasma VWF levels, a
subsequent increase due to SARS-CoV-2 could result in severe disease with increase thrombosis-
associated morbidity and mortality.

1.6 Hypothesis and Research Aims

VWEF plays a key role in thrombosis and in SARS-CoV-2 thrombotic coagulopathy. The
lack of SARS-CoV-2 virus within endothelial cells has led to the hypothesis that systemic
inflammation is the main contributing factor to the release of procoagulant molecules such as
VWE. However, the presence of ACE2 on endothelial cell surface has led us to hypothesize that
ACE2 engagement on endothelial cells, but not viral infection of these cells may trigger
upregulation and/or degranulation of WPB and the release of VWF. Therefore, the aim of my

research is to test the hypothesis that engagement of ACE2 by the SARS-CoV-2 spike protein
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on endothelial cells induces upregulation and release of VWF. To address this, I examined the
consequences of adding SARS-CoV-2 spike protein to cultured endothelial cells using ELISA and
RT-gPCR to measure expression and release of VWF and to examine the localization and

expression of ACE2 on these cells.
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The role of connexins in the regulation of vascular tone

1.7 Blood pressure

Maintenance of blood pressure is critical for the distribution of nutrients and oxygen to
tissues around the body. The major determinants of blood pressure are cardiac output (volume of
blood ejected by the heart) and peripheral vascular resistance.!6%!9 Resistance arteries are pre-
capillary arteries with a diameter less than 500um. These include arterioles (defined as having one
complete layer of smooth muscle) and small arteries proximal to arterioles. Resistance arteries can
regulate their own diameter, which in turn affects blood pressure. The effect of changes in arterial

diameter on blood pressure can be described by Poiseuille’s Law:

8Ln
Tt
where R=resistance, L=vessel length, n = blood viscosity, and r = arterial radius.
Resistance is inversely proportional to the radius of the vessel to the power of 4 (1); therefore,
small changes in arterial diameter have a great impact on vascular resistance and therefore blood
1,164

pressure.

1.8 Regulation of arterial diameter

The structure of the vascular system is described in Section 1.1. Of the described
components, endothelial and smooth muscle cells play the major role in regulating resistance artery
diameter. Vasoconstriction is primarily driven by autonomic innervation from the sympathetic
system. Noradrenaline (NA) released from sympathetic nerves acts on smooth muscle ai-
adrenoreceptors to increase cytosolic calcium (Ca®") and stimulate contraction. Vasodilation is
stimulated by endogenous ligands such as acetylcholine (ACh) and adenosine triphosphate (ATP)

as well as by mechanical stimulation of the endothelium by changes in blood flow over the surface
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and relies on endothelium-dependent mechanisms such as the release of NO and endothelium-
dependent hyperpolarization (EDH). Appropriate blood pressure regulation is dependent on a
balance between vasoconstriction and vasodilation.
1.8.1 Mechanisms of vasoconstriction

Vasoconstriction is primarily mediated by sympathetic output of autonomic nerves onto
vascular smooth muscle cells. Muscle contraction depends on membrane depolarization and
increased intracellular Ca*" levels which allows actin-myosin cross bridge cycling. Increased
intracellular Ca*" can be achieved through Ca** influx through cell surface ion channels and the

release of stored Ca”".'% Ca**

enters the cell through long lasting (L) type and transient (T) type
voltage gated Ca®" channels (VGCCs) 67168 a5 well as transient receptor potential vanilloid 1
(TRPV1) channels.!®!7% Depolarization increases the open probability of VGCC channels and
allows more Ca** to enter the cell. The stimulation of inositol triphosphate receptors (IP3R) on the
sarcoplasmic reticulum leads to a release of stored Ca?" from this organelle and contributes to the
increased intracellular Ca** levels.!7!!72

Sympathetic nerves innervate smooth muscle cells through varicosities which are bulb-like
formations along the axon capable of releasing neurotransmitters such as NA, ATP, and
neuropeptide Y (NPY).!”*17* These neurotransmitters act on smooth muscle cell surface receptors
ar-adrenoreceptors, purinergic receptor P2X 1 (P2X), and NPY receptors respectively. The effects
of NA are mediated through binding to ai-adrenoreceptors, which are G-protein coupled receptors
(GPCRs) coupled to Gg11.'7>!7® Some helpful reviews on GPCR activation and downstream
signalling include those by Kobilka (2007) and Mahoney and Sunahara (2016).!"7!7® The binding

of NA induces a conformational change in the receptor and allows GTP to bind to the a-subunit

which dissociates and activates and phosphorylates phospholipase C (PLC).!"!80 Activated PLC
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cleaves phosphatidylinositol 4,5-bisphosphate (PIP>) into the second messengers diacylglycerol
(DAG) and inositol triphosphate (IP3). IP3 can act on its receptors on the sarcoplasmic reticulum
to release stored Ca?*,!7>17181 while DAG activates protein kinase C (PKC) which subsequently
activates a tyrosine protein kinase that increases L-VGCC open probability to allow more Ca*"
into the cell.'®* 8¢ Ligands such as ATP binding to P2Xj, leads directly to Ca** entry into the cell
followed by smooth muscle depolarization and IP3-mediated Ca*" release.'®>!%¢ NPY binding to
its receptor potentiates the effects of both NA and ATP.!¥’

Increased intracellular Ca* binds to calmodulin (CaM), forming a Ca**-CaM complex that
activates myosin light chain kinase (MLCK) (Figures 1.6 & 1.7).'%%1%% Activated MLCK will
phosphorylate myosin light chain (MLC) at Ser19 which increases its actin-activated MgATPase
activity.?®!°! In addition, MLC can be phosphorylated at Thr18 by a Ca*" independent kinase
theorized to be an integrin linked kinase or zipper-protein interacting kinase.'”>'®* This
diphosphorylation can lead to a reduction in the rate of relaxation, i.e. sustained contraction.!'?>
However, it i1s the phosphorylation at Serl9 that determines the contractile force and
characteristics. MLC phosphorylation is essential for actin-myosin interactions to potentiate
muscle contraction through ATP-dependent cross-bridge cycling of the myosin heads along the
actin filaments,'8818%.196.197 The mechanisms and regulation of smooth muscle contraction have
been thoroughly reviewed.!64188:189.198

As the initial Ca®" signal fades, Ca®" sensitization occurs to maintain muscle contraction.'”
Ca’" sensitization maintains the phosphorylated state of myosin without Ca?"-CaM signalling. This
can occur through DAG-PLC-PKC activation of kinases and the RhoA-Rho kinase pathway.?%

PLC activates two kinases: PKC maintains the phosphorylated state of MLCK and phosphorylates

C-kinase potentiated protein Phosphatase 1 inhibitor, molecular mass 17 kDa (CPI-17) which

21



inhibits myosin light chain phosphatase (MLCP), responsible for dephosphorylating MLC. These
allow for the prolonged activity of MLCK and actin-myosin interaction. The RhoA-Rho kinase
pathway is stimulated when agonist-induced Gi2/13 signalling leads to the activation of the small
GTPase RhoA which activates ROCK which phosphorylates (or leads to the phosphorylation of)

myosin phosphatase target subunit 1 (MYPT1; an MLCP inhibitor) and CPI-17.201-203

CONTRACTION

Myosin LC -P; CaM + Ca2*
RhoA \ __—/é_
Ca2*l
' / | 7 TN
ROK ———— | Phosphatase |! MLCK e« Ca2' - CaM MLCK
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Myosin LC Ca?* + CaM
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Figure 1.6 Mechanism of smooth muscle contraction. Smooth muscle contraction depends on
increased Ca*' associating with calmodulin (CaM) and activating myosin light chain kinase
(MLCK) which phosphorylates myosin light chain (LC). In the case of Ca*" sensitization, other
kinases can also phosphorylate MLC and the activation of the RhoA-Rho kinase (ROK)) can inhibit
phosphatase activity to maintain contraction. Image reproduced from Wei (2018).2%

Smooth muscle relaxation is mediated by a decrease in smooth muscle intracellular Ca*"
through the inactivation of L-VGCCs, activation of the plasma membrane Ca*’-ATP pump and
the sodium-Ca*" exchanger to increase Ca*" efflux, and activation of the sarcoplasmic/endoplasmic
reticulum Ca?" ATPase (SERCA) to take Ca? up into the sarcoplasmic reticulum (Figure
1.7).164205  Ca2* dissociation from CaM results in the inactivation of MLCK and the
dephosphorylation of MLC by the serine/threonine phosphatase, MLCP. Dephosphorylation
prevents actin-myosin interactions and, therefore, contraction. MLCP activity can also be
increased by endothelial-derived NO which will be further discussed in the following sections.
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Contraction is dependent on the relative activities of MLCK and MLCP which determines the
phosphorylated state of MLC and actin-myosin interactions. However, the phosphorylation state

of MLC ultimately depends on Ca*" concentrations inside the cell, making it the key modulator of

vasoconstriction.
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Figure 1.7 Regulation of vascular tone. Smooth muscle contraction is mediated through
neurotransmitters such as noradrenaline (NA) and adenosine triphosphate (ATP) binding to their
respective receptors: aj-adrenoreceptors (a1AR) and purinergic receptor P2X 1 (P2X;) to elicit
depolarization and increased intracellular Ca®", Ca*" will bind to CaM and form a Ca?’-CaM
complex which activates myosin light chain kinase (MLCK) and results in the phosphorylation (P)
of myosin light chain (MLC). MLC-P allows for the interaction of actin and myosin to elicit muscle
contraction. This is regulated through the de-phosphorylation of MLC-P by myosin light chain
phosphatase (MLCP). Image created by Erika Poitras.
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1.8.2 Endothelium-dependent vasodilation

Vasodilation is achieved through two different pathways originating in the endothelium:
endothelial NO synthase (eNOS) activation and subsequent NO generation and EDH.?% As with
vasoconstriction, vasodilation is also dependent on intracellular Ca®>" concentrations but in the
endothelial rather than smooth muscle cells. Increased endothelial intracellular Ca®>" can be
stimulated by signals in the blood stream such as bradykinin, ACh, histamine, thrombin, and
vascular endothelial growth factor. For example, bradykinin binding to the bradykinin type 2
receptor, a Gg11 coupled GPCR initiates the signalling cascade previously described in Section
1.8.1 which leads to the production of IP3 and subsequent release of stored Ca’" from the
endoplasmic reticulum.?’’2% Shear stress, the parallel force exerted on endothelial cells as blood
flows in the vessel, can also stimulate the production of NO and PGI; release as well as the opening
of apical ion channels such as TRPV4.29°212 These channels can also be stimulated by agonists
such as arachidonic acid, and their opening results in Ca?" influx into the endothelial cell.?!*-2!5
The increased endothelial intracellular Ca®" allows for vasodilation, a process which is key to
balance vasoconstriction.
NO-dependent vasodilation

NO is formed by NOS, a protein which forms a functional homodimer with each monomer
containing an N-terminal oxygenase domain and C-terminal reductase domain that is connected
by a sequence able to bind CaM.?!¢2!8 There are three types of NOS: inducible NOS, neuronal
NOS and eNOS. The dimer is stabilized by both the co-factor (6R-)5,6,7,8-tetrahydrobiopterin
(BH4) and zinc bound to the oxygenase domain in addition to the prosthetic heme group.?'* 22! The
reductase domain binds nicotinamide-adenine-dinucleotide phosphate (NADPH), flavin adenine

dinucleotide (FAD), and flavin mononucleotide (FMN).??>?2* The formation of NO is dependent
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on electron transfer which starts from the reduced NADPH and then flows to FAD followed by
FMN until it reaches and reduces the heme group on the oxygenase domain of the opposite
monomer which catalyzes the formation of NO and r-citrulline from r-arginine and oxygen
(Figure 1.8).2>* eNOS activity is dependent on activators such as the Ca?>*-CaM complex that
forms when high concentrations of intracellular Ca>" facilitate binding to CaM.2!®?% The role of
the Ca?*-CaM is to stabilize eNOS structural intermediates as well as to activate and position FMN
so that it can pivot and reach the opposite monomer oxygenase domain.?*® Other endogenous
modulators of eNOS include the inhibitors calveolin-1 (which sterically prevents CaM binding),
NOS interacting protein, and a-globulin (from the a-subunit of hemoglobin) and the activators 3-
actin and heat shock protein 90 (which reverses the effects of calveolin-1).22"2*! Additional
compounds that can inhibit eNOS activity include L-arginine analogues such as L-NS-nitroarginine
(L-NOARG) and N¢-nitro-L-arginine methyl ester (L-NAME) that compete with L-arginine for the

substrate binding site.*%%%3

C-terminal reductase domain Ca?*)calmodulin N-terminal oxygenase domain
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COOH — FAD FMN BHa NH,
\ S

/

NADPH NADP* L-arginine + 0, L-citrulline + NO*

Figure 1.8 A schematic representing the structure of endothelial nitric oxide synthase
(eNOS). Two monomers come together to form the functional form of eNOS. Reduced
nicotinamide-adenine-dinucleotide phosphate (NADPH) donates an electron (e”) to the flavin
cofactors: flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN). The electron
passes to the heme group which catalyzes the conversion of L-arginine and molecular oxygen (O2)
to L-citrulline and NO. Image created by Erika Poitras.
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The discovery that NO was identical in function to endothelium-derived relaxing factor,
led Palmer et al to postulate that they were the same.?** NO synthesis by eNOS can be activated
by physical stimuli as well as other endothelial mediators.?” It exerts its vasodilatory effects by
diffusing from the endothelial cell to smooth muscle cell (Figure 1.7). Once in the smooth muscle
cell, it activates soluble guanylyl cyclase by binding to the regulatory subunit to increase cyclic
guanosine monophosphate (cGMP) production from guanosine triphosphate (GTP).?*>2%7 cGMP
activates protein kinase G (PKG) which phosphorylates targets such as MLCP, phospholamban (a
SERCA inhibitor whose phosphorylation attenuates its inhibitory effect), large conductance
calcium-activated potassium channels (BKc,) channels, and IP3R as well as inhibits the formation
of IP; to decrease intracellular Ca** and prevent vasoconstriction via the pathways discussed in
Section 1.8.1. 2724
Endothelium dependent hyperpolarization (EDH)

EDH-mediated relaxation occurs independently of NO-mediated vasodilation and is
dependent on the activation of endothelial cell surface Ca** activated potassium (Kca) channels.?*?
These channels form homotetramers with each monomer containing six transmembrane domains,
and they bind CaM at the C-terminal end.?** Ca** binding to CaM induces a conformational change
in the channel that stabilizes it in its open conformation and allows potassium into the cell.?#>-246
The two channel subtypes found in endothelial cells are SKca (small conductance) and [Kca
(intermediate conductance) channels which are voltage-independent, Ca**-dependent K* channels
that allow for movement of K* out of endothelial cells with different conductances.?****" The
locations of these channels differ; SKca are localized to endothelial gap junctions (GJs) and

colocalized to caveolae with TRP channels on the endothelial cell surface while IKc, are localized

to the abluminal side at the endothelial cell-smooth muscle interface near myoendothelial gap
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junctions (MEGJs) (Figure 1.7).2482°0 Their location governs which source of Ca** and pathway
they are dependent on for activation. SKca channels depend on shear mediated Ca?" influx from
activation of TRPV4 channels.?>! Meanwhile, IKca channels are stimulated by smooth muscle
derived IP; diffusing across the MEGJs and stimulating Ca?* release from endothelial endoplasmic
reticulum. 24?32 The efflux of K* from the cell via these channels hyperpolarizes the endothelial
cell membrane potential and the charge spreads to the smooth muscle via MEGJs.?#
Hyperpolarization decreases the open probability of L-type VGCCs which reduces Ca?" influx into
the smooth muscle cell that would be able to elicit smooth muscle contraction. These SKca and
IKca channels can be blocked by selective blockers such as apamin, found in bee venom, that
allosterically inhibits SKca channels and 1-[(2-chlorophenyl) diphenyl-methyl]1H pyrazole

(TRAM-34) which binds the IKca inner pore.*>*>*

1.9 Connexins and the regulation of vascular tone

GlJs were first reported in the 1960s as low resistance intercellular channels that formed
between adjacent cells and allowed the exchange of large molecules.?>>>°® It was only twenty years
later that it was discovered that connexins were the proteins that made up these channels.
Connexins (Cxs) are important for intercellular communication. They are ubiquitous
transmembrane proteins that form hemichannels when they are uncoupled on the plasma
membrane and GJs formed between coupled hemichannels of adjacent cells.”>”>° Cxs are
expressed in almost all tissues and cells including endothelial cells and vascular smooth muscle
cells. There are 21 Cx genes in the human genome ranging in molecular weights from 20-62
kDa.?6%2! Their structure consists of four transmembrane domains, two extracellular loops, a
cytoplasmic loop, and a cytoplasmic N- and C-terminal (Figure 1.9). Once formed, Cxs

oligomerize into hexameric connexons that localize to the plasma membrane to form
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hemichannels. These hemichannels have a finite, low open probability in physiological conditions,
and their open probability can be increased due to pathological stimuli.?>’

Most cell types express two or more Cxs; this adds a further layer of complexity to the
oligomerization and formation of connexons.?*> Connexons can be homomeric (made up of only
one Cx) or heteromeric (made up of multiple Cxs).?6>72%> When the plasma membranes of two cells
are close to each other, two connexons can dock to form a GJ. These GJs may be homotypic (where
identical Cxs dock with each other) or heterotypic (where different Cxs dock with each other).?%
The formation of these mixed channels by cells allows for the production of a greater variety of
channels with a variety of permeability and gating characteristics than between those formed with
just one Cx.272%® Most Cxs will selectively oligomerize with the Cxs of another connexon that are
within their subgroup.?® It is the channel composition rather than the pore size that determines
which molecules may pass through a GJ.?’° Differences in channel permeability to ions, dyes, and
signalling molecules such as cAMP and cGMP in channels composed of different connexins have
been reported.?¢”-268271272 GJs are very dynamic with a short half-life of a few hours.?%¢2"3 They
will cluster together and form plaques of up to 2,000 GJs. New GJs are added to the periphery of
theses plaques while channels in the middle are pulled out and recycled.?’* GJs allow for the direct

exchange of ions and metabolites of up to 1,000 Da between the cells allowing for a rapid

transduction of a signal/effector and a unified response in the tissue.
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Figure 1.9 Connexin assembly into gap junctions. A) Topology of a connexin with four
transmembrane domains, two extracellular loops (EL) EL1 and EL2, and intracellular loop and
cytoplasmic N- and C-terminals. B) Cxs will oligomerize into hexameric connexons that form
hemichannels. C) The cell membranes of two cells can come together and dock to form a GJ that

allows for direct and rapid cell-cell communication. Image reproduced from Wu and Wang
(2019).27

Post translational modification of Cxs in GJs allows for the control of their life cycle,
permeability, and interactions with other proteins.?’”® Modification of the extracellular loops has
not been extensively studied; however, it has been established that some cysteines in these loops
undergo redox regulation.?”” This is thought to regulate the joining of two hemichannels. The N-
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terminal domain of GJs can be modified to regulate channel closure,”’® channel size and charge

279.280 and membrane insertion.”®! Modification of the intracellular loop has been

selectivity,
reported in some connexins. For example, Cx43 contains a CaM binding site and Cx35 has a PKA
dependent phosphorylation site.?#>?%3 These modifications are thought to contribute to channel
opening and closing. The C-terminal domain is the most widely modified site in Cxs and these
modifications can change the tail structure of the C-terminal domain.?®*?%5 These modifications

are involved in the regulation of channel conduction, permeability, selectivity, and voltage gating

as well as open probability.?*2%® Such modifications include the phosphorylation of serine,
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threonine, and tyrosine residues, nitrosylation, acetylation, and
ubiquitination.?®> Many of these modifications have most extensively been studied in Cx43 — this
is perhaps due to the fact that it is the most ubiquitously expressed Cx. The most studied
modification is phosphorylation, particularly in Cx43; however, other studies have also examined
this in other Cxs.?%%?°%2% Many protein kinases such as PKA, PKC, mitogen-activated kinases,
protein kinase B (AKT), and Src kinases have been shown to phosphorylate the Cx C-
terminal 284289297300 phosphorylation also affects GJs turnover and interactions with other
proteins.

Cxs are found in almost all cell types, with expression varying depending on the cell and
tissue type. In the vascular system, the Cxs forming GJs found in endothelial and smooth muscle
cells are Cx37, Cx40, Cx43, and Cx45 (Figure 1.10).°"-*7® The size and abundance of these GJs
varies depending on the region in the vascular tree and disease states such as atherosclerosis and
hypertension.>?! In resistance arteries, the vessels responsible for regulating blood pressure, GJs
between endothelial cells, smooth muscle cells and endothelial-smooth muscle cells allow for the
intercellular distribution of signals during vasoconstriction and vasodilation to allow for a
synchronized response along a vessel length. Endothelial cells express Cx37, Cx40, and Cx43
while smooth muscle cells express mainly Cx43 and Cx45, and the GJs that form longitudinally
between these cell types are formed by these Cxs. **-3% MEGIJs, which are formed between
endothelial cell projections into the internal elastic lamina, separating smooth muscle and

endothelial cells, generally consist of connexons made of Cx43 and Cx37 or Cx40.3% The

structure, function, and role of Cxs in vascular function is well reviewed by Pogoda et al (2019).276
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Figure 1.10 Schematic demonstrating connexin distribution in resistance artery vascular
tissue. Endothelial cells express Cx37, Cx40, and Cx43 while smooth muscle cells express Cx43
and Cx45. GJs form between endothelial cells and between smooth muscle cells. They also form
between endothelial projections and smooth muscle cells to form myoendothelial GJs (MEGIs).
These GJs allow for rapid intercellular signalling.

Cx43, Cx45

GJs are essential for the radial and longitudinal conduction of signals in blood vessels.
Radial transmission happens through MEGIJs and allows for the exchange of Ca**, signalling
molecules such as IP3, and current.?’® GJs are essential to allow the electrotonic transmission of
hyperpolarizing current from endothelial cells to elicit vasodilation through the pathways
described Section 1.8.2. This is supported by the findings that Cx-mimetic blocking peptides
against Cx43, Cx40, and Cx37 attenuates EDH signalling.>® There is also evidence that deletion
of Cx40 from endothelial cells leads to reduced signalling of EDH.?%” NO normally diffuses
through the membrane to reach the smooth muscle cell; however, it has been reported that NO may
pass through MEGJs and that this plays a role in ACh-mediated vasodilation.>*® Longitudinal
conduction of signals within resistance arteries allows for the coordinated responses to stimuli
along the vessel length. The electrotonic spread of charge creates a conducted vasomotor response
to a stimulus from the origin to up and downstream locations along the vessel.?>"3%
The role of each Cx in the conduction of this longitudinal response has not yet been

elucidated; however, there is evidence that Cx40 plays a major role. Irregular vasomotion is
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observed with deletion of Cx40 in mice.*'® Experiments examining the conduction of endothelium-
dependent signals due to ACh or bradykinin in Cx40 knockout (KO) mouse arterioles demonstrate
an attenuation in conducted hyperpolarizing responses.’'!*!? This model also demonstrated
sustained hypertension. While investigating this phenomenon, Jobs et al noted that Cx37 did not
seem to be able to make up for the lack of functional Cx40 in this model.?'? In mice where Cx37
was knocked out, the conducted vasodilatory responses remained intact.>'>3!*> In a model that
targeted the replacement of Cx40 by Cx45, Wolfle et al also found that Cx45 could not replace the
function of Cx40 in the transmission of endothelium-dependent dilations in mouse arterioles.*'*
Cx expression can be altered by disease state in addition to physiological stimuli such as
shear stress. In experiments done in spontaneously hypertensive rats, consistent reduction of both
Cx37 and Cx40 was observed, with varying modifications of Cx43 expression.’*>3!°> Yeh et al
found reduced expression of both Cx37 and Cx43 but no change in Cx40 expression in induced
hypertension in rats.’®* Altered Cx expression has also been implicated in atherosclerosis.’!'®
Changes in expression vary with plaque progression as well as with disturbed flow and increased
shear stress that results from plaque formation and the narrowing of the blood vessel lumen. In
early plaque formation, intimal smooth muscle cell Cx43 is initially upregulated followed by a loss
in developed plaques.’!”!® Endothelial cell Cx37 and Cx40 expression is only decreased in
advanced plaques in the surface endothelial cells.’*!3!® Shear stress has been shown to increase
expression and disorganization of Cx43 in endothelial cells.?'”*** GJ communication in the
presence of shear stress was found to be increased and primarily mediated by Cx40 with some
contributions by Cx37.3*! In addition, it was found that shear stress could lead to a long term
induction in Cx40 protein expression.*?? The importance of GJs in vascular signalling and their

modulation in disease states implicates connexins as essential to proper vascular function.
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1.10 Hypothesis and Research Aims

The aim of my research was to assess the role of Cx40 in endothelium-dependent
vasodilation in rat mesenteric arteries by testing the hypothesis that arteries from Cx40 deficient
rats will show an impaired response to ACh-induced vasodilation. To address this, I
investigated the effects of ACh-induced vasodilation in isolated mesenteric arteries of male and
female Cx40 wild type (WT), heterozygous (HET), and knockout (KO) rats mounted in a wire
myograph. I used pharmacological tools that modulate both EDH and NO synthesis to examine
the impact of each pathway in each group’s response. In doing this, I will be characterizing the
vascular responses of this novel rat knockout model in vitro to elucidate the impact of Cx40

deficiency.
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Chapter 2: Materials and Methods

2.1 Ethics Approval

All animal care and experimental use was approved by the University of Alberta Animal
Care and Use Committee for Health Sciences (AUP 312) in accordance with Canadian Council on
Animal Care guidelines. Description of care and use is described by Grundy (2015).3%3

2.2 Animal Care and Use

Male and female Wistar Kyoto (WKY) rats (Cx40 WT, HET, KO) were housed by the
University of Alberta Health Sciences Laboratory Animal Services (HSLAS). These animals were
provided with an enriched environment with water and chow available ad libitum. These animals
were kept in rooms with a 12:12h light-dark cycle at 23°C average temperature. Euthanasia was
performed via isoflurane inhalation followed by decapitation. The gut and other relevant tissues

were removed from the animal and kept in ice-cold Krebs buffer until use.

2.3 Cx40 Colony

The knockout WKY Cx40 KO strain was produced by injecting a CRISPR plasmid
targeting the sequence CGATGACCGTAGAGTGCTTG on the Gja5 gene into WKY rat embryos.
The resulting mutation is a one base pair substitution that creates a stop codon. These rats were a
gift from Dr. William Cupples who had them made as part of a competition funded by the National
Institute of Health.

The colony was bred in-house using HET x HET crossings. Ear notch samples of each rat
were collected by HSLAS staff.

2.4 Genotyping

The genotype of each litter of rats was determined prior to being used in any of the

experimental setups described below.
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DNA extraction: DNA was extracted from ear notch samples collected by HSLAS staff.
Samples were placed in an alkaline lysis reagent (25mM NaOH, 0.2 mM Na;EDTA-2H>O, pH
~12) and heated at 95°C for one hour. An equal volume of neutralization reagent (40mM Tris-
HCI, pH ~5) was added and the samples were cooled to 4°C. DNA concentrations were measured
in a spectrophotometer (NanoDrop ND-10000) and recorded.

Polymerase chain reaction (PCR): Reactions were performed at a 25ul reaction volume in
a Bio-Rad ICycler thermocycler. Each reaction contained: PCR grade water (6.5ul; FroggaBio),
2X Taq FroggaMix (12.5ul; FroggaBio), Gja5 forward and reverse primer (0.5uM; Integrated
DNA Technologies), and extracted DNA (1ul). The cycling conditions were: 94°C for 15 minutes;
30 cycles of 94°C for 1 minute, 68°C for 30 seconds, 72°C for 1 minute; 72°C for 10 minutes; and
4°C hold.

Gel electrophoresis: To confirm that the PCR yielded the desired product, all PCR
reactions were run on a 1.5% agarose gel with ethidium bromide by electrophoresis and visualized
under UV light.

PCR product extraction: The PCR product was purified using a PCR cleanup kit (Truin
Science) and manufacturer’s protocol was followed. The final DNA concentration was measured
using a spectrophotometer as described above.

Sequencing and analysis: All sequencing reactions were run on a 3730 Genetic Analyzer
(Applied Biosystems) at the University of Alberta’s Molecular Biology Services Unit. Samples
were prepared as 10ul samples containing 15ng/ul DNA from the PCR product and 0.25uM Gjas

forward primer (Integrated DNA Technologies). Data files were analyzed in SnapGene.
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Table 2.1 Primers for PCR and genotyping
Gene Sequence Manufacturer
WKY-Gja5 F 5>-TGGATCAGTGGTCCAGAGCATGATG-3’ Integrated DNA
(connexin 40) R 5’-GCGTGGCCCATGTACACCAGAGAT-3’ Technologies
2.5 Culture of HUVECs

Human umbilical vein endothelial cells (HUVECs) were isolated directly from individual
sources and obtained from our collaborator, Dr. Barbara Ballermann, were cultured in cell culture
plates (Sarstedt) covered in gelatin-based coating solution (Cell Biologics) and Media 199 (Gibco)
supplemented with 20% fetal bovine serum (FBS; Gibco), 200mM L-Glutamine (Gibco),
100IU/ml Penicillin-Streptomycin (Gibco), and 100ug/ml endothelial cell growth serum contents
(Corning) and grown at 37°C/5% CO; as previously described.**

Confluent HUVEC cultures were treated with I1nM SARS-CoV-2 (2019-nCoV) Spike
S1+S2 ECD-His Recombinant Protein (Sino Biological, #40589-V08B1-B) and samples were
collected at various timepoints ranging from 5 mins to 72 hours. At each timepoint, media was
collected, and the cells were washed with PBS and lysed on ice with QIAzol® Lysis Reagent
(Qiagen) for RNA preparation or RIPA buffer (ThermoFischer) for protein isolation as described

below.

2.6 Measurement of VWF RNA expression by real-time reverse-transcription quantitative
PCR (RT-qPCR)

Expression levels of VWF RNA in cell lysate at different time points were evaluated using
real-time reverse-transcription quantitative PCR (RT-qPCR).

RNA extraction and cDNA synthesis: RNA extraction was performed using the RNeasy
Micro Kit (Qiagen) following a protocol modified from the manufacturer’s recommendations.

Chloroform (100ul; Sigma Aldrich) was added to each tube containing the lysed cells. The samples
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were mixed and the centrifuged at 8,000rpm at 4°C for 15 minutes. The top clear layer of the
supernatant was collected and pipetted into the spin columns provided in the RNeasy kit; then 1:1
volume of 70% ethanol was also added to the column. The samples were centrifuged at 8,000rpm
for 15 seconds, and the flow-through was discarded. Buffer RW1 (from RNeasy kit; 500ul) was
added to each column and centrifuged at 8,000rpm for 15 seconds. The RNeasy kit protocol was
followed from step 6 onwards. The concentration of extracted RNA was measured on a
spectrophotometer (NanoDrop ND-10000) and recorded. Complementary DNA (cDNA) was
synthesized from the RNA using a QuantiTect Reverse Transcription Kit (Qiagen) following the
manufacturer’s protocol. Samples were stored at -20°C.

Quantitative real-time PCR was performed using the SYBRGreen kit (Applied
Biosystems). cDNA samples were diluted 1:5 and 1pl of diluted cDNA was analyzed in a total
20ul reaction mixture that contained: 10ul SYBRGreen PCR Master Mix (Applied Biosystems),
Iul VWF or HPRT primer, and 8ul PCR-grade water. Reactions were carried out in an ABI 7900
Genome Analyzer System (Applied Biosystems). Data for each sample was analyzed by first
normalizing VWF to the internal control HPRT using experimental Ct (threshold cycle) values for
each triplicate sample (ACt=Ct(VWF)-Ct(HPRT)) and then averaging these values. The VWF

mRNA levels were calculated using 272,

Table 2.2 Primers for RT-qPCR
Gene Company and Cat #
VWF QIAGEN-QT00051975
HPRT QIAGEN-QT00059066

2.7 Enzyme-linked immunoassay (ELISA) for VWF

VWF concentrations in cell culture media (that was collected at each time point and stored

at -80°C) were analyzed using a Human Von Willebrand Factor ELISA Kit (Abcam, #ab108918)
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following the manufacturer’s protocol. The sample plate was read in a Synergy H4 Hybrid Reader
(BioTek) at 450nm and 570nm absorbance.

2.8 Immunofluorescence detection of ACE2 in HUVECs

HUVECs were cultured as described above on glass coverslips (Fisher Scientific) in a 24-
well plate. Once fully confluent, the cells were fixed with 4% paraformaldehyde (Santa Cruz
Biotechnology) for 20 minutes. Some coverslips were treated with 0.2% TritonX-100 (Sigma) on
ice for 5 minutes to permeabilize the cells, while the remaining cells were left unpermeabilized.
All cells were blocked with a solution made with 10% donkey serum (Sigma) and 2.5% fish gelatin
(Sigma) in phosphate-buffered saline (PBS; Gibco) for one hour at room temperature. Cells were
incubated overnight with anti-ACE2 (Abcam) and anti-Human VE-cadherin PE-conjugated (R&D
Systems) primary antibodies in a humid chamber at 4°C. Antibodies were diluted at 1:100 and
1:150 respectively in 5% BSA. Cells were washed with 0.3% BSA. Secondary antibodies diluted
at 1:500 in 5% BSA were added to the samples and incubated in the dark at room temperature for
one hour. Samples were washed then incubated with 4',6-diamidino-2-phenylindole (DAPI;
Sigma) diluted 1:1000 for 5 minutes at room temperature. Samples were washed with 0.3% BSA.
Cover slips were mounted on microscope slides using ProLong Gold antifade mountant
(Invitrogen).

Negative used controls included for blocking solution without antibodies, only primary
antibodies, and only secondary antibodies. Immunofluorescence images were taken on with Leica
DM IRB fluorescence microscope (Leica; Germany) at 630x magnification in the Open Lab

software, version 4.0.2.
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Table 2.3 Antibodies and Stain for Immunofluorescence Imaging

Primary Antibodies Source Dilution Company and Cat #
Anti-ACE2 Rabbit polyclonal 1:100 Abcam, #ab15348
Anti-VE-cadherin Mouse monoclonal 1:150 R&D Systems, #FAB9381P
PE-conjugated
Secondary Antibodies
Alexa Fluor 488 Donkey polyclonal 1:1000 Invitrogen, #A32790
Anti-rabbit IgG (H+L)

Stain
4', 6-diamidino-2- N/A 1:1000 Sigma, #32670-5MG-F
phenylindole (DAPI)

2.9 Western blot analysis of ACE2 and VWF expression

Cultured HUVEC and HEK293 cells were lysed with RIPA buffer (ThermoFischer) and
placed in a rotator at 4°C for 1-2 hours. Samples were vortexed for 1-2 minutes and then
centrifuged at 12,000rpm for 20 minutes at 4°C. The supernatant was collected, and sample protein
concentration was determined using DC Protein Assay reagents (Bio-Rad). A microplate was
loaded with the following reagents in this order: 25ul Reagent A, 5ul supernatant, 200ul Reagent
B and incubated in the dark for 15 minutes. The microplate was read in a Synergy H4 Hybrid
Reader (BioTek) at 750 nm absorbance. Western blot analyses were performed by diluting samples
containing 25ug protein in 4X Laemmli buffer containing 10% B-mercaptoethanol. Samples with
total volume 400l containing 1X Laemmli buffer and water were denatured at 95°C for 7-8
minutes and run on an 8% SDS-PAGE at 120V for 2h. The proteins on the gels were then
transferred to a polyvinylidene difluoride (PVDF) membrane and maintained overnight at 4°C.

The membranes were blocked with 5% skim milk (ThermoFischer) diluted in Tris-
Buffered Saline-Tween (TBS-T) for one hour and washed with TBS-T three times at room
temperature. VWF, ACE2, and a-tubulin proteins were detected by incubating the PVDF

membrane with primary antibodies against target proteins which were diluted in Western Blot
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blocker solution (Sigma). Membranes were incubated with primary antibodies at 4°C overnight,
followed by washes with TBS-T three times at room temperature and incubated with the
appropriate secondary antibodies for one hour at room temperature.

The membranes were developed using Amersham™ ECL™ Prime Western Blotting
Detection Reagent (GE Healthcare) and sandwiched between two thin clear plastic sheets. The

membranes were exposed in a ImageQuant LAS 500 imager (GE Healthcare).

Table 2.4 Antibodies for Western Blot Analysis

Primary Antibodies Source Dilution Company and Cat #
Anti-ACE2 Rabbit polyclonal 1:500 Abcam, #ab15348
Anti-a-tubulin Mouse monoclonal 1:15,000 Sigma-Aldrich, #05-829
Anti-VWF Rabbit polyclonal 1:5,000 Dako, #A0082
Secondary Antibodies
Goat anti-rabbit IgG Goat polyclonal 1:10,000 Abcam, #ab97051
Goat anti-mouse IgG Goat polyclonal 1:10,000 Sigma-Aldrich, #12-349

2.10 Wire mvography

See Section 2.11 for the list of reagents used.

A 2™ or 3" order branch isolated from the rat mesenteric bed was pinned in a petri dish
filled with ice-cold Krebs buffer and visualized under a dissecting microscope. The adhering fat
and the vein were cut away with care not to stretch or pierce the arterial wall. The artery was cut
into four segments approximately 2mm wide that were then threaded with 25um diameter gold
plated tungsten wire (Goodfellows, U.K.), taking care not to damage the endothelium by having
the end of the wire scrape the inner vessel wall. Segments were then mounted on a four-channel
Mulvany-Halpern 610M wire myograph (Danish Myo Technology, Aarhus, Denmark) to record
changes in isometric wire tension. The volume of each bath was 7mls of Krebs and was maintained

at 37°C and bubbled continuously with 5% C0O2/95% O..
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Once mounted, the vessels were equilibrated to a resting baseline tension of SmN for 20
minutes. Vessel endothelial function was then tested using phenylephrine (PE; 3uM), an agonist
at ai-adrenoreceptors, to constrict the vessels followed by ACh (3uM), an agonist at muscarinic
receptors, to cause vasodilation. Vessels exhibiting a >90% reduction in PE-induced tone were
considered to have an intact endothelium.

To examine the contribution of Cx40 on endothelium-dependent vasodilation, cumulative
concentration response curves to ACh were constructed in the absence and presence of a
combination of inhibitors: TRAM-34 (1 uM), apamin (50 nM), and L-NAME (100 uM). Vessel
tone was increased with PE (3uM), then a control ACh concentration response curve (1nM to 10
uM) was constructed in each vessel segment by addition of increasing cumulative half logarithmic
concentrations. Then, each of the four baths was incubated with an inhibitor for twenty minutes as
follows: 1) time control, 2) TRAM-34 + apamin, 3) L-NAME, and 4) TRAM-34 + apamin + L-
NAME. Once the incubation period had passed, a second concentration response curve with ACh
was constructed as described above. Data were recorded in the software LabChart 8

(ADInstruments) through a PowerLab 4/25 (ADInstruments).
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Figure 3.1 A third-order mesenteric artery mounted in a Mulvany-Halpern wire myograph.
The yellow arrow denotes an artery threaded with gold-plated tungsten wire; one foot is connected
to an isometric force transducer.

2.11 Reagents

The physiological buffer used was Krebs buffer which contains 118mM NacCl, 3.6mM KCl,

25mM NaHCOs3, 1.2mM NaH,PO4, 11mM glucose, 1.2mM MgSO4¢7H>0, and 2.5mM CaCl,.

Table 2.5 Reagents Table
Reagent Manufacturer Mechanism of Action Solvent

ACh Sigma-Aldrich | Muscarinic receptor agonist Distilled water

Apamin Tocris SKca channel inhibitor Distilled water

L-NAME Sigma-Aldrich NO synthase inhibitor Distilled water

L-phenylephrine Sigma-Aldrich | ai-adrenoreceptor agonist Distilled water

hydrochloride (PE)

TRAM-34 Cayman IKca channel inhibitor Dimethyl sulfoxide

2.12 Statistical Analysis

Each experiment (n=1) used HUVECs from a different source and for each experiment
biological duplicates were completed. For animal experiments, each data point represents tissue
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taken from one rat (n=1). All data is represented as mean =+ standard error of the mean (SEM).
Analysis with two-way, repeated measures analysis of variance (ANOVA) was done to compare
multiple experimental groups with two independent variables. Tukey’s multiple comparisons test
was done to compare multiple points with each other. One-way ANOVA was completed to
compare three or more groups with one independent variable. Unpaired two-tailed t-tests were
performed on comparisons between two groups. A p-value < 0.05 was considered significant. All

data analysis was done in Microsoft Excel and GraphPad Prism 9.
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Chapter 3: Results

3.1 The effects of SARS-CoV-2 spike protein on VWF release and mRNA expression in
HUVECs

To determine the effects of SARS-CoV-2 exposure on both released VWF and VWF
mRNA levels in cultured HUVECs from two sources, | examined both parameters over a time
course designed to evaluate both immediate effects (5 mins) as well as longer term effects (72h).
The time course design was as follows: Smin, 1h, 4h, 6h, 12h, 24h, 48h, and 72h. Prior to the start
of the experiment, cells were given full fresh medium followed by administration of I1nM SARS-
CoV-2 spike protein at t=0. This concentration of spike protein was used based on the effects of
spike protein in previous studies.’>>3?® At each time point, media was collected, and cells were
lysed to collect RNA in both the control and treated groups.

Evaluation of VWF mRNA levels at each timepoint revealed no statistically significant
differences between the control and spike treated groups (Figure 3.1), although an increasing trend
of VWF mRNA in spike protein treated cells at 48 and 72 hours was indicated.

The effect of SARS-CoV-2 spike protein exposure on VWF release was evaluated using
ELISA for measuring the concentration of VWF in the media of both the control and spike treated
groups (Figure 3.2). The results demonstrated that the levels of secreted VWF in cells exposed to
spike protein was significantly higher compared to control at 5 minutes post exposure. An
approximately 2-fold increase in the VWF levels in media of spike protein treated vs control cells
was observed (Figure 3.2B). This increased level of VWF was only significant at the 5-minute
time interval (Figure 3.2A). A higher concentration of VWF in the media after 5 minutes of

exposure to spike protein suggests immediate release of VWF from WPB and is consistent with
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previous reports demonstrating similar response pattern to other inducers of WPB
degranulation.?’

In a separate experiment, the effect of re-stimulating a group of cells at 72h after initial
treatment with spike protein was examined. Cells were stimulated once with spike protein at t=0
and again at t=72h, and the media was collected 5 mins after the second treatment since this is
where we had seen effects of VWF release from WPB (Figure 3.2A-B). Comparison of the VWF
concentrations in the media of control (-), cells treated at t=0 only (+), and cells treated at both t=0
and t=72h (++) revealed a significant difference between the groups (Figure 3.2C). The group
treated twice was significantly greater (~2 fold) than either the control or cells treated once at t=0.
As expected, based on results shown in Figure 3.2A, cells treated with spike protein only at t=0,
after 72 hours exhibited similar levels of VWF to control (approximately 40 ng/ul), however this
level was significantly higher in absolute value from the VWF levels where media from cells were
analyzed at the first 5 mins after exposure at t=0 (<1.5 ng). These results indicates that VWF
accumulation increases within cells with time in culture and could translate into significantly
higher levels of stored VWF. Thus, exposure to spike protein leading to immediate release under

these circumstances may translate into a significantly higher absolute levels of released VWF (i.e.,

80 ng/pl compared to 40ng/pl as shown in Figure 3.2C).
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Figure 3.1 The effects of 1nM SARS-CoV-2 spike protein on VWF mRNA in HUVEC:s.
Human umbilical vein endothelial cells (HUVECs) were cultured until confluent and were treated
with 1nM SARS-CoV-2 spike protein at t=0. At each timepoint, cells were lysed, the RNA was
extracted, and cDNA was made and analyzed in real-time quantitative PCR. All data is represented
as mean £ SEM (n=2), with p<0.05 considered significant.
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Figure 3.2 The effects of 1nM SARS-CoV-2 spike protein on VWF release in HUVECs.
Human umbilical vein endothelial cells (HUVECs) were cultured until confluent and media was
replaced with fresh media containing I1nM SARS-CoV-2 or vehicle (control). At each timepoint,
media was collected and VWF protein concentrations were analyzed using ELISA. A) VWF
concentration at each timepoint after addition of spike protein at t=0 (n=2). B) VWF concentrations
at Smins in control vs spike treated groups (n=2). C) VWF concentrations at 72h without spike
treatment (-), with spike treatment at t=0 (+), and two spike treatments at both t=0, t=72 (++) (n=1).
All data is represented as mean = SEM with *p<0.05 considered significant.
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3.2 ACE2 expression in HUVECs

To evaluate whether the effects of adding spike protein to cultured HUVECs could be due
to its interaction with ACE2 on endothelial cell surfaces, first, we evaluated ACE2 expression in
un-treated HUVECs using both immunofluorescence imaging and western blot analysis.

Immunofluorescence imaging was done on both permeabilized and non-permeabilized
HUVECs to determine ACE2 expression, both in the cytoplasm and on the cell surface. Cell
boundaries were visualized using VE-cadherin, a protein present at endothelial cell junctions. In
the permeabilized cells, ACE2 (green) can be seen throughout the cytoplasm of all cells (Figure
3.3). ACE2 expression on the surface of non-permeabilized cells exhibits clumps of ACE2 in some
but not all cells (Figure 3.4). This suggests that surface ACE2 expression can be variable;
however, there is ACE2 present on the cell surface.

ACE2 expression in HUVECs was confirmed with western blot analysis in duplicate
samples (Figure 3.5). The presence of a band at around 97kDa was expected and seen in the blot.
However, there were also other bands of higher molecular weight, which may represent
nonspecific and/or degradation/cleavage products. VWF expression in HUVECs was confirmed
with the presence of a strong band at around 250kDa. HEK293 cells were used as a negative control
for VWF. Tubulin was used as a loading control for each sample. The VWF blot was cut and
stripped and rehybridized to demonstrate the lack of ACE2 in HEK293 (Figure 3.6). There is an
ACE2 band at ~97kDa in the HUVEC sample, and there does not appear to be ACE2 in the

HEK293 sample.
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A) Blocking B) 1° Ab

C) 2°Ab D) ACE2 + VE-caherin

Figure 3.3 Immunofluorescence imaging of ACE2 expression on permeabilized HUVECs. A)
Blocking control. B) Primary (1°) antibody (Ab) control. C) Secondary (2°) antibody control. D)
ACE2 (green) and VE-cadherin (red) staining. Blue staining represents DAPI. The scale bar
represents 95 um (n=1).
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A) Blocking B) 1° Ab

C)2° Ab D) ACE2 + VE-caherin

Figure 3.4 Immunofluorescence imaging of ACE2 expression on non-permeabilized
HUVECs. A) Blocking control. B) Primary (1°) antibody (Ab) control. C) Secondary (2°)
antibody control. D) ACE2 (green) and VE-cadherin (red) staining. Blue staining represents DAPI.
The scale bar represents 95 pm (n=1).

50



A HUVEC B HUVEC

A B

M M B HEK293

315 -

250 - . 315 - ..

130 - — 250 - 1 <« VWF

130 - S 180+ =
130-|

95 - +«— ACE2

72 - D

£ T <+— Tubulin
- 8

43- . 43-|

Figure 3.5 Representative western blot analysis of ACE2 and VWF protein expression in
HUVEC:s. Duplicate HUVEC samples (A & B) were analyzed on the same blot. A) ACE2 protein
expression and B) VWF protein expression with a HEK293 cell lysate used as a negative control.
Tubulin was used as a loading control for both blots. The red arrow indicates the expected band
for each ACE2, VWF and tubulin. The ladder is indicated by the marker “M” and all units are in
kDa (n=1).
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Figure 3.6 Rehybridized western blot showing ACE2 expression in HUVECs but not
HEK293 cells. The blot from Figure 3.5B was stripped and rehybridized to show ACE2

expression. The band for ACE2 is indicated with an arrow. The ladder is indicated by the marker
“M” and all units are in kDa (n=1).
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3.3 The impact of Cx40 genotype on responses of isolated rat mesenteric arteries

Male and female 5—6-month-old WKY rats were used in all experiments. Cumulative ACh
concentration response curves were constructed in the absence and presence of a combination
inhibitors of endothelium-dependent vasodilation. Both TRAM-34 and apamin block endothelial
Kca channels to inhibit EDH, while L-NAME blocks NO synthesis. These inhibitors were
incubated with the arterial segments for twenty minutes prior to construction of a second ACh
concentration response curve as described in Section 2.10. The log of the half-maximal effective
concentration (ECso) for ACh was calculated for each concentration-response curve (Table 3.1).
Representative traces for control curves in all genotypes in both female and male animals are
provided (Figure 3.7).

For each sex and genotype group, the effects of the inhibitors were compared. In the female
group, each of the WT, HET and KO groups had significant overall differences between the
experimental treatment groups (p<0.01 for all groups). This can be seen as differences in the
logECso of each curve (Table 3.1) as well as the mean data (Figure 3.8). In all groups the control
curve had the lowest logECso followed by similar TRAM-34 and apamin and L-NAME curve
logECsos and with the combination of all three inhibitors having the highest ECso (Table 3.1). In
the female group, in each of the control, TRAM-34 and apamin, and L-NAME groups within each
genotype the maximum relaxation seen was >90% even in the presence of inhibitors (Table 3.2).
The combination of TRAM-34, apamin, and L-NAME had the greatest inhibitory effect overall
since the maximum relaxations in this group are all below 90%. The greatest inhibition of ACh-
induced vasodilation was seen in the KO group (64.9 + 13.9%)).

When comparing the effects of the inhibitors in the male groups, there are more differences

between the WT, HET, and KO groups. In the male WT group, the difference between the control
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and treatment groups was significant (p<0.05; Figure 3.9A), and 100 uM L-NAME alone caused
the greatest inhibition of vasodilation where the maximum relaxation was reduced to 68.5% =+
8.3% (Table 3.2). The control group had the lowest log ECso while the other groups had similar
and slightly higher logECsos than control (Table 3.1). The male HET group, the effect of the
inhibitors was not overall significant (Figure 3.9B). The logECso values were very similar for the
control, TRAM-34 and apamin, and L-NAME groups, while the group with all three inhibitors
combined had the highest 1ogECso (-6.7 + 0.2) in the HET group (Table 3.1). Despite not being
significant, the maximum relaxations observed for this group ranged from 78.2 + 11.4% to 82.0 +
15.8% in the groups with the inhibitors compared to the 95.9 + 1.0% relaxation seen in the control
group (Table 3.2). In the male KO group, the effects of the inhibitors were overall significant
(p<0.01; Figure 3.9C). The control group had the lowest logECso (-8.1 = 0.1), while the group
treated with TRAM-34 and apamin and L-NAME had the highest logECso (-6.6 £ 0.1)( Table 3.1).
The maximum relaxations were above 90% in all groups except the group treated with TRAM-34,
apamin, and L-NAME which exhibited the greatest inhibitory effect and relaxed to 75.2 + 4.2% of
PE-induced tone (Table 3.2).

Since I was interested in the difference between the genotypes and their responses, I also
compared the effects of genotype in each group (control, TRAM-34 and apamin, L-NAME, and
TRAM-34, apamin, and L-NAME combined).

In females, there was no significant difference between genotypes in the control, TRAM-
34 and apamin, and L-NAME groups (Figure 3.10A-C). The logECso values for these groups are
very similar (Table 3.1) as well as the maximum relaxation observed (Table 3.2). The only group
that had a significant difference between the genotypes was the group with all three inhibitors

(Figure 3.10D). The WT and HET curves are very similar, but the greatest difference between the
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curves is seen in the KO group. Compared to the other genotypes, the KO group had the lowest
maximum relaxation (64.9 + 13.9% vs 89.5 +2.7% and 84.8 = 5.6% for WT and HET respectively;
Table 3.2) as well as the highest logECso (-6.4 + 0.2 vs -6.6+ 0.1 and -6.7 + 0.1 for WT and HET
respectively; Table 3.1).

In males, the only significant difference between the genotypes was seen in the control
group (p<0.05; Figure 3.11A). The logECs0 values for this group vary (WT: -7.7+ 0.1, HET: -7.4
+ 0.1, and KO: -8.1 £ 0.1; Table 3.1); however, the maximum relaxations are very similar (Table
3.2). There was no significant difference between the genotypes in any of the groups with
inhibitors (Figure 3.11B-D). Despite this, there is a difference in the maximum relaxation induced
by ACh for each of these groups (Table 3.2). In the TRAM-34 and apamin group, both the WT
and KO groups relaxed > 95%, while the HET group demonstrated 82.0 + 15.8% relaxation. In the
L-NAME group, there was a great variation between each genotype; WT vessels exhibited the
least amount of relaxation (66.9 + 17.1%) followed by a higher relaxation in the HET group (80.3
+ 14.7%), and an almost complete relaxation achieved in the KO group (90.2 + 0.6%). In the group
containing all the inhibitors, the highest relaxation was seen in the WT group (90.4 + 1.9%), while
both the HET and KO groups relaxed to 78.2 = 11.4% and 75.2 £ 4.2% of the maximum
respectively.

The effects of the inhibitors differed slightly between female and male groups. All the
groups except for the male HET group had a significant difference between the experimental
groups using inhibitors (Figures 3.8 & 3.9). In the control group for both female and male rats of
all genotypes, the maximum relaxations were all greater than 95% (Table 3.2). The logECsos of

the WT and HET female and male groups were virtually identical (Table 3.1). The male KO group
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had a slightly lower logECso than the female KO group (-8.1 + 0.1 vs -7.7 + 0.1). However, the
effect of genotype was significant in the males but not the females (Figures 3.10A & 3.11A).

In the TRAM-34 and apamin group, the logECsos ranged from -7.5 to -7.2; between female
and male groups of the same genotype the logECsos were very similar (Table 3.1). The maximum
relaxation was greater than 94% in all groups except the male HET group that only had a maximum
relaxation of 82.0 = 15.8% (Table 3.2). The effects of genotype were not significant for either the
females or males in this group (Figures 3.10B & 3.11B).

The L-NAME group also had similar logECsos (between -7.4 to -7.2) between the female
and male groups of the same genotype (Table 3.1). The maximum relaxation was quite variable
between female and male genotypes. In all female genotypes, the maximum relaxation was greater
than 94%, but in the male genotypes differed greatly both among each other and from the female
values for the same genotype (Table 3.2). The male WT group had the lowest maximum relaxation
followed by the HET and KO groups (66.9 + 17.1%, 80.3 £+ 14.7%, and 90.2 + 0.6% respectively;
Table 3.2). The effects of genotype were not significant for either the females or males in this
group (Figures 3.10C & 3.11C)

The group containing TRAM-34, apamin, and L-NAME, had the highest logECso and
lowest maximum relaxations for both the male and female groups. The female WT group had a
slightly higher logECso than the male group (-6.6 £ 0.1 vs -7.0 £ 0.1), while in the HET group
there was virtually no difference between the female and male groups (-6.7 £ 0.1 vs -6.7 = 0.2)
(Table 3.1). The female KO group had a slightly higher logECso than the male KO group (-6.4 +
0.2 vs -6.6 = 0.1). The maximum relaxations in the female and male WT group were almost
identical (89.5 = 2.7% vs 90.4 + 1.9%), while the female and male HET group were lower than

WT and the female HET group had a higher maximum relaxation compared to the male HET (84.8
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+5.6% vs 78.2 £ 11.4%) (Table 3.2). The KO group had the smallest maximum relaxation in both
males and females in this group, however, the difference between these was much greater (64.9 +
13.9% vs 75.2 £ 4.2%). The female genotypes were significantly different in their response to
TRAM-34, apamin, and L-NAME, while the male genotypes were not (Figures 3.10D & 3.11D).

To determine if Cx40 genotype influenced vessel contraction, the contractile force (mN)
elicited by 3 uM phenylephrine prior to application of ACh were measured (Figure 3.12). In the
female group there was a significant difference between WT and KO (5.6 + 0.7mN vs 8.7+ 1.3mN
respectively; p<0.05), but not between WT and HET (5.6 + 0.7mN vs 7.1 + 1.1mN) or between
HET and KO (7.1 = 1.1mN vs 8.7 = 1.3mN) (Figure 3.12A). In the male group there was a
significant difference between both WT and KO (5.9 £ 0.6mN vs 9.7 = 0.8mN; p<0.01) and
between HET and KO (5.9 = 1.2mN vs 9.7 £ 0.8mN; p<0.05), but not between WT and HET (5.9
+0.6mN vs 5.9 + 1.2mN) (Figure 3.12B). In both sexes, the WT and KO groups were significantly
different from each other. The WT contractions in the female vs male group are similar (5.6 £+
0.7mN vs 5.9 £ 0.6mN), while in the HET group, the females exhibit higher average contraction
than the males (7.1 £ 1.1mN vs 5.9 + 1.2mN). The male KO group exhibited slightly higher
contractile force than the female group (9.7 = 0.8mN vs 8.7 = 1.3mN).

Overall, the effects of the inhibitors TRAM-34, apamin, and L-NAME on ACh-induced
vasodilation in male and female WT, HET, and KO isolated mesenteric arteries was significant
except in the male HET group. When the effect of genotype was compared in each treatment group,
the only significant differences due to genotype were seen in the female group containing TRAM-
34, apamin, and L-NAME and the male control group. There was a significant difference between
the WT and KO contractile force in both the female and male groups. In addition, the contractile

force values between the male HET and KO groups were also significantly different.
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Table 3.1 logECso (M) of ACh concentration response curves in male and female rats
Control TRAM-34 + L-NAME TRAM-34 + apamin
apamin + L-NAME
Female
WT -7.7£0.1 -7.2+0.1 -7.3£0.1 -6.6+ 0.1
HET -7.4+£0.1 -7.2+0.1 -72+0.1 -6.7 £0.1
KO -79+0.2 -7.4+£0.1 -7.3+£0.2 -60.4+0.2
Male
WT -7.7£0.1 -7.1+0.1 -73+£0.3 -7.0£0.1
HET -7.4+0.1 -7.2+0.2 -7.4+0.2 -6.7+£0.2
KO -8.1+£0.1 -7.5+0.1 -7.4+0.1 -6.6 £0.1

Table 3.1 logECso of ACh concentration response curves in male and female rats. Each data
point is represented as mean = SEM (n=4-7).

Table 3.2 Maximal relaxation induced by ACh
Control TRAM-34 + L-NAME TRAM-34 + apamin
apamin + L-NAME
Female

WT 99.0 +0.2% 94.1+3.1% 95.7 +£0.8% 89.5+2.7%
HET 97.4+1.1% 97.6 +0.9% 97.6 +£1.2% 84.8 +£5.6%
KO 98.9 +0.2% 97.2+0.5% 94.2 +1.4% 64.9 + 13.9%

Male
WT 98.1 £0.7% 95.6 £ 1.3% 66.9+17.1% 90.4 +1.9%
HET 95.9+1.0% 82.0 £ 15.8% 80.3 +14.7% 78.2 £ 11.4%
KO 97.9 +0.6% 95.6 +0.7% 90.2 +£0.6% 75.2+4.2%

Table 3.2 Maximum relaxation induced by ACh in the presence and absence of inhibitors.
These values are expressed as % relaxation of phenylephrine-induced tone. Data is presented as
mean = SEM (n=4-7).
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Figure 3.7 Representative traces of control ACh concentration response curves in male and
female Cx40 WT, HET, and KO rat mesenteric arteries. A) Female WT B) Female HET C)
Female KO D) Male WT E) Male HET F) Male KO. Vascular tone was increased with 3uM PE
and increasing cumulative concentrations of ACh from InM to 10uM were added to the vessel
baths in a wire myograph. Isometric force was measured in mN vs time.
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Figure 3.8 The effects of the inhibitors TRAM-34, apamin, and L-NAME on ACh
concentration response curves in female WT, HET, and KO rat mesenteric arteries. Each
ACh cumulative concentration response curve was completed after a 20 min incubation with
various combinations of TRAM-34 (1 uM), apamin (50 nM), and L-NAME (100 uM). Vessel tone
was elevated with 3 uM PE before each curve. A) Female WT B) Female HET C) Female KO.
Each data point represents the mean + SEM (n=4-7) with a p-value < 0.05 being considered
significant. ** denotes p<0.01. Note: some data contributed by Brandon Truong and Sufyan Malik.
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Figure 3.9 The effects of the inhibitors TRAM-34, apamin, and L-NAME on ACh
concentration response curves in male WT, HET, and KO rat mesenteric arteries. Each ACh
cumulative concentration response curve was completed after a 20 min incubation with various
combinations of TRAM-34 (1 uM), apamin (50 nM), and L-NAME (100 uM). Vessel tone was
elevated with 3 uM PE before each curve. A) Male WT B) Male HET C) Male KO. Each data
point represents the mean = SEM (n=4-7) with a p-value < 0.05 being considered significant.
*denotes p<0.05; ***denotes p<0.001. Note: some data contributed by Brandon Truong and

Sufyan Malik.
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Figure 3.10 The influence of Cx40 genotype in ACh concentration response curves in female
WT, HET, and KO rat mesenteric arteries. A) Control B) TRAM-34 (1 uM) + apamin (50 nM)
C) L-NAME (100 uM) D) TRAM-34 + apamin + L-NAME. Each data point represents the mean
+ SEM (n=4-7) with a p-value < 0.05 considered significant. ****denotes p<0.0001.
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Figure 3.11 The influence of Cx40 genotype in ACh concentration response curves in male
WT, HET, and KO rat mesenteric arteries. A) Control B) TRAM-34 (1 uM) + apamin (50 nM)
C) L-NAME (100 uM) D) TRAM-34 + apamin + L-NAME. Each data point represents the mean
+ SEM (n=4-7) with a p-value < 0.05 considered significant. *denotes p<0.05.
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Figure 3.12 Contractile force of isolated rat mesenteric arteries in response to PE. The
contractile force in both A) female and B) male Cx40 WT, HET and KO intact isolated mesenteric
arteries was measured prior to performing ACh concentration response curves. The difference
between baseline tension before and after the addition of 3 uM PE to the bath was calculated and
graphed. Data is represented as the mean + SEM (n=4-7) with a p-value<0.05 considered
significant. *denotes p<0.05; **denotes p<0.01.
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Chapter 4: Discussion

4.1 The effects of SARS-CoV-2 spike protein exposure on cultured HUVECs

It is well established that severe infection with SARS-CoV-2 leads to inflammation and
thrombotic complications that arise from the release of many procoagulant molecules such as VWF
from endothelial cells.*'** Whether this is due to inflammation of surrounding tissues and/or due
to viral interactions with endothelial cells is not known. Although it is not yet fully established
whether or not endothelial cells are infected with SARS-CoV-2, electron microscopy has shown
the presence of SARS-CoV-2 in endothelial cells in autopsy tissues; however, this does not mean
that the virus is able to replicate in these cells.>?® Despite conflicting evidence, this does not
preclude the spike protein from interacting with ACE2 receptors on the surface of endothelial cells
and triggering a response. My goal was to begin establishing the impact of endothelial cell
exposure to SARS-CoV-2 spike protein to lay the ground for further research in order to determine
whether the spike protein interacts with ACE2 on endothelial cells and whether such interaction
could trigger an endothelial response consistent with increased VWF levels, and if so to elucidate
the mechanism through which this happens.

From my results, it is evident that exposure of HUVECS to spike protein has a significant
effect on VWF release, if not VWF transcription. Induction within in the first hour such as what is
seen at the 5-minute mark is similar to what has been reported for other inducers of VWF release,
including hypoxia.*?’ In addition, our results demonstrated that magnitude of induction remained
at approximately 2-fold, irrespective of starting basal levels of VWF. This suggests that spike
protein exposure of endothelial cells with high basal levels of VWF may translate to sufficiently
high levels of VWF that can significantly alter VWF/ADAMTSI3 ratio to invoke procoagulant

and thrombogenic activity. While the VWF mRNA levels were not significantly altered at the 48h
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or 72h post exposure to spike protein, an increasing trend was observed in treated cells compared
to control at these time points. These results were combined analyses from two independent
sources of HUVECs, and it may be possible that with inclusion of data from additional HUVEC
sources, such an increasing trend could reach statistical significance. A challenge with assessing
VWF mRNA levels in primary cell cultures is that these cells originate from individual human
donors, and there may be significant heterogeneity in potential transcriptional response of VWF
to inducers; this highlights the value of completing more replicate experiments. Furthermore, there
is heterogeneity of endothelial cells from various organs regarding structure, function, and
molecular signature. Thus, it is not unlikely that endothelial cells from distinct organs may respond
differently. In our analyses of VWF response to hypoxia, our group had also originally explored
HUVEC:s, and our analyses had demonstrated that while VWF release from WPB occurred within
5 min of hypoxia exposure of HUVECs, increased mRNA levels were not significantly altered at
any time points, although an increasing trend at 72 hours were observed (data not shown).
However, when endothelial cells from lung and heart vasculature were exposed to hypoxia, a
significant increase in VWF mRNA at 48-72 hours were observed.'®3? Thus, we propose that
using endothelial cells from other organs for determining VWF response to spike protein exposure
1s necessary to obtain a clearer picture of a potential VWF response at the transcriptional level. In
addition, to gain more insight into whether VWF mRNA levels are altered, we can explore whether
cellular protein levels are altered after cell exposure to spike protein. While any such alterations
may be indicative of increased translational efficiencies or protein stability, it may also reflect
increased levels of template VWF mRNA available for translation. Cellular VWF protein levels
may be determined and compared by Western blot analyses as shown in Figure 3.5 in control and

spike treated endothelial cells over time at the beginning (t=0), 5 minutes, and 72h post spike
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treatment. Cellular protein levels are important to determine even if VWF mRNA levels were to
be increased in response to spike treatment, because changes in mRNA levels do not always
translate to changes in protein expression.

The notion that ACE2 engagement by the SARS-CoV-2 can modulate endothelial cell
phenotype, including VWF levels, is supported by recent findings by Perico et al.*>** This group
studied the ability of the S1 spike protein to change the phenotype of human microvascular
endothelial cells (HMEC-1). Their focus was mostly on the complement system as well as
thrombotic markers, including VWF and intercellular adhesion molecule 1 (ICAM-1), an adhesion
glycoprotein on the surface of endothelial cells. Results from this work that are relevant to this
project are the fact that treatment of HMECs with S1 spike protein had a dose dependent effect on
VWEF deposition in the extracellular matrix using immunofluorescence imaging quantification.
This group also demonstrated that these effects were attenuated by treatment of the cells with anti-
ACE2 antibody in conjunction with S1 but not when the cells were treated with an irrelevant
antibody. They also repeated these experiments in lung endothelial cells and found similar results.
When this is taken into consideration, it is consistent with our observations, suggesting that effects
that I observed could be due to the spike protein binding to ACE2. However, similar ACE2
blocking experiments in my investigations would be needed to support this.

I did demonstrate ACE2 expression on the surface of HUVECs but beyond this,
investigating the effects of HUVEC treatment with ACE2 antibody is a first step in determining
the role of ACE2 engagement in inducing VWF release and/or upregulation of expression. This
will help us to determine if ACE2 engagement alone causes VWF release (i.e., antibody elicits
similar responses as the spike protein) or if ACE2 antibody treatment in conjunction with spike

protein is successful in attenuating the responses seen with cell exposure to the spike protein. This
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would suggest that the antibody is blocking the effects of spike protein-ACE2 interactions. Based
on the results from Perico et al, we would expect that ACE2 antibody would attenuate responses
seen with the treatment of cells with the spike protein.

I have established that SARS-CoV-2 treatment of endothelial cells results in an increase in
VWEF release. It is likely that my results are due to spike protein-ACE2 interactions, but the
mechanism for this response is currently unknown and is part of what this project eventually aims
to determine. Acute VWF release due to thrombin and histamine is due to an increase in
intracellular calcium.>**3! Other agonists such as adenosine, prostacyclin, and DDAVP have been
shown to cause VWF release from WPB through a cyclic adenosine monophosphate (cAMP)-
dependent manner.**?33* Similarly, it is possible that the increase in VWF that I reported is due to
similar increases in second messenger signaling in endothelial cells.

It is also important to consider tissue specificity in thrombogenic responses. Unpublished
data from our lab has shown organ specific changes in VWF expression in response to aging and
published results show differences in responses to hypoxia.'® In addition, SARS-CoV-2 infection
does not only affect the vascular system, but the greatest effects are also seen in the lungs since
the respiratory tract is the viral point of entry in the body.!*® It is well established that lung
epithelial cells are infected by the virus, but these are also adjacent to lung endothelial cells.!?*124
Therefore, investigating the impacts of SARS-CoV-2 spike protein through similar experiments in
lung endothelial cells would be valuable. Our lab has previously demonstrated that hypoxia causes
de novo activation of VWF in lung microvascular endothelial cells; based on these findings it is
possible that other activators of VWF expression may elicit a similar repsonse.**’ In addition,
investigating the effects of spike protein exposure on endothelial cells of other organs known to

be affected by severe infection could reveal whether there is a contribution of VWF to their
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dysfunction. Such cells would primarily include brain microvascular endothelial cells, as well as
cardiac, kidney, and liver endothelial cells.

The elevation of thrombotic markers such as VWF is well established in severe infection
with SARS-CoV-2 and understanding the mechanisms through which this occurs is valuable.
Investigating the effects of SARS-CoV-2 spike protein beyond viral infection is significant
because spike protein in the circulation has been detected in serum from some hospitalized
patients.**® While these levels may not be as high as those seen after initial infection, it is possible
that even low levels of the spike protein can have detrimental effects and contribute to disease
severity. Considering that patients with comorbidities that are shown to elicit high levels of VWF,
such as diabetes and aging, are more susceptible to thrombotic consequences and that my results
demonstrated an approximately two fold increase in secreted VWF in response to spike exposure
regardless of basal levels, this suggests that these patient population may be specifically
susceptible to the consequences of SARS-CoV-2 infection with regard to elevated levels of VWF
and its thrombogenic consequences.>** This project is part of an effort to understand the effects
and mechanism of SARS-CoV-2 infection that are associated with an observed increase in VWF
levels.

4.2 The impact of Cx40 genotype on isolated rat mesenteric arteries

Previous studies examining the effects of Cx40 KO in animal models have usually been in
mice — there has not been an established Cx40 KO rat model. These previous studies have indicated
that Cx40 plays an important role in the transduction of signals both longitudinally through
endothelial and smooth muscle cell GJs, and also radially through MEGJs. Therefore, one of the
main goals of my project was to contribute to the characterization of this Cx40 to endothelium-

dependent vasorelaxation in the rat KO model. In addition, most of the previous studies involved
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other resistance vessels such as cremaster arterioles and also involved the study of conducted
responses.

The actions of the inhibitors TRAM-34, apamin, and L-NAME as inhibitors of
endothelium-dependent vasodilation are well established with the three blockers together causing
significant reductions in ACh-evoked relaxation in isolated arteries. This matches what was seen
in the present study in all female genotypes and the WT and KO male groups, but not the male
HET group. The responses to ACh-induced vasodilation were not identical between groups;
however, they were not different enough to be significant.

When comparing the impact of genotype in each experimental treatment group, there were
few differences. The only statistically significant differences seen were in the female group treated
with TRAM-34 and apamin and L-NAME, where the KO response was quite different. In the male
group, the only significant difference was seen in the control group. The lack of greater significant
differences between the genotypes is not surprising. Cxs are largely implicated in the conduction
of responses along a vessel through the spread of signaling molecules from an origin point.
However, the wire myograph is not an apparatus in which conducted responses along a vessel can
be measured, rather the vessel is submerged in a bath where the desired compounds/reagents are
added. This means that the vessel is stimulated along its entire length, removing the need for
conducted responses to elicit a response to whichever stimulus the vessel is subjected to. The
significant differences seen in this data are interesting, but not consistent between sex or genotype.

This supports the study of rat resistance arteries in other experimental setups that examine
the impact of Cx40 KO on physiological stimuli. ACh was used in these experiments as an example
of receptor-mediated stimulus on endothelial cells. ACh receptors are widely present on

endothelial cells however the source of this ACh is not clear. Wilson et al demonstrated that
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endothelial cells can release ACh in response to flow.>*® It has also been suggested that platelets
are able to release ACh and may be a source of ACh that is able to affect endothelial cells.**” Shear
stress and pressure have been shown to influence Cx expression, and thus using an apparatus in
which the pressure can be manipulated such as a pressure myograph would be of interest. In
addition, the effects of flow and shear stress can be examined in the perfused mesenteric bed where
the effects of nerve-evoked vasoconstriction in the presence of flow can be elucidated. Most
importantly, the study of conducted responses in rat resistance artery preparations would allow us
to further examine the impact of Cx40 KO and the importance of Cx40 in conducted responses in
endothelium-dependent vasodilation.

In mouse Cx40 KO models, hypertension has been reported, but there is no evidence of
increased blood pressure in these our rat Cx40 KO model.*'%3® This could be due to the
compensatory increase in expression of other Cxs in the vasculature to make up for the loss of
Cx40. Since modified Cx40 expression has been reported in disease states such as hypertension
and atherosclerosis and their consequences such as increased vessel wall shear stress, the effects
of Cx40 knockout may become more pronounced when these animals undergo physiological
stress. For example, animals fed a high fat diet, which is consistent with worsening control of
vascular diameter, could exhibit a greater impairment of endothelium-dependent vasodilation. In
this case it i1s possible that Cx40 KO rats would have a greater impairment compared to WT
animals.

The need for a Cx40 KO model is highlighted by the complexity of Cx oligomerization.
Multiple different Cxs can come together to form a GJ. This makes the study of the contribution
of each Cx very complicated since the inhibitors that exist are not very specific for a single

connexin. Most Cx inhibitors act on both hemichannels and GJ and completely block the effects
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of both.>* Challenges in using GJ inhibitors include the need for very high doses and long
incubation time required to guarantee full channel blockade. In addition, many inhibitors also do
not display any Cx selectivity adding another layer of complexity. These inhibitors may also elicit
other effects that are not related to GJ inhibition. For example, carbenoxolone, a non-specific GJ
inhibitor, also blocks Ca** channels, pannexin channels, and P>X7 receptors at concentrations
lower than those that elicit GJ blockade.**° These issues emphasize the need for a KO model to
study the effects of various Cxs. Many experiments have been done in mouse Cx40 KO models;
however, rats are considered to be a closer model to humans than mice. Therefore, our rat KO
model is valuable tool to study the effects of Cx40 KO.

The difference between PE-evoked contractile force in both the female and male groups
was of interest. While Cx40 is implicated in the formation of GJs between endothelial cells, it also
contributes to the formation of MEGJs between endothelial and smooth muscle cells. Therefore,
there could also be an impairment of smooth muscle to endothelial communication. Unpublished
data from our lab has shown a significant increase in perfusion pressure with perivascular nerve
stimulation in KO vs HET or WT animals. Increased perfusion pressure indicates muscle
contraction and narrowing of the vessel lumen. In this case, we hypothesize that these effects could
be due to impaired myoendothelial feedback. This phenomenon occurs when during
vasoconstriction, IP3 moves from smooth muscle to endothelial cells via MEGJs.** This causes
an increase in endothelial cell intracellular Ca** which activates Kca channels. This feedback
mechanism limits vasoconstriction. Lack of Cx40 can cause impairment of MEGJ formation and
communication since it is implicated in their formation and could explain the increased contractile
response seen in the KO animals. Further inquiry into the role of Cx40 in myoendothelial feedback

could elucidate one of the roles of this Cx in the vasculature.
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In conclusion, Cx40 is present in endothelial cells and forms GJs that allow for
communication of cells that comprise the vessel wall. More work needs to be done to fully
characterize the impact of Cx40 KO on endothelium-dependent vasodilation and cardiovascular
function.

4.3 Limitations

It is important to acknowledge that my project has some limitations both due to the nature
of the protocols and assays used as well as my experimental design.

My experimental design involved the exposure of HUVECs to 1nM SARS-CoV-2 spike
protein. I chose this concentration based on the concentrations used in previous work.3?>32¢
However, in addition to reading the literature, time committing, I could have evaluated the effects
of various concentrations of the spike protein by evaluating a concentration response curve to
determine an optimal concentration of spike protein that elicits an increase in VWF production
and/or release for my work. Another limitation of this design is that the SARS-CoV-2 spike protein
has mutated with the variants to increase viral survival and transmissibility. The spike protein that
I used originates from the original virus. It is possible that mutated spike proteins may elicit a
different magnitude of response in endothelial cells; however, using this spike protein still reveals
valuable information with regards to the consequences of spike protein exposure in these cells.

Endothelial cells are heterogenous, and their responses to various stimuli may vary based
on the organ from which they are obtained.**! Additionally, our lab has specifically shown
heterogeneity in endothelial cell VWF upregulation and release to hypoxia.'® Therefore, caution
should be taken when translating these results both to other endothelial cell types in culture as well

as physiologically. HUVECs can be a good model to confirm whether certain conditions may have

an effect on endothelial cells in general; however, they are not organ specific. Furthermore, they
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come from large vasculature, while most of the endothelial cells affected by SARS-CoV-2 are in
the microvasculature. This emphasizes the importance of completing similar experiments in organ-
specific endothelial cells to determine if the effects of the SARS-CoV-2 spike protein persist in
these cultures. The nature of cell culture lends itself to limitations. It is a valuable tool in
elucidating cell functions and characteristics, but these may not represent what happens
physiologically. In the body, organs are made of many different cell types that function together
synergistically; this is lacking in cell culture where one cell type is cultured alone in a dish.
Physiologically, endothelial cells line the blood vessel, culture reduces this to a 2-dimensional
model that removes another characteristic important for their function. Endothelial cells are subject
to shear flow which is not present in static cell culture. This could be overcome by culturing cells
and subjecting them to laminar or disturbed flow conditions, but even this has its limitations since
the cells are still missing integrated signalling sources such as from nerves, the blood, and
surrounding tissue. In the context of studying endothelial cells, various vessels from specific
organs could be isolated and studied in an organ bath or flow chamber. This allows the cells to
operate in a system where other cells are present, but nerve inputs as well as other signalling
molecules present in the blood are absent.

The assays I used to detect protein and mRNA expression each come with their own
limitations. Measuring mRNA alone using RT-qPCR, while a useful tool to assess changes in
transcription, cannot directly correlate to protein levels in the cell.**> mRNA by nature is unstable
and may degrade before translation is able to occur. This should be considered while interpreting
any changes in mRNA expression, and the difference between mRNA levels and protein levels
should be examined. /n situ hybridization along with immunofluorescence imaging can be used to

interpret the relative amounts of mRNA and protein in the cell respectively. immunofluorescence
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imaging is a very useful tool to examine protein localization in cells and tissues. Since this is
performed on fixed cells, we cannot see protein dynamics, and it is not a measure of protein
activity. Using western blots to quantify protein expression in the cell is well established. Using
both a western blot and mRNA levels to examine protein expression and/or upregulation or
downregulation adds a degree of confidence to my results. Western blots reveal protein expression
throughout the cell, not whether those proteins are on the cell surface or the cytoplasm. This
becomes relevant when analyzing the expression of proteins that exert their function on the surface
of the cell such as ACE2. Thus, examining both the expression of the protein (through
immunoblots) as well as its location (though immunofluorescence) is valuable in contributing to
the strength of my results.

I confirmed ACE2 expression on HUVECs using both immunoblotting and
immunofluorescence imaging. This allowed me to conclude that HUVECs do express ACE2 and
that ACE2 is on the surface of the cells. While my western blot did show the expected band at
~97kDa that was expected for ACE2, there were many other bands present on the blot. This could
be due to a few reasons. It could be possible that with optimizing certain steps of my protocol for
the antibody that I used could improve its specificity as well as adjusting the exposure. Since I
only did one blot using an antibody we had not previously used for this experiment, I did not have
sufficient time for optimization. It is also possible that this is the protein profile of ACE2 in these
cells. This could have been confirmed using the proper positive and negative controls. I did
rehybridize one of my blots containing a HEK293 sample in an attempt to use this as a negative
control, and while HEK293 does not appear to express ACE2, it is difficult to see clearly in this
blot. HEK293 cells overexpressing ACE2 would make a good positive control while HEK293 cells

lacking ACE2 would make a good negative control.
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ELISA was helpful in determining VWF release from endothelial cells, but this technique
cannot reveal if this VWF is sufficient to lead to the formation of platelet aggregates. It additionally
cannot evaluate VWF deposition onto the cell membrane; therefore, we cannot measure the
complete levels of VWF release from endothelial cells using this assay. Perhaps more important
than the VWF concentration is the corresponding formation of platelet aggregates that result in
clot formation physiologically. This could be measured by exposing endothelial cells to spike
protein for a set amount of time, then submitting the cells to flow with heparinized whole blood as
was done by Perico et al.*

Wire myography, despite being a robust in vitro method to directly measure various agonist
effects in resistance arteries, is limited in that it does not account for the effects of blood flow
through the vessels and other endogenous mediators that could influence vascular tone.
Additionally, the effect of input from nerves and the brain cannot be measured. This setup can
only examine agonist-induced responses, which are only part of what can influence vascular tone.
Other setups such as the perfused mesenteric bed, in which some preliminary results indicating an
increase in perfusion pressure in KO rats compared to WT and HET animals have been found,
retain nerve input, but lack the endogenous mediators in the perfusate. Another limitation of this
setup in the context of examining the impact of Cx40 KO is that the wire myograph cannot measure
conducted responses such as the spread of EDH along endothelial cells and between endothelial
cells and smooth muscle cells in which Cx40 is involved.

The limitations on my work emphasize the need for the use multiple experimental setups
to paint a cohesive picture of my results. In addition, these limitations can reveal the need for future

experiments to properly clarify the preliminary findings of my project and elucidate the
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mechanistic link for ACE2-spike protein interactions leading to VWF release as well as the impact
of Cx40 in the rat Cx40 KO.

4.4 Future directions

4.4.1 Further investigating the effects of SARS-CoV-2 spike protein exposure on endothelial
cells

In order to further elucidate the consequences of SARS-CoV-2 spike protein exposure on
endothelial cells and determine if the spike protein interacts with ACE2 on the surface of
endothelial cells, more experiments need to be completed. As mentioned in Section 4.1, recent
work done by Perico et al supports my hypothesis.>*® Using their experiments as a guideline and
taking into consideration the limitations of the work I have done so far, I propose the following
experiments to further this project.

Since we proposed that the spike protein interacts with ACE2, doing a similar time course
experiment as I did but with cells treated with both an ACE2 antibody and the spike protein
together would reveal whether the antibody is able to attenuate the effects of the spike protein on
VWEF release into the media. In addition to completing this experiment in HUVEC:s, it would also
be worth doing in endothelial cells of other organs that are affected by SARS-CoV-2 such as lung
microvascular endothelial cells, cardiac, brain, liver, and kidney endothelial cells. We should also
examine the impact of spike protein exposure on VWF mRNA levels in these cells.

Visualizing spike protein-ACE2 interactions in culture would be vital to confirming this
interaction does happen. A fluorescence resonance energy transfer assay could be used to quantify
these interactions.

In addition to measuring VWF released in the media, measuring the hemostatic activity

and deposition of VWF onto the luminal side of endothelial cells would be valuable. This could
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be done by culturing endothelial cells and then using immunofluorescence imaging to quantify
VWF deposition on the cells after they have been exposed to the spike protein. In addition, cells
could be cultured and exposed to the spike protein then submitted to flow with heparinized blood
and platelet aggregation could be quantified using immunofluorescence imaging as well. Using
intact vessels under flow conditions (in a culture myograph for example) could be used to
determine the effect of spike protein exposure on VWF release and VWF mRNA in these
conditions. We could also examine VWF expression in these vessels using immunohistochemistry.
This would provide us with information from an in vivo system that more closely mimics what is
seen physiologically.

Patients who are older and those who have underlying comorbidities experience more
severe symptoms and poorer outcomes from infection with SARS-CoV-2. Therefore, examining
the effects of spike protein exposure on endothelial cells in aged cells or in hyperglycemic
conditions could reveal a greater upregulation and/or VWF released from endothelial cells.
Additionally, we should investigate the effects of ACE2 antibody on VWF expression in spike
protein exposure in these cells.

Beyond looking at the consequences of spike protein exposure on VWF in endothelial cells,
we should also aim to establish a mechanistic link between ACE2-spike protein interactions and
VWF expression. Our lab focusses on the transcriptional regulation of the VWF gene, and so
determining if there is a role to play by any of the VWF gene promotor suppressors and/or
activators is of particular interest to our group.

4.4.2 Further investigating the impact of Cx40 KO in the vasculature
The effects of Cx40 KO in our rat model beyond agonist-induced responses need to be

studied. Since mouse Cx40 KO models have reported changes in the expression levels of other
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Cxs such as Cx37,%123% we should evaluate our model for the same changes using immunoblotting.
Furthermore, we should also perform immunohistochemistry on fixed blood vessels (specifically
resistance arteries) to look at Cx localization in both the endothelium and smooth muscle.

Cx40 is thought to be important in the conduction of responses along a vessel length, since
previous experiments in Cx40 mouse KO models have demonstrated an impairment in this
response.’!'1* We should also investigate these responses in our model. Beyond resistance
arteries, Cxs are involved in renal autoregulation where vascular conducted responses play an
important role in the regulation of tubuloglomerular feedback to regulate the diameter of the
afferent arteriole and corresponding glomerular filtration rate.’** Moller et al have reported
reduced vasoconstriction in the afferent arteriole of Cx40 KO mice.** Therefore, determining the
effects of Cx40 KO in kidney vessel responses in our animal model is of interest.

ED is associated with obesity and diabetes among many other disease states. Investigating
the role of Cx40 in early endothelial damage that precedes diabetes could reveal if changes in Cx40
contribute to ED. Similar to previous work done by our collaborators, we are investigating the
effects of a non-obese hypercaloric model on vascular function.>*® This group also reported
changes in Cx expression in aortic rings in rats as a result of this diet. Based on these findings, we
could investigate the impact of Cx40 KO on the vascular responses of these animals in addition to
characterizing the localization and expression of Cxs in this model.

4.5 Conclusions

The endothelium is an important component of the vascular system, and therefore any
damage or inappropriate changes to its function can have severe consequences. Studying the
effects of SARS-CoV-2 exposure on cultured endothelial cells revealed that the spike protein was

able to induce acute VWF release from HUVEC:s. I also confirmed that ACE2 is expressed in these
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cells which in part supports the hypothesis that these changes in VWF expression are due to spike
protein-ACE2 interactions. My experiments in Cx40 KO rats revealed that Cx40 is not essential
for ACh-induced vasodilation, but differences in PE-induced vasoconstriction between WT and
KO animals suggest that Cx40 may play a role in modulating vasoconstriction. In both projects,

further studies will be needed to broaden our understanding in these areas of research.
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