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Department of Bioengineering

Cardiopulmonary bypass (CPB) is a technique used in open-heart surgeries to create a
bloodless field in the heart and maintain circulation in pediatric patients with congenital heart
diseases (CHDs). Due to unoptimized settings in pediatric CPB, perioperative and postoperative
complications often occur. However, there is no effective treatment to counteract them. Therefore,
a CPB-specific mechanism needs to be determined for the development of targeted therapy.
Shear stress in the bypass tubing was identified as a major factor that induces mechanical trauma
and inflammatory response of the blood components. Previous study recognized monocytes as
the blood cell population that responded the most to the CPB shear. However, the inflammatory
response of CPB also involves endothelium that actively mediates the monocyte insult. In this
dissertation, | further investigated the endothelial response to CPB-activated monocytes and
cytokines derived from CPB-activated monocytes. Monocyte adhesion and transmigration assays

were developed as a part of the in vitro CPB mode. Monocytes activated by CPB shear are more



likely to adhere to and transmigrate through the monolayer of human neonatal dermal
microvascular endothelial cells (HNDMVECSs). Treatment of CPB-activated monocytes
disrupted the VE-cadherin and cytoskeleton arrangement of confluent endothelium. The
monocyte-endothelial cell interaction is accompanied by increasing IL-8 level in the co-culture
media. The correlation between IL-8 and monocyte adhesion is studied by loss and gain of
function experiments. Inhibiting IL-8 signaling on endothelial cells with reparixin resulted in
significant decrease of monocyte adhesion. Treating HNDMVECSs with IL-8 induced the
adhesion of naive monocytes. Results of g°PCR showed IL-8 treatment selectively upregulated
intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1)
expression in the HNDMVECs, which mediated the monocyte adhesion. Inhibiting the 1L-8
expression in HNDMVECs resulted in reduced monocyte adhesion, suggesting that IL-8
produced by endothelial cells played an important role during cellular interactions. To investigate
the cytokines derived from CPB-activated monocytes and the effect of anti-inflammatory drugs
including dexamethasone and FK506, the conditioned media from CPB-activated monocytes
with or without drug treatment were collected and assayed. ELISA showed CPB shear caused
increasing production of IL-8 and tumor necrosis factor o (TNF-a)) from the monocytes. Both
cytokines expression and production can be reduced by dexamethasone and FK506 with the
FK506 being more effective. Luminex multiplex assay showed that dexamethasone and FK506
alter the cytokine release profile of sheared monocytes in different ways. | further studied the
effect of conditioned media on endothelial cells. Conditioned media derived from sheared
monocytes disrupted the VE-cadherin and cytoskeleton arrangement in confluent HNDMVECs.
Live and dead assays showed that treating HNDMVECSs with shear conditioned media led to

lower viability. Finally, the shear conditioned media treatment resulted in increasing naive



monocyte adhesion mediated by upregulated adhesion molecules including E-selectin and
ICAM-1. The study in this dissertation provided insight into the mechanisms that led to CPB-
induced inflammatory response of monocytes and endothelial cells. Therapies that target the 1L-8

and TNF-o pathways may be developed to treat CPB-related complications.
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Chapter 1. INTRODUCTION

1.1 BACKGROUND

1.1.1 Overview of CPB

CPB is a technique to create a bloodless space in the heart while allowing for circulation
outside of the patient’s body (1). It not only maintains circulatory functions to prevent ischemic
damage during surgeries on cardiac tissue or great vessels, but also provides respiratory support
with temperature management (2). A typical CPB circuit consists of pumps, oxygenator, heat

exchanger, tubing, and reservoir (Figure 1.1).
i. Pumps

Roller pumps are commonly used in CPB of shorter term to propel the blood in a circuit.
It includes two rollers placed on a rotating arm, which pressurize a section of the tubing to
generate forward flow (3). The force exerted on the tubing not only generates tubing debris with
longer bypass time but also compresses the blood components and leads to hemolysis (3). For
longer procedures with CPB, centrifugal pumps are used (4). A centrifugal pump consists of
stacked cones wrapped by a housing. When the cones rotate, the inlets at the center of the cones
generate negative pressure to suck the blood into the housing. A pressure gradient is established
across the radius of the housing and the blood flows out through a side opening of the housing.

The two pumps have their own advantages. For example, while the roller pump is a cheaper



option and restricts the backflow of blood, a centrifugal pump is often portable, induces less

trauma to the blood, and produces less air embolism.

ii. Oxygenator

Membrane oxygenators are used in CPB to perform the function of lungs. They consist of
polypropylene fibers with hydrophobic micropores filled with oxygen rich gas. Venous blood
passes from the outside of the fibers, encounters the gas flow, and completes oxygenation
through gas diffusion (5). In most designs of oxygenators, a heat exchanger is incorporated to
cool and rewarm the blood for hypothermic or deep hypothermic CPB. Regulating the

temperature of the blood also prevents the generation of emboli due to change in solubility of gas.
iii. Tubing

The tubing in the CPB provides physical support for the blood flow. Adult CPB tubing
usually is sized at 1/2 inch in diameter (6). It is commonly made of polyvinyl chloride (PVC)
materials which is durable and does not cause excessive hemolysis. The plasticizers in PVC such
as di(2-ethylhexyl) phthalate, which enhances the flexibility of the tubing, can leach into the

circulation and are potentially toxic to the patients (7). However, PVC is still a state-of-the-art

material due to its chemical stability, and low cost.

iv. Reservoir

The reservoir provides a space for blood collection. An open reservoir is capable of
removing air bubbles as well as foam in the venous drain and suctioned blood (1). A Closed
reservoir offers limited volume for blood but minimizes the blood contact area with artificial
materials (1). A closed system is less likely to trigger inflammatory response and keeps the

sterility of the venous drain (1).



v. Arterial line filter

Avrterial line filter is used to reduce the transmission of emboli from the venous
circulation and oxygenator. It works by reducing the velocity of the blood flow so that buoyancy
dominates the movement of the bubbles, which increases the tendency of the bubbles to rise

instead of passing (8).
vi. Ultrafiltrators

Ultrafiltrators condense blood by removing water through a semipermeable membrane. In
an ultrafiltrator, the blood flows through the membrane under a hydrostatic pressure gradient and
water is removed from the CPB circuit (9). Excess water in the circuit can be caused by the
crystalloid in the cardioplegia, solutions used in the surgery or a pre-surgical condition of the
patient. The addition of ultrafiltrators in a CPB circuit provides benefits to patients with volume-

overload or insufficient renal functions and reduces the onset of edema buildup (10).

vi. Cardioplegia

Cardioplegia provides myocardial protection while the cross-clamping at the aorta
induces ischemia in the heart during intracardiac repair. Cardioplegia creates electrical
quiescence and thus, electromechanical arrest in the heart, which reduces oxygen demand in the
myocardial tissue (11). Cardioplegia was first used in CPB in the early 1950s, when Dr. Melrose
used high levels of potassium citrate to induce cardiac arrest (12). Solutions of other ions such as
calcium, sodium and magnesium, as well as substances such as lidocaine, bicarb, and glucose are

all used as components of cardioplegia due to their cardioprotective properties (11).



1.1.2 Conduct of CPB

A schematic illustration of CPB is shown in Figure 1.1. To perform a CPB, the circuit is
started at the right heart side, where the venous return blood is drained into a reservoir through
venous cannulas. The flow to the reservoir is accomplished by gravity, where the reservoir is
placed lower than the patient. The blood in the reservoir is then driven by a blood pump and
propelled to the oxygenator. In the oxygenator, the venous blood is oxygenated and ready to be
used. The oxygenated blood stream splits in the returning line. The first line goes back to the
patients through the aortic cannula, which is usually located at the distal ascending aorta.
Another line is mixed with cardioplegia and goes back to the patients through a cannula that is
closer to the ascending aorta. This cardioplegic line is controlled by a separate pump with its own

temperature and pressure management.

1.1.3 Temperature Management in CPB

It is still debatable whether a hypothermic state should be applied to patients during CPB.
A moderate hypothermia state is achieved by cooling the patients to a temperature of 25-34°C.
Deep hypothermia requires an even lower temperature at 18-19°C. The main purpose of inducing
hypothermia is to reduce the oxygen demand and thus protect the organs. While the use of
cardioplegia can reduce oxygen consumption by 90%, hypothermia inflicts an additional 5% to
20% reduction in oxygen consumption (13). Warm cardioplegia, however, has its benefits by
fulfilling the energy demands of the heart, lowering risk of reperfusion injury, and shortening the

time for rewarming (14,15).

1.1.4 Complications Associated With CPB

i. Arrhythmia



Atrial fibrillation (AF) occurs in 40-50% of the CPB patients. This arrhythmia may lead
to hypotension, tachycardia, heart failure, and stroke (16,17). The cause of CPB-induced AF is
multifactorial. The upregulations of inflammatory mediators such as IL-2, C3a, and white blood
cells after CPB are found in patients who developed AF (16). The onset of AF is also dependent
on the age of the patients, where 69 is the age median of patients developed AF (17). In another
study, mild hypothermia at 34°C showed protective effects from AF as opposed to moderate

hypothermia at 28°C (18).

ii. Pulmonary Dysfunction

Pulmonary dysfunction is commonly observed after CPB patients. 20% of patients will
require mechanical ventilation after cardiac surgery with CPB for at least 48 hours due to
pulmonary edema (19). Postoperative biopsy showed that lung permeability was compromised
with infiltration of neutrophils and erythrocytes (20). This further causes the necrosis of
pneumocytes and pulmonary endothelial cells, buildup of alveolar protein, and loss of lung
compliance (20). In rare cases, patients develop acute respiratory distress syndrome (ARDS),

which is associated with a high mortality rate from 15% to 70% (21).

iii. Renal Dysfunction

Renal dysfunction affects up to 30% of the CPB patients and 1% of them will require
dialysis (22). These patients are characterized with decrease in creatinine clearance, increase in
albumin-to-creatinine ratio, and increase in N-acetyl glycosaminidase activity (23). CPB-induced
renal injury is associated with high mortality rate, longer intensive care unit (ICU) stay, and
higher risk of infections (24). Studies have shown that the levels of C-reactive protein and IL-6

in the patients suffered from severe renal dysfunction (25). Hypoperfusion during CPB is also



believed to play a role in renal injury since kidneys are sensitive to changes in cardiac output and

perfusion rate (26).

iv. Cerebral Injury

The damage in the brain is usually caused by CPB-induced cerebral emboli as well as
reperfusion injury (27,28). Although the damage can be augmented by oxygenator and arterial
line filter, cerebral injury still occurs and is associated with life-threatening outcomes (29). One
study showed that in 76 CPB patients experiencing cerebral damage, 13 patients developed
persistent neurological focal deficits, 18 patients developed stupor or coma, 18 patients
developed temporary focal deficits, and 27 developed seizures (29). 29% of these patients passed

away due to cerebral complications (29).

v. Systemic Inflammatory Response Syndrome (SIRS)

Many of the organ dysfunction after CPB can be attributed to the systemic inflammatory
response. CPB may specifically activate the systemic inflammatory response through two

mechanisms including contact activation and ischemia-reperfusion injury (30,31).

Contact activation is caused by the exposure of blood components to the artificial surface
of the CPB circuit, which starts with factor XII converting the prekallikrein to kallikrein, and
eventually leads to thrombin formation (31). In an alternative pathway, the complement system is
also activated during the contact since the CPB circuit does not inhibit the cofactor C3 activation
like the endothelium does (31). This promotes the formation of anaphylatoxins C3a and C5a
which further mediates chemotaxis, inflammatory response, and the secretion of reactive oxygen
species (32). C3a and Cba levels in the patients may be indicative of cardiac, pulmonary, renal,

and hemostatic dysfunction after CPB (32). Strategy such as using heparin-coated tubing showed



efficacy in reducing the complement activation and may enhance the postoperative outcomes
(33). Alternatively, anti-C5a antibody is promising in reducing the myocardial and cerebral

injuries in the CPB patients (34).

Ischemia-reperfusion injury occurs when the aorta is clamped off during CPB. As a result,
organs such as the brain, heart, lungs, and kidneys don’t receive enough blood supply and are
rendered hypoxia. When the clamps come off, the restored blood circulation can cause insult to
the ischemic organs with increasing free radicals, inflammatory cytokines and changes in
endothelial nitric oxide synthase (eNOS) and induced nitric oxide synthase (iNOS) (35-38). No
effective treatment against ischemia-reperfusion injury has been developed clinically. Statins
have been studied to counter the ischemia-reperfusion injury by enhancing endothelial function,

decreasing oxidative stress in vivo but the dose is 10-fold of the clinical dose (39).

1.1.5 Endothelial Cell and Leukocyte Interaction During Inflammation

The inflammatory response to CPB follows a common cascade at cellular level where
both endothelial cells and leukocytes are actively involved. Following exposure to CPB circuit,
endothelial cells express P-selectin which promotes the adhesion of leukocytes in an initial
rolling process (40). Following that, leukocytes bind firmly to the endothelial cells through the
bonding between the integrins on the leukocytes and adhesion molecules on the endothelial cells,
such as lymphocyte function-associated 1- intercellular adhesion molecule 1 (LFA1-ICAM-1),
Integrin o4p1-vascular adhesion molecule 1 (VLA4-VCAM-1) (41,42). The adhered leukocytes
migrate through the tight junctions between endothelial cells and infiltrate into perivascular

tissue, which can further cause disruption of vascular barrier function, intravascular volume



depletion, and edema buildup. A schematic of endothelial cell and leukocyte interaction is shown

in Figure 1.2.

1.1.6 Pediatric CPB and Challenges

CPB is used in the correction surgeries to fix congenital heart defects (CHDs) in pediatric
patients. While less invasive techniques such as catheterized procedures are developed and
implemented, open-heart surgery is still the most effective way to correct CHDs with features
that are difficult to classify. Since its first use in a surgery to close an atrial septal defect (ASD)
in 1953, CPB has been an important part of the surgical procedures to repair CHDs (43).
However, due to lack of optimization in the pediatric CPB setup, patients frequently develop
perioperative and post-CPB complications. Systemic inflammation which impacts the
cardiopulmonary, renal, and cerebral systems is commonly observed in response to the activation
of cells exposed to the CPB environment (44). Several factors that need to be optimized in

pediatric CPB include prime volume, temperature management and bypass flow rate.

Pediatric patients are prone to CPB complications due to the disparity between the size of
the equipment and the patients with the bypass volume being 2 to 3 times of the patients’ own
blood volume (45). The bypass volume includes the solutions, such as crystalloid, colloids, or
blood products to prime the circuit. The specific prime volume is determined by the size of the
tubing, venous reservoir, and oxygenator and can vary from 244 to 268 cc (46).
Disproportionately high prime volume in pediatric patients can lead to hemodilution, which will
increase the onset of tissue edema and complement and stress hormone release (47). While
hemodilution can be resolved by transfusion of red blood cells, the postoperative mortality is

correlated to the transfusion according to several studies (48,49). One potential solution to this



dilemma is to minimize the CPB circuit. This not only reduces the contact surface of the blood,
but also decreases the demand for prime volume. In a design of an oxygenator with integrated
arterial line filter, the hollow fiber of the oxygenator is surrounded by layers of the filter (50).
Subsiding the arterial line filter by incorporating it into the oxygenator can reduce the prime
volume by 20% (50). Other efforts have been made to minimize the tubing, which accounts for
75% of the prime volume. For example, thinner tubing of 1/8 inch, 3/16 inch, and 1/4 in diameter
was used, which reduced the prime volume by approximately 60% (51). However, in these cases,
a majority of the patients will still require transfusion to reverse the hemodilution and maintain

hematocrit (52-54).

The temperature at which CPB is conducted can impact the outcome of the pediatric CPB.
Although it is still debatable whether hypothermia should be performed with pediatric CPB,
hypothermia is generally recognized as the best approach to prevent neurological sequelae. A
hypothermia is defined as mild ranging from 30-34°C, moderate ranging from 25-30°C, and deep
ranging from 15-22°C. The optimal temperature for pediatric CPB is not determined and the
actual systemic temperature can vary depending on the disease and age group. For example,
normothermic conditions are shown to be as safe as hypothermic conditions in patients with
simple CHD (55). While normothermic conditions can induce less organ dysfunction both in
adults and pediatric patients, hypothermia conditions are advocated by the pediatric centers since
low temperature reduces the metabolic rates and oxygen demand (56). Theoretically, this
provides a protective effect to the organs, especially the brain with high demand for glucose
supply. Other advantages of hypothermia include allowing for a lower pump flow rate, therefore
inducing less blood trauma, and improving the visibility of the surgical field (57). On the other

side of the spectrum, hypothermic conditions can be detrimental to patients by inhibiting



enzymatic activities such as the coagulation pathway, promoting oxidative stress, which will
provoke the onset of organ dysfunction (58). Additionally, it increases the permeability of the
membrane and can cause capillary leak (59). However, these adverse effects can be reversed by

rewarming.

The current bypass flow rate for pediatric patients is extrapolated from the adult setting.
Using high flow rate is common in pediatric patients since their metabolic rate is nearly two
times that of adults. In CPB, High flow rate is generally considered beneficial since it prevents
the increase in lactate level, which is associated with postoperative mortality (60). Additionally,
some evidence has shown that using higher flow can reduce the incidence of acute kidney injury
in pediatric patients (61). Although the CPB flow rate is customized with the body area of the
patients, the optimal flow rate in pediatric patients is unknown because of their variable anatomic
structure of the heart. For example, patients with left-to-right shunts will have low physiological

flow rate due to the reduction in the systemic flow (62).

1.1.7 Shear Stress in Pediatric CPB

CPB can expose blood components to a high-shear-stress environment. Shear stress is
defined as the dragging force generated by flowing liquids to its boundary. In a CPB circuit,
shear stress is generated when the blood flows through the tubing made of artificial material and
being squeezed by the roller pump head (63,64). This creates a shear-stress environment that is
different from the native blood vessel with endothelial lining. Additionally, high flow rate in
pediatric CPB can translate to high velocity gradient in CPB tubing with constant cross-sectional
area. This further increases the shear stress since it is proportional to the velocity gradient. As a

result, blood components in the circuit can experience an average shear stress up to 2.1 Pa, which
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is twice as much as the physiological shear stress in a blood vessel (65). Study has shown that
this level of shear stress can induce apoptotic and necroptotic death of the leukocytes in a
duration of 2 hours, which is a typical time span for CPB (65). The leukocytes activated by CPB
shear can release proinflammatory cytokine and damage-associated molecular patterns to cause
systemic inflammatory response and organ damage. Moreover, high shear stress can also rupture
the red blood cells, causing the release of free hemoglobin (fHb), and lead to hemolysis (66).
Normally, fHb can be scavenged by haptoglobin made by the liver. In pediatric patients, the level
of fHb almost always exceeds the scavenging capability of haptoglobin (66,67). This leads to
elevating fHb level in the blood, which further causes systemic dystonia, clotting disorders and

increased mortality rate (66).
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1.2 SIGNIFICANCE

CHD is the most common type of birth defect that affects nearly 1% of births in the US
annually (68). Around 25% of the infants with severe CHD will need open-heart surgery within
one year from birth (69). To reduce the ischemic damage during cardiac surgeries, the infants are
usually placed on CPB (70). This extracorporeal circuit provides physical support and creates a
bloodless field in the heart to facilitate surgical interventions. However, exposure to CPB can
result in systemic inflammation and multiorgan dysfunction due to the mechanical insults to the
blood components. This translates to a high mortality or severe complication rates of 10.7% and

29.2%, respectively in pediatric patients (71).

Shear stress has been recognized as a major factor that contributes to blood trauma and
inflammatory response in pediatric CPB (64,72-75). A recent study focused on investigating the
CPB-induced trauma to leukocytes, in which THP-1 cells were sheared in an in vitro CPB circuit
(65). The CPB shear upregulated proinflammatory cytokine levels, especially TNF-o and IL-8 in
THP-1 cells through calcium-dependent signaling pathways and gave rise to a subpopulation of
THP-1 cells undergoing TNF-a-mediated necroptosis (65). The inflammatory response of CPB
also involves the endothelium playing an active part. Leukocyte insult on the endothelium,
including adhesion and transmigration, was observed in CPB patients with organ dysfunction but
the molecular mechanism is unclear (76). Knowing the role of CPB shear in mediating the
crosstalk between blood cells and endothelium may reveal the targetable pathway to counteract

CPB-induced inflammations.
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1.3 INNOVATION

The overarching aim of this study is to elucidate the mechanisms that lead to
complications and mortality following CPB in pediatric patients. The status quo treatment
utilizing corticosteroids and non-pharmacological interventions have had limited success in
addressing the complications associated with CPB since none of the approaches are targeted to
specific pathways (77-79). Hereby, we identified CPB shear as a key element that initiates the
inflammatory cascade, including the interplay between monocytes and endothelium and pro-
inflammatory cytokines derived from shear-activated blood cells. This is accomplished by using
a novel in vitro CPB model to decouple the effect of shear stress from other factors such as
temperature and surgical trauma. In all, the results of this study will help discover targetable
CPB-specific pathways to reduce the systemic inflammatory response in pediatric patients. The
findings from the study will shift the paradigm for clinical treatment and improve the prognosis

of CPB-related complications in pediatric patients.
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Figure 1.1. Schematic of CPB. The venous return blood is drained into a reservoir through
venous cannula (blue line and arrows). The blood in the reservoir is then driven by the venous
drainage pump, propelled to the oxygenator. In the oxygenator, the venous blood is oxygenated
and ready to be used. The oxygenated blood stream (red line and arrows) splits in the returning
line. The first line goes back to the patients through the aortic cannula, which is usually located
at the distal ascending aorta. Another line is mixed with cardioplegia and goes back to the

patients through a cannula that is closer to the ascending aorta.
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Chapter 2. RESEARCH GOALS

The objective of this study is to investigate the mechanism of inflammatory response
induced by CPB shear through monocyte and endothelial cell interaction and endothelial
response to CPB-derived cytokines. Previous studies proposed different mechanisms to regulate
the inflammatory response of leukocytes and endothelial cells. For example, high levels of
inflammatory cytokines, such as TNF-a, IL-8, and IL-6, in the serum of neonatal patients were
found to be linked to days in the intensive care unit and inotropic support (80-89). Additionally,
shedding of endothelial glycocalyx into the patients’ plasma in response to increased damage
associated molecular patterns released by necroptotic leukocytes resulted in the damage to the
endothelial monolayer (90). Other studies interrogating blood or plasma during and after CPB
found circulating soluble factors such as P-selectin, E-selectin, von Willebrand factor, and
angiopoietin-2 in the plasma contributed to the endothelium hyperpermeability, which facilitated
the infiltration of leukocytes (91-95). However, since these studies were obtained with clinical
samples from patients undergoing cardiac surgery, the results cannot decouple the effects of CPB

shear and surgical intervention.

Given this background, | propose using an in vitro model to study the mechanisms that
may drive the inflammatory response after CPB procedure in pediatric patients. In this in vitro
model, blood cells will only be affected by shear stress exerted by the pump head and plastic
tubing. This model will help us discover CPB-specific mechanisms that lead to the inflammatory
response. The overall hypothesis is that CPB shear regulates the interaction between monocytes
and endothelial cells by altering the adhesion and transmigration of the monocytes, and cytokine
release profile of the monocytes and monocyte-endothelial cell co-culture. To test this hypothesis,

| propose the following specific aims:
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Specific Aim 1. Determine the inflammatory cytokines that regulate the CPB-specific

inflammatory response.

Hypothesis: THP-1 monocyte-like cells activated by CPB shear 1) lead to increasing adhesion
to and transmigration through endothelial monolayer, 2) affect the barrier function of the
endothelial monolayer, and 3) change the cytokine release profile of monocyte-endothelial co-

culture.

To study the sole effect of CPB shear, an in vitro CPB model was developed, which
consists of PVC tubing, a peristaltic roller pump and a temperature-controllable water bath. THP-
1 cells, a neonatal human monocyte-like cell line, were sheared in the in vitro CPB circuit and
collected for downstream analysis. Previous studies have demonstrated that CPB shear
specifically upregulates the expression and secretion of IL-8 and TNF-a in THP-1 cells using this
in vitro CPB setup (65). The inflammatory response after CPB, however, involves the interaction
between monocytes and vascular endothelial cells. With the driver of the monocyte-endothelium
crosstalk remaining unclear, | propose this study to elucidate the role of specific cytokines in
mediating the monocyte-endothelium interaction after monocyte exposure to CPB shear. In this
aim, a monocyte adhesion assay and transmigration assay were developed to assess the
interaction between monocytes and endothelium. The barrier function of the endothelium treated
with sheared monocytes was characterized by examining the VE-cadherin and intercellular gap
formation. Lastly, the monocyte and endothelial cell co-culture media was collected and the

levels of IL-1p, IL-6, IL-8 and TNF-o were measured using ELISA.

Specific Aim 2. Determine the CPB-induced mechanism of inflammatory response.
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Hypothesis: The inflammatory response of monocytes and endothelial cells induced by CPB

sheared monocytes is mediated by the IL-8 signaling pathway.

In Aim 1, | demonstrated that IL-8 was significantly upregulated in the co-culture media
in the sheared monocyte-treated group, along with increasing monocyte adhesion and
transmigration, disruption of endothelial adherens junction, and reorganization of endothelial
cytoskeleton. These results suggest that IL-8 was pivotal in mediating the crosstalk between
monocytes and the endothelial cells. IL-8 is well-known to regulate neutrophil functions by
promoting chemotaxis, causing release of lysosomal enzymes, increasing intracellular calcium,
and priming of the oxidative burst (96-100). Much less is known on the functions of I1L-8 in
monocytes and endothelium interaction. Based on my findings in Aim 1, | speculate that CPB
sheared-monocyte treatment specifically upregulates the production of IL-8 in one or both of the
co-culture cell types, and this may affect the endothelial cells through either paracrine or
autocrine processes. In this aim, | investigated the mechanism of inflammatory response induced

by CPB shear through blocking, promoting, and silencing the IL-8 signaling pathway.

Specific Aim 3: Investigating the effect of anti-inflammatory drugs on the soluble factor

composition of media conditioned by sheared monocytes.

Hypothesis: CPB shear upregulates the release of inflammatory cytokines by the monocytes, and

the cytokine composition of sheared monocytes can be modified by dexamethasone and FK506

Soluble factors released by sheared blood cells during CPB play important roles in
mediating the inflammatory response. In this aim, the shear conditioned media, which contains
the soluble factors derived from CPB shear, was studied. | first determined the cytokine release

profile of monocytes affected by CPB shear. ELISA and Luminex multiplex assay were used to
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measure the levels of soluble factors including cytokines, chemokines and growth factors in the
sheared conditioned media. In addition, corticosteroid has shown high potency attenuating
inflammatory response but not that induced by CPB. The failure of corticosteroid may be due to
its ineffectiveness in modifying the cytokine released by sheared monocytes. Therefore, | probed
the soluble factors release profile of sheared monocytes in response to a commonly used
corticosteroid, dexamethasone using ELISA and Luminex multiplex assay. FK506, a calcineurin
inhibitor with known effect in reducing shear-stress-induced inflammatory cytokines in

monocytes, was used as a positive control.

Specific Aim 4. Investigating the effect of shear conditioned media on endothelial cells

Hypothesis: The inflammatory response of endothelial cells can 1) be induced by conditioned
media derived from sheared monocytes, and 2) be attenuated by conditioned media derived from

monocytes sheared with dexamethasone or FK506.

The endothelial dysfunction in CPB can be triggered by the exposure to the inflammatory
cytokines released by shear activated blood cells. In this aim, the response of endothelial cells to
CPB-induced soluble factors were characterized. Endothelial cells were treated with conditioned
media from sheared monocytes, monocytes sheared with dexamethasone, and monocytes sheared
with FK506. The response of endothelial cells was investigated using immunofluorescent
staining, rhodamine phalloidin staining, live and dead assays, gPCR, and monocyte adhesion

assay.
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Chapter 3. CHARACTERIZING THE INTERACTION BETWEEN
SHEARED MONOCYTES AND VASCULAR ENDOTHELIAL CELLS

USING THE IN VITRO CPB MODEL

3.1 ABSTRACT

The use of CPB is associated with sterile systemic inflammation that leads to morbidity
and mortality. Pediatric patients with CHD are particularly vulnerable to CPB exposure due to
unoptimized settings. Previous work has demonstrated that the shear stresses existing during
CPB are sufficient to stimulate non-adherent monocytes, which can initiate the inflammatory
cascade. The interactions between shear-stimulated monocytes and vascular endothelial cells,
however, have not been investigated. In this chapter, | tested the hypothesis that
supraphysiological shear stress experienced by monocytes during CPB affects the integrity and
function of the endothelial monolayer. | used an in vitro CPB model to study the interaction
between THP-1 monocyte-like cells and HNDMVECs. THP-1 cells were sheared in PVC tubing
at 2.1 Pa, twice of physiological shear stress, for 2 hours. Adhesion assay, transmigration assay,
immunofluorescent staining and ELISA were used to assess the interactions between THP-1 cells
and HNDMVEC:s during co-culture. I found that sheared THP-1 cells adhered to and
transmigrated through the HNDMVEC monolayer more readily than static THP-1 controls.
Treatment of Sheared THP-1 cells lead to disruption of the VE-cadherin and reorganization of

cytoskeletal F-actin in HNDMVECs. In the sheared THP-1 and HNDMVEC co-culture medium,
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IL-8 level was upregulated compared to static THP-1 and HNDMVEC medium. These results
showed that the in vitro model recapitulated the monocyte and endothelial cell interaction during

CPB and may reveal novel mechanisms of CPB-related complications.

3.2 INTRODUCTION

CPB is used in the surgical repair of CHDs to maintain the blood circulation in an
extracorporeal circuit in which blood is propelled by mechanical pumps and flows in plastic
tubing. This technique renders the heart bloodless to facilitate open-heart surgery, while
minimizing the ischemic damage to the organs. However, CPB patients experience significant
postoperative inflammation, especially within the pediatric population, with a complication rate
of 29.2% [1]. These complications can lead to systemic inflammation and multiorgan
dysfunction, which translates to longer intensive care unit stay and a mortality rate of 10.7% in
the pediatric patients. The survivors of cardiac surgeries involving CPB also suffer from long-
term complications such as the decreased cardiac systolic and diastolic function (101,102). This
can eventually develop into Low Cardiac Output Syndrome in 46% of the neonates, which is
associated with a dramatic decrease of quality of life (103). Long CPB duration can also induce
cardiac fibrosis, which can negatively impact the cardiac function in the long term (104, 105).
Additionally, CPB is correlated to impaired cognitive development in pediatric patients.
Specifically, 30% of patients suffered weakened motor skills and executive function (106).
Abnormal alterations of brain structure were observed in young patients after CPB (107). Given
that CPB can cause a high incidence of severe complications, the understanding of the
pathogenic mechanism of CPB is however very limited. Efforts have been made to suppress the
inflammatory response through corticosteroid administration, coating the CPB tubing, and

filtrating the blood postoperatively, no significant improvement has been reported (77-79). At
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present, finding a CPB-specific pathway that leads to the inflammatory response in pediatric

patients is the key to reducing the complication and motility rate.

Different mechanisms to regulate the inflammatory response in CPB have been proposed
in previous studies. For example, neonatal patients with longer intensive care unit stay and
inotropic support are found to have elevated levels of inflammatory cytokines in serum, such as
TNF-a, IL-8, and IL-6 (80-89). Shedding of endothelial glycocalyx into the patients’ plasma in
response to increased damage associated molecular patterns (DAMPS) released by necroptotic
leukocytes is indicative of the damage in the endothelium (90). Other studies found increasing
circulating soluble factors such as P-selectin, E-selectin, von Willebrand factor, and angiopoietin-
2 in the plasma of CPB patients contributed to the endothelium hyperpermeability, which
facilitated the infiltration of leukocytes (91-95). However, since these studies were obtained with
clinical samples from patients undergoing cardiac surgery, the results are likely to be caused by
multiple factors induced by the surgical procedure, including surgical trauma, temperature
management, and cardioplegia infusion. It remains challenging to find targeted pathways that

prevent the inflammatory response specific to CPB.

In a recent study, CPB-induced shear stress has been identified as a major cause of
inflammatory response of leukocytes. The study designed an in vitro CPB model to distinguish
the non-CPB factors such as surgical trauma, blood transfusion, drug administration, and the
specific condition of the patient from CPB-specific inflammatory changes (65). Using this model,
the study demonstrated that CPB shear stress specifically upregulated the expression of IL-8 and
TNF-o in monocytes, as well as giving rise to a subpopulation of monocytes undergoing TNF-a-
mediated necroptosis (65). The inflammatory response of CPB also involves the interaction

between leukocytes and endothelial cells with the endothelium adjusting the vascular barrier
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function to allow adhesion and infiltration of the leukocytes. While the membrane integrity and
permeability can be affected through different molecular and cellular mechanisms, finding the
CPB-specific mechanism can help advance the understanding of leukocyte and endothelial cell
interplay and strategize targetable therapies to counteract the inflammatory response of CPB.
Hereby, | expanded this in vitro CPB model with cell adhesion assays, transmigration assays,
immunofluorescent staining to characterize the interaction between leukocyte activated by CPB

shear and endothelial cells.

3.3 MATERIALS AND METHODS

3.3.1 Cell Lines and Culture Methods

HNDMVECs (Cat # CC-2516) were purchased from Lonza (Walkersville, MD) and
cultured in endothelial cell growth medium MV2 (PromoCell, Heidelberg, Germany, Cat # C-
22121) with 100U/mL penicillin-streptomycin (Gibco, Waltham, MA, Cat # 15140122). The
medium was changed every other day, and the cells were harvested by trypsinization. A
HEK293T cell line was purchased from American Type Culture Collection (ATCC) (Manassas,
VA, Cat # CRL-3216) and cultured in Dulbecco's Modified Eagle Medium (DMEM) (Gibco,
Waltham, MA, Cat # 11995065) with 10% fetal bovine serum (FBS) (Atlanta Biologicals,
Flowery Branch, GA, Cat # S11150) and 100U/mL penicillin-streptomycin. The medium was
changed every other day, and the cells were harvested by trypsinization. The human acute
leukemia monocytic cell line THP-1 (Cat # TIB-202) was purchased from ATCC and cultured in
Roswell Park Memorial Institute (RPMI) 1640 medium (ATCC Modification) (Gibco, Waltham,
MA, Cat # A1049101) with 10% FBS. The medium was changed every other day. Human

peripheral blood mononuclear cells (hPBMCs) were purchased from Lonza (Walkersville, MD,
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Cat # CC-2702) and maintained in RPMI 1640 medium (Gibco, Waltham, MA, Cat # 11875093)

with 10% FBS.

3.3.2 GFP Positive THP-1 Cell Production

A THP-1 cell line that expresses GFP (G-THP-1) was produced by lentiviral transduction.
Vectors carrying the plasmids of pSL3 (vesicular stomatitis virus G envelope), pSL4 (HIV-1
gag/pol packing genes), pSL5 (rev gene required for HIV-1 envelope protein expression) were a
gift from Dr. Murry (University of Washington, Seattle, WA). The plasmid vector pPCDH-EF1-
MCS-T2A-copGFP was purchased from System Biosciences (Palo Alto, CA, Cat # CD526A-1).
The lentiviral vector was packaged in HEK293T cells as previously described. Briefly, 3x10° of
HEK293T cells were plated in 10-cm dishes in DMEM with 10% FBS and 100U/mL penicillin-
streptomycin until reaching 60% confluency. Prior to transfection, the culture media was
changed. A total of 20pug plasmid DNA including 7.5ug of pPCDH-EF1-MCS-T2A-copGFP,
2.5ug of pSL3, 6.7ug of pSL4, and 3.3ug of pSLS5, and 24uL of lipofectamine 2000
((Thermofisher, Waltham, MA, Cat # 11668019)) dissolved in 1600uL Opti-MEM | Reduced
Serum Medium (Thermofisher, Waltham, MA, Cat # 31985062) were used for the transfection of
one dish. The media was replaced after incubating for 6 hours at 37°C with 5% CO.. The viral
supernatant was collected at 48 hours from the media and filtered by a 0.45-pm filter. The viral
supernatant was applied to the THP-1 cells at a multiplicity of infection (MOI) of 6 while being
centrifuged at 800xg for 30 minutes. The transduced THP-1 cells (G-THP-1) were maintained in
RPMI 1640 medium to proliferate and sorted for GFP expression using a BD Aria 111 cell sorter
at the UW Laboratory Medicine and Pathology Flow Cytometry Core. A transduction efficiency

of 92% was obtained (Figure 3.1).
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3.3.3 Monocyte Adhesion Assay

HNDMVECs were seeded on 24-well plates at 5000 cells/cm? and cultured 7 days to
form a confluent monolayer. Monocytes or hPBMCs were sheared as previously described.
Briefly, G-THP-1 cells or hPBMCs at a density of 2 million cells/mL were sheared in a 10 foot-
long Masterflex Tygon E-3603 L/S13 pump tubing (Cole-Parmer, Vernon Hills, IL, Cat # MMK-
06509-13), using a Masterflex miniflex pump model 115/230 VAC 07525-20 (Cole-Parmer,
Vernon Hills, IL, Cat # MK-07525-20) at 10 mL/min for 2 hours. The long side tubing was
submerged in a water bath with temperature control at 37°C (CPB circuit arrangement shown in
Figure 3.2). At the end of shear, the G-THP-1 cells or hPBMCs were collected, spun down and
resuspended in fresh media. As a control, G-THP-1 cells or hPBMCs were incubated in a PVC
flask at a density of 2 million cells/mL, 37°C with 5% CO: for 2 hours. G-THP-1 cells or
hPBMCs, sheared or statically incubated, were then added to a monolayer of HNDMVECs
(1x108 cells per well), followed by incubation for 1 hour. The co-cultures were gently rinsed
twice with sterile phosphate-buffered saline (PBS) to remove nonadherent G-THP-1 cells or
hPBMCs (Schematic of experiment shown in Figure 3.3) The adhered G-THP-1 were visualized
using a Nikon Eclipse TE200 microscope (Tokyo, Japan) and a Photometric CoolSNAP MYO
camera (Tucson, AZ) with a GFP filter. The adhered hPBMCs were visualized with the same
microscope and camera with brightfield imaging. The experiments were run in triplicates. The
number of adherent G-THP-1 cells or hPBMCs were counted in five randomly selected visible

fields and quantified using ImageJ (108).

3.3.4 Monocyte Transmigration Assay

HNDMVECs were seeded in the upper chamber of a transwell tissue culture insert

(6.5 mm diameter, 8 um pore size polycarbonate membrane; Corning, NY, Cat # 3422) at 5000
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cells/cm? and cultured 7 days to form a confluent monolayer. Sheared or statically incubated G-
THP-1 cells were then added to the upper chamber (2x10° cells/well) with the lower chamber
filled with RPMI 1640 media. After 24 hours of incubation, the upper chamber was removed and
the THP-1 cells in the lower chamber were visualized using a Nikon Eclipse TE200 microscope
and a Photometric CoolSNAP MYO camera and quantified with ImageJ (108). The migrated G-
THP-1 cells in the lower chamber were quantified to determine the capability of tranendothelial

migration (Schematic of experiment shown in Figure 3.4). The experiment was run in triplicates.

3.3.5 Immunofluorescent Staining

HNDMVECs were seeded on 8-chamber slides (354118, Corning, NY) at 5000 cells/cm?
and cultured 7 days to form a confluent monolayer. The sheared or statically incubated G-THP-1
cells were then added to a monolayer of HNDMVECs (1x108 cells per well), followed by
incubation for 6 hours at 37°C with 5% CO.. The cell co-cultures were washed twice with sterile
PBS, fixed with formalin. To stain the co-culture, the fixed cells were permeabilized with 0.1%
Triton-X-100 for 10 minutes, blocked with 1% BSA and human BD Fc block (BD Bioscience,
Franklin Lakes, NJ, Cat # 564219) for 1 hour, followed by incubation with 1:200 vascular
endothelial cadherin (VE-cadherin) monoclonal antibody (16B1), Biotin (Thermofisher,
Waltham, MA, Cat # 13-1449-82) for 1 hour, 1:500 streptavidin, Alexa Fluor 594 Conjugate
(Thermofisher, Waltham, MA, Cat # S11227) for 45 minutes. Nuclei were stained with DAPI.
The slides were then washed, mounted, and imaged using a Leica DMI16000 microscope with
Leica SP8X confocal. VE-cadherin staining was quantified by fluorescent intensity using ImageJ

(108).
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3.3.6 Rhodamine-Phalloidin Labeling

HNDMVECs were seeded on 8-chamber slides at 5000 cells/cm? and cultured 7 days to
form a confluent monolayer. The sheared or statically incubated G-THP-1 cells were then added
to a monolayer of HNDMVECs (1x10° cells per well), respectively, followed by incubation for 6
hours at 37°C with 5% CO.. The cell co-cultures were washed twice with sterile PBS, fixed with
formalin, permeabilized with 0.1% Triton-X-100, and blocked with 1% BSA. The cells were
then incubated with Rhodamine Phalloidin (ThermoFisher, Waltham, MA, Cat # R415) for 20
minutes at room temperature, stained with DAPI, washed, mounted, and imaged using a Leica
DMI6000 microscope with Leica SP8X confocal. Intercellular gap area was quantified using

ImageJ on the slides stained by the Rhodamine Phalloidin (108).

3.3.7 Enzyme-linked Immunosorbent Assays (ELISA)

The media supernatants of the HNDMVECs and THP-1 cells were collected at 0.5, 1, 3,
and 6 hours of the co-culture. The levels of IL-1p, IL-6, IL-8 and TNF-o were measured using
ELISA kits from Invitrogen (Catalog# BMS224-2, 88-7066-88, 88-8086-88, BMS223-4). Plates
were read at 450 nm, normalized to standard solutions. Experiments were run in both biological

and technical triplicates.

3.3.8 Statistical Analysis

All experiments were run in triplicates. All quantitative data were expressed as mean +
standard deviation within groups. Pairwise comparisons between groups were conducted using
ANOVA test and Tukey’s post-hoc test. Statistical significance is denoted by ‘*’. P values less
than 0.05 are indicated by single star symbol and P values less than 0.01 are indicated by double
star symbol.
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3.4 RESULTS

3.4.1 CPB shear promotes mononuclear cell adhesion to and transmigration through endothelial

monolayer.

The inflammatory response in CPB includes monocyte. Upon and after exposure to the
CPB circuit, activated monocytes adhere to the vascular wall and migrate through the
intercellular tight junctions, damaging different organs (76). To characterize this interaction
between the CPB-activated monocytes and endothelial cells, a cell adhesion assay was developed.
THP-1 cells were sheared in an in vitro CPB circuit (65), co-cultured with confluent
HNDMVECs for 1 hour, and attached THP-1 cells were quantified. As shown in Figure 3.5A
(More images shown in Figure 3.6), THP-1 cells activated by CPB shear are two-fold more
likely to adhere to the HNDMVEC monolayers compared to static THP-1 cells. A similar trend
was observed in PBMCs, where significantly more sheared mononuclear cells were quantified
adhering to the endothelial cells compared to the static mononuclear cells (Figure 3.7A).
Moreover, we found more sheared THP-1 cells transmigrated through the HNDMVEC
monolayer grown on the transwell membrane and reached the bottom of the transwells compared
to the static THP-1 cells (Figure 3.5D, more images shown in Figure 3.6). These results indicate
that mononuclear cells are more adherent after exposure to CPB shear and more likely to

transmigrate through a monolayer of endothelial cells.

3.4.2 Treating confluent HNDMVECs with sheared THP-1 cells resulted in disrupted

intercellular junction and increasing gap formation.

The increasing transmigration of the sheared mononuclear cells indicates that the barrier

function of the endothelial cells is compromised to allow for mononuclear cell infiltration. |
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examined the intercellular adherens junction and cytoskeleton by staining the VE cadherin and F-
actin filaments using immunofluorescent staining and rhodamine phalloidin staining, respectively.
When HNDMVECSs were co-cultured with sheared THP-1 cells, a loss of VE-cadherin junction
signal was observed (Figure 3.8A). When HNDMVECs were co-cultured with static THP-1 cells,
robust VE-cadherin junction was maintained (Figure 3.8B). These results suggested that THP-1
cells activated by the CPB shear are capable of disrupting the intercellular junction of the

HNDMVECs.

Similarly, in the co-culture of sheared THP-1 cells and HNDMVECs, clustering of THP-
1 cells was observed at the intercellular area of endothelial cells (Figure 3.10A). Quantification
of intercellular gap formation showed an increasing gap area and a compromised cytoskeleton of
the endothelial cells. In the co-culture of static THP-1 cells and HNDMVECs, fewer to no gap
areas and adherent THP-1 cells were observed (Figure 3.10B). These results suggested that

HNDMVECs reorganize the cytoskeleton for the infiltration of CPB-activated THP-1 cells.

3.4.3 Co-culture of sheared THP-1 cells and HNDMVECs results in increased IL-8 levels in the

media

To analyze the inflammatory cytokine composition during the co-culture of THP-1 cells
and HNDMVECs, we collected the co-culture media at 0.5, 1, 3, and 6 hours. The levels of IL-
1B, IL-6, IL-8 and TNF-a in the co-culture media were measured using ELISA since these four
cytokines point to unfavorable clinical outcomes in CPB patients. At every time point, the level
of IL-8 in the sheared group was significantly higher than that in the static group (Figure 3.12A).
The IL-8 concentration in the sheared group continued to increase over the period of 6 hours

while the IL-8 concentration in the static group plateaued after 3 hours (Figure 3.12A). IL-6
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levels in the sheared group increased at 3 and 6 hours but the concentration was extremely low
(Figure 3.12B). We did not detect significant release of IL-1p and TNF-a in co-culture (Figure
3.13C, TNF-a data not shown). These results suggest that treating the HNDMVECs with sheared

THP-1 cells specifically upregulated the I1L-8 levels in the co-culture media.

3.5 DISCUSSION

This study is the first to show that monocytes activated by shear stress in a CPB-like
condition adhere to and migrate through a confluent and unstimulated endothelial monolayer. |
used an in vitro CPB model to investigate the interaction between shear-activated monocytes and
HNDMVECs. My results showed that an average CPB shear stress of 2.1 Pa or 21 dyne/cm?
promoted the adhesion and transmigration of monocytes to and through the endothelial
monolayer. This occurred along with the disruption of VE-cadherin and the reorganization of
cytoskeleton in the HNDMVECSs. When probing cytokine composition, we found that IL-8 was
significantly upregulated in the co-culture media, suggesting a key role of IL-8 in mediating the

monocyte-endothelial interaction.

In this in vitro CPB model, the adhesion and transmigration of leukocytes through
endothelial monolayer is recapitulated and characterized. The process of leukocyte rolling and
binding to endothelial cells and transmigration through the endothelial monolayer is a
fundamental cascade of inflammatory response to blood trauma. Previous study demonstrated
that when using this in vitro CPB to recapitulate a prolonged CPB procedure, increasing
expression of IL-8 and TNF-a were detected in monocytes sheared in the CPB circuit for 2 hours
(65). With this expanded in vitro CPB model, we further found that sheared monocytes are more

likely to adhere and transmigrate without additional stimulation. These results suggest that CPB

30



shear stress is sufficient to induce monocyte adhesion and transmigration. Importantly, in this
study, monocyte adhesion and transmigration were independent of the material that the
monocytes were cultured in since control cells incubated statically in P\VC containers showed
similar adhesion characteristic to cells statically cultured on tissue culture plastic (data not
shown). Moreover, monocyte adhesion to endothelial cells have been reported, but with
endothelial stimuli, commonly TNF-a (109,110). For example, Baratchi et al described activation
of monocytes through calcium influx dependent pathway in response to elevated shear stress,
which promoted their adhesion to TNF-a stimulated human umbilical endothelial cells
(HUVEC:S) (110). My ELISA data showed no significant TNF-a release after the sheared
monocytes were resuspended in fresh media, which suggests that TNF-a is not playing a role in
the monocyte-endothelial interaction described in this study. A potential explanation is that shear
stimulus leads to transient upregulation of TNF-a expression. When the shear conditioned media
was removed along with the shear stress, the monocytes stopped producing TNF-a. These results

indicate that different mechanisms regulate the monocyte-endothelial interaction in our model.

THP-1 cell line was used in this study as the monocyte model. THP-1 cell line has been
commonly used to study the response of monocytes to mechanical stimuli due to its robust
mechanosensing ability (111,112). For example, Fahy et al. studied the effect of shear and
dynamic compression on THP-1 cells encapsulated in agarose gel (113). The difference between
the immortalized THP-1 cell line and primary monocytes still exists. One notable difference is
that the THP-1 cells lack CD14, which is a glycosylphosphatidylinositol-anchored monocyte
differentiation antigen localized on cell surface. In primary monocytes, CD14 is highly expressed,
which resulted in their superior ability to secrete pro-inflammatory cytokines such as IL-8 in

response to LPS (114). In order to address this difference, | tested the in vitro model using
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PBMCs, which consists of 10-20% of primary monocytes. We found that shearing PBMCs in the
CPB circuit also promoted their ability to adhere to the endothelial monolayer. This suggests that
the effect of CPB shear is ubiquitous across monocytes, whether from immortalized cell lines or

primary sources.

Besides monocytes, other cellular components can react to shear stress during CPB.
Increasing level of neutrophil extracellular traps (NETS) was detected in patients after CPB,
indicating the activation of sterile inflammatory response with thrombosis in neutrophils (115).
Limiting the neutrophil activity with leukocyte inhibition module resulted in lower neutrophil
count in peripheral blood as well as higher cardiac indices in vivo (116). In an in vitro system,
shear stress could override the signaling of soluble factors and modulate the activation of
neutrophils (117). CPB is also correlated to decreases of T cells and lymphocytes in patients
(118,119). However, monocytes are reported to contribute the most to the CPB-induced
inflammatory response at transcriptional level compared to other cell populations in the blood
(65). Therefore, the CPB model in this study is representative of the primary driver in CPB-

related inflammatory response.

In conclusion, 1 used the in vitro CPB model to recapitulate inflammatory response of
monocytes and endothelial cells. The ability of sheared monocytes to adhere to and transmigrate
through the endothelial monolayer is significantly increased compared to monocytes statically
cultured in a PVC container. The infiltration of the sheared monocytes is likely caused by the
disruption of adherens junction in the endothelial cells and the increase in intercellular gap as
indicated by the VE-cadherin immunofluorescent staining and F-actin cytoskeleton staining. The
monocyte-endothelial interaction is also accompanied by a change in the cytokine profile with

the IL-8 being upregulated in the sheared monocyte-treated group at all time points. In the next
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chapter, the correlation between IL-8 and monocyte-endothelial interaction will be further

addressed.
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Figure 3.1. GFP population of THP-1 cells measured by flow cytometry in A) regular THP-1
cells, B) transduced THP-1 cells, and C) sorted THP-1 cells. Images of D) regular THP-1 cells, E)
transduced THP-1 cells, and F) sorted THP-1 cells. Channels of bright field and GFP were

merged. E) Quantified GFP population in the THP-1 cells.
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Figure 3.2. Arrangement of in vitro CPB circuit. The circuit consists of PVC tubing, cell inlets, a
peristaltic pump, and a programmable heater. Cells are loaded in the inlet, propelled by the

peristaltic pump. The heater is used to maintain the temperature of the cell suspension.
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Figure 3.5. Figure 1. A) Quantitative analysis of adhered G-THP-1 cells on the endothelial cell
monolayer. B) Adhesion of G-THP-1 cells incubated statically in a PVC flask. C) Adhesion of G-
THP-1 cells sheared in a CPB circuit. D) Quantitative analysis of transmigrated THP-1 cells
through endothelial cell monolayer. E) Transmigrated G-THP-1 cells incubated statically in a
PVC flask. F) Transmigration of G-THP-1 cells sheared in a CPB circuit. Scale bar = 100 um.
Additional images see Figure 3.6. Statistical significance is denoted by “*’. P values less than
0.05 are indicated by one star symbol and P values less than 0.01 are indicated by double star

symbol.
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Figure 3.6. Additional images of adhered and transmigrated THP-1 cells were used for

quantitative analysis. Scale bar = 100 pum.
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Figure 3.7. A) Quantitative analysis of adhered PBMCs on the endothelial cell monolayer. B)
Adhesion of PBMCs incubated statically in a PVC flask. C) Adhesion of PBMCs sheared in a
CPB circuit. Scale bar = 100 um. Statistical significance is denoted by ‘*’. P values less than

0.05 are indicated by single symbol and P values less than 0.01 are indicated by double symbols.
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Figure 3.8. VE-cadherin of HNDMVECs co-cultured with A) sheared THP-1 cells, B) THP-1
cells statically incubated in PVC flask, and C) No THP-1 treatment, visualized by
immunofluorescent staining. Additional images see Figure 3.9. Red = VE-Cadherin, Green =

THP-1 Cells, Blue = DAPI. Scale bar = 100 um. D) Quantification of VE cadherin staining.
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Statistical significance is denoted by “*’. P values less than 0.05 are indicated by one star symbol

and P values less than 0.01 are indicated by double star symbol.
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Figure 3.9. Additional images of VE-cadherin staining. Scale bar = 100 um.
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Figure 3.10. F-actin of HNDMVECs co-cultured with A) sheared THP-1 cells, B) THP-1 cells
statically incubated in PVC flask, and C) No THP-1 treatment, stained by rhodamine phalloidin.
Additional images see Figure 3.11. Red = F-actin, Green = THP-1 Cells, Blue = DAPI. Scale bar

= 100 um. D) Quantification of intercellular gap areas of endothelial cells. Statistical
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significance is denoted by ‘*’. P values less than 0.05 are indicated by one star symbol and P

values less than 0.01 are indicated by double star symbol.
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Figure 3.11. Additional images of F-actin staining. Scale bar = 100 pm.

46



A IL-8

**k
[ static (|

I sheared

600

* %k

i
400+ %k

* —
1
200 I I
0 I;ll |‘ll I 1
0.5 1 3 6

Coculture Time (hours)

Concentration (pg/mL)

B IL-6
*kk
- 307 (|
£
8.1 **k
= 20+
p i
el
©
= 10
c
@
- oA A ]
o
Q 0 T I;I;lll T T
0.5 1 3 6
Coculture Time (hours)
c IL-1B
—~ 20~
<
£
o 159
L5
c
o 104
2
®
e
T 5
o
= 1
=] 0- T T
&) 0.5 1 3 6

Coculture Time (hours)

Figure 3.12. Cytokine levels of A) IL-8, B) IL-6, and C) IL-1p in the co-culture media of

sheared or static THP-1 cells and HNDMVECs measured at 0.5, 1, 3, and 6 hours. Statistical
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significance is denoted by ‘*’. P values less than 0.05 are indicated by one star symbol and P

values less than 0.01 are indicated by double star symbol.
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Chapter 4. INVESTIGATING THE ROLE OF IL-8 IN MEDIATING THE
INTERACTION BETWEEN SHEARED MONOCYTES AND

ENDOTHELIAL CELLS

4.1 ABSTRACT

Previous study has shown that the monocyte-endothelial interaction is accompanied with
increased IL-8 level in the co-culture media. In this chapter, the role of IL-8 in mediating the
monocyte-endothelial interaction will be tested through loss of function study, with I1L-8 receptor
on endothelial cells blocked by reparixin, and gain of function study, with addition of IL-8
amplifying the signaling pathway. These studies showed that the adhesion of sheared THP-1
cells positively related to the IL-8 signaling. Silencing the I1L-8 expression in the endothelial
cells resulted in the reduction of monocyte adhesion, suggesting that endothelial-derived IL-8
contributes to the adhesion. Endothelial cells treated with IL-8 showed upregulated adhesion

molecules, which may explain the mechanism of monocyte adhesion.

4.2 INTRODUCTION

In Chapter 3, | showed that CPB shear enhanced monocyte adhesion to and
transmigration through endothelial monolayer. These events occurred concomitant with the
disruption of VE-cadherin and increasing intercellular gap in the endothelial cells. Interestingly,
these intercellular events were also accompanied by the increase of IL-8 levels in the monocyte-
endothelial cell co-culture. In this chapter, | tested the hypothesis that the adhesion of sheared

monocytes to endothelial cells was mediated by the IL-8 signaling pathway.
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IL-8 is a chemoattractant produced by monocytes, macrophages, and endothelial cells. Its
primary function is to regulate the recruitment of neutrophils, basophils, and T-cells during an
inflammatory response (120). The receptors for IL-8 are the G protein-coupled serpentine
receptors CXCR1 and CXCR2, which present on a wide range of cell types, including
endothelial cells, monocytes, neutrophils, fibroblasts, with CXCR1 having more specific affinity
to the IL-8 than CXCR2 (121). In CPB patients, high level of perioperative plasma IL-8 level is
associated with longer inotropic support, longer mechanical ventilation, and higher incidence of
acute Kidney injuries (122-126). Based on this information and my data in Chapter 3, |
hypothesize that the onset of CPB-induced inflammatory response at the cellular level is
mediated by the IL-8 signaling pathway. In this study, | tested this hypothesis using the in vitro
CPB model. By characterizing the monocyte-endothelial cell interaction with loss and gain of
function experiments, | identified IL-8/CXCR signaling pathway as a regulator of leukocyte

adhesion to the endothelial cell monolayer.

4.3 MATERIALS AND METHODS

4.3.1 Cell Lines and Culture Methods

HNDMVECs (Cat # CC-2516) were purchased from Lonza (Walkersville, MD) and
cultured in endothelial cell growth medium MV2 (PromoCell, Heidelberg, Germany, Cat # C-
22121) with 100U/mL penicillin-streptomycin (Gibco, Waltham, MA, Cat # 15140122). The
medium was changed every other day, and the cells were harvested by trypsinization. The human
acute leukemia monocytic cell line THP-1 (Cat # TIB-202) was purchased from ATCC and
cultured in RPMI 1640 medium (ATCC Modification) (Gibco, Waltham, MA, Cat # A1049101)

with 10% FBS. The medium was changed every other day. G-THP-1 cells were generated
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through lentiviral transduction as mentioned in the previous chapter and cultured in RPMI 1640
medium (ATCC Modification) (Gibco, Waltham, MA) with 10% FBS. Media was changed every

other day.

4.3.2 Loss of Function Cell Adhesion Assay with Reparixin

HNDMVECs were seeded on 24-well plates at 5000 cells/cm? and cultured 7 days to
form a confluent monolayer. Monocytes were sheared as previously described. Briefly, G-THP-1
cells at a density of 2 million cells/mL were sheared in a 10 foot-long Masterflex Tygon E-3603
L/S13 pump tubing (Cole-Parmer, Vernon Hills, IL, Cat # MK-06509-13), using a Masterflex
miniflex pump model 115/230 VAC 07525-20 (Cole-Parmer, Vernon Hills, IL, Cat # MK-07525-
20) at 10 mL/min for 2 hours. The long side tubing was submerged in a water bath with
temperature control at 37°C. At the end of shear, the G-THP-1 cells were collected, spun down
and resuspended in fresh media. As a control, G-THP-1 cells were incubated in a PVC flask at a
density of 2 million cells/mL, 37°C with 5% CO- for 2 hours. For the pretreatment group,
HNDMVECs were incubated with 5 nM of reparixin (Sigma-Aldrich, St. Louis, MO, Cat #
SML2655-5MG) for 30 minutes. The pretreatment was then removed and the HNDMVECs were
washed with sterile PBS. After that, G-THP-1 cells, sheared or statically incubated, were added
to a monolayer of HNDMVECs (1x10° cells per well), followed by incubation for 1 hour. The
co-cultures were gently rinsed twice with sterile PBS to remove nonadherent G-THP-1 cells. The
adhered G-THP-1 were visualized using a Nikon Eclipse TE200 microscope (Tokyo, Japan) and
a Photometric CoolSNAP MY O camera (Tucson, AZ) with a GFP filter. A schematic of the
experiment is shown in Figure 4.1. The experiments were run in triplicates. The number of
adherent G-THP-1 cells were counted in five randomly selected visible fields and quantified
using ImageJ (108).
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4.3.3 Gain of Function Cell Adhesion Assay with IL-8

HNDMVECs were seeded on 24-well plates at 5000 cells/cm? and cultured 7 days to
form a confluent monolayer. Monocytes were sheared as previously described. Briefly, G-THP-1
cells at a density of 2 million cells/mL were sheared in a 10 foot-long Masterflex Tygon E-3603
L/S13 pump tubing (Cole-Parmer,Vernon Hills, IL, Cat # MK-06509-13), using a Masterflex
miniflex pump model 115/230 VAC 07525-20 (Cole-Parmer, Vernon Hills, IL, Cat # MK-07525-
20) at 10 mL/min for 2 hours. The long side tubing was submerged in a water bath with
temperature control at 37°C. At the end of shear, the G-THP-1 cells were collected, spun down
and resuspended in fresh media. As a control, G-THP-1 cells were incubated in a PVC flask at a
density of 2 million cells/mL, 37°C with 5% CO- for 2 hours. For the pretreatment group,
HNDMVECs were incubated with 50 or 200 ng/mL of human recombinant IL-8 (R&D Systems,
Minneapolis, MN, Cat # 208-1L-010/CF) for 1 hour. The pretreatment was then removed and the
HNDMVECs were washed with sterile PBS. After that, G-THP-1 cells, sheared or statically
incubated, were added to a monolayer of HNDMVECs (1x108 cells per well), followed by
incubation for 1 hour. The co-cultures were gently rinsed twice with sterile PBS to remove non-
adherent G-THP-1 cells. The adhered G-THP-1 were visualized using a Nikon Eclipse TE200
microscope (Tokyo, Japan) and a Photometric CoolSNAP MYO camera (Tucson, AZ) with a
GFP filter. A schematic of the experiment is shown in Figure 4.2. The experiments were run in
triplicates. The number of adherent G-THP-1 cells were counted in five randomly selected

visible fields and quantified using ImageJ (108).

4.3.4 siRNA Transfection to Silence IL-8 Expression in HNDMVECs

HNDMVECs were seeded on 6-well plates at 5000 cells/cm? and cultured 7 days to form

a confluent monolayer. Lipofectamine RNAIMAX Transfection Reagent (Thermofisher,
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Thermofisher, Waltham, MA, Cat # 13778150) was used to prepare liposomes with the IL-8
SiRNA (Thermofisher, Waltham, MA, s7327, Cat # 4390824) or scramble RNA (Thermofisher,
Waltham, MA, Cat # 4404021) according to the manufacturer’s instructions. Both the
transfection reagent and siRNAs were diluted with fixed volumes of OptiMEM | Reduced Serum
Medium (Thermofisher, Waltham, MA, Cat # 31985062) and then mixed. HNDMVECs were
incubated with the siRNA-lipid complex for 2 days at 37°C. To demonstrate 1L-8 expression was
silenced, HNDMVECs were treated with 10 ng/mL TNF-a. (R&D Systems, Minneapolis, MN,
Cat # 210-TA) for 1 hour. Then, the IL-8 expression in the HNDMVECs were measured by
quantitative real-time PCR. Briefly, total RNA was isolated using the RNeasy Mini Kit (Qiagen,
Hilden, Germany, Cat # 74104) and RNase-Free DNAse Set (Qiagen, Hilden, Germany, Cat #
79254). A Total RNA of 150 ng was used for cDNA synthesis using the Omniscript RT Kit
(Qiagen, Hilden, Germany, Cat # 205113). Quantitative real-time PCR was performed on a
QuantStudio 6 Pro real-time PCR system (Thermofisher, Waltham, MA, Cat # A43180) and
Tagman Universal PCR Master Mix (Thermofisher, Waltham, MA, Cat # 4304437) according to
the manufacturer instructions. Both biological and technical triplicates were run. Tagman primer

of IL-8 (Hs00174103 _m1, Cat # 4331182) was purchased from Thermofisher.

4.3.5 Adhesion Assay with IL-8-silenced HNDMVECs

HNDMVECs were seeded on 24-well plates at 5000 cells/cm? and cultured 7 days to
form a confluent monolayer. Monocytes were sheared as previously described. Briefly, G-THP-1
cells at a density of 2 million cells/mL were sheared in a 10 foot-long Masterflex Tygon E-3603
L/S13 pump tubing (Cole-Parmer, Vernon Hills, IL, Cat # MK-06509-13), using a Masterflex
miniflex pump model 115/230 VAC 07525-20 (Cole-Parmer, Vernon Hills, IL, Cat # MK-07525-

20) at 10 mL/min for 2 hours. The long side tubing was submerged in a water bath with
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temperature control at 37°C. At the end of shear, the G-THP-1 cells were collected, spun down
and resuspended in fresh media. 2 days before the assay was performed, HNDMVECs were
transfected with IL-8 siRNA. Then the transfection reagent was removed and the HNDMVECs
were washed with sterile PBS before the assay was conducted. After that, sheared G-THP-1 cells
were added to a monolayer of HNDMVECs (1x10° cells per well), followed by incubation for 1
hour. The co-cultures were gently rinsed twice with sterile PBS to remove non-adherent G-THP-
1 cells. The adhered G-THP-1 were visualized using a Nikon Eclipse TE200 microscope (Tokyo,
Japan) and a Photometric CoolSNAP MY O camera (Tucson, AZ) with a GFP filter. A schematic
of the experiment is shown in Figure 4.3. The experiments were run in triplicates. The number of
adherent G-THP-1 cells were counted in five randomly selected visible fields and quantified

using ImageJ (108).

4.3.6 Effect of IL-8 on HNDMVECs

i. Transendothelial Electrical Resistance (TEER) Test

IL-8 has been shown to increase the membrane permeability and barrier function of the
endothelium. This response of the cells can be assessed by TEER. In this experiment,
HNDMVECs were seeded in the upper chamber of a transwell tissue culture insert (6.5 mm
diameter, 8 um pore size polycarbonate membrane; Corning, NY, Cat # 3422) at 5000 cells/cm?
and cultured 7 days to form a confluent monolayer. Before TEER test, HNDMVECs were
incubated with 50 or 200 ng/mL of human recombinant IL-8 (R&D Systems, Minneapolis, MN,
Cat # 208-1L-010/CF). The TEER was measured by placing a chopstick-like pair of electrodes in
the culture media, with one in the upper chamber and one in the bottom chamber. The electrode

will apply a low frequency current across the cells on the membrane of the transwell and the
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resistivity will be measured by an electrometer. During the measurement, the well plate was
placed on a heat pack to maintain the temperature, which can affect the resistivity measurement.
The measurements were taken before the I1L-8 treatment and 0.5, 1, 2, 4, and 8 hours after the

treatment.
ii. Adhesion Molecule Expression Quantified by Quantitative Real-time PCR

HNDMVECs were treated with 200 ng/mL human recombinant IL-8 (R&D Systems,
Minneapolis, MN, Cat # 208-1L-010/CF) for 1 hour, and total RNA was extracted using the
RNeasy Mini Kit (Qiagen, Hilden, Germany, Cat # 74104) and RNase-Free DNAse Set (Qiagen,
Hilden, Germany, Cat # 79254). A total RNA of 150 ng was used for producing cDNA with the
Omniscript RT Kit (Qiagen, Hilden, Germany, Cat # 205113). Quantitative real-time PCR was
performed with Tagman Universal PCR Master Mix (Thermofisher, Waltham, MA, Cat #
4304437) on a QuantStudio 6 Pro real-time PCR system (Thermofisher, Waltham, MA, Cat #
A43180) according to the manufacturer instructions. Both biological and technical triplicates
were run. Tagman primers of selectin E (Hs00174057_m1, Cat # 4331182), intercellular
adhesion molecule 1 (ICAM-1) (Hs00164932_m1, Cat # 4331182) and vascular cell adhesion

molecule 1 (VCAM-1) (Hs01003372_m1, Cat # 4331182) were purchased from Thermofisher.

4.3.7 Statistical Analysis

All experiments were run in triplicates. All quantitative data were expressed as mean +
standard deviation within groups. Pairwise comparisons between groups were conducted using
ANOVA test and Tukey’s post-hoc test. Statistical significance is denoted by ‘*’. P values less
than 0.05 are indicated by single star symbol and P values less than 0.01 are indicated by double

star symbol.
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4.4 RESULTS

4.4.1 Reparixin, a CXCR2 antagonist, inhibits the adhesion of sheared THP-1 cells while IL-8

promotes the adhesion of untreated THP-1 cells

My data in the previous chapter suggested that the adhesion of THP-1 cells on the
endothelial cell is positively correlated to the IL-8 levels in the co-culture. To investigate the role
of IL-8 in mediating the interaction between THP-1 cells and the endothelial cells, | pretreated
the HNDMVECs with Reparixin to inhibit the activation of IL-8 receptors on the endothelial
cells, and then co-cultured with sheared THP-1 cells (CXCR2 staining of HNDMVECs see
Figure 4.4). Reparixin treatment reduced adhesion of sheared THP-1, and the count of adhered
monocytes is comparable to static control (Figure 4.5C). In the vehicle group where DMSO was
used, the adhesion of the sheared THP-1 cells was not affected. When | promoted the IL-8
signaling by pre-treating HNDMVECs with 50 and 200 ng/mL IL-8, the adhesion of untreated
THP-1 cells was increased in a dose-dependent manner with 200 ng/mL treatment group having
twice as many of adhered THP-1 cells than the 50 ng/mL treatment group (Figure 4.7C, D).
These results suggested that blocking IL-8 signaling through the CXCRs prevented the adhesion
of shear-activated THP-1 cells, while amplifying the IL-8 signaling promoted the adhesion of

naive THP-1 cells.

4.4.2 Silencing 1L-8 expression in endothelial cells reduced the adhesion of sheared monocytes.

IL-8 can be released by both monocytes and endothelial cells. Identifying the source of
IL-8 in the co-culture can help determine the cell type to target when formulating a treatment. To
do that, I silenced the IL-8 expression in the HNDMVECs using sSiRNA. HNDMVECSs were

incubated with the lipid-siRNA complex for 2 days and then stimulated with 10 ng/mL TNF-a.
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for 1 hour. As a result, the IL-8 expression in response to TNF-a was significantly reduced in the
group treated with siRNA (Figure 4.9A). In the group treated with negative control siRNA and
without RNA treatment, the IL-8 expressions were dramatically increased (Figure 4.9A). These
results suggest that I1L-8 silencing was achieved by using siRNA. The HNDMVECSs were then
treated with sheared THP-1 cells and adhered cells were quantified after 1 hour of co-culture.
The treatment of endothelial cells with 1L-8 siRNA significantly reduced the adhesion of THP-1
cells while groups treated with negative control sSiRNA or no treatment did not change THP-1
adhesion (Figure 4.9B). These results indicate that 1L-8 secreted by endothelial cells largely

contributes to the increased adhesion of sheared THP-1 in the co-culture.

4.4.3 1L-8 treatment led to increased endothelial membrane permeability

The permeability of endothelial monolayer is measured by TEER. A drop in the TEER
reading occurred at 0.5 hour after the 1L-8 treatment, suggesting compromised membrane
integrity, although it is not statistically significant (Figure 4.11). The TEER reading stayed at a
low level throughout the 8-hour testing period (Figure 4.11). No dose-dependent TEER change

was observed.

4.4.4 1L-8 upregulated adhesion molecules on the endothelial cells

To further investigate the mechanism that drives mononuclear cell adherence to
endothelial cells, I examined the expression of adherence molecules in the endothelial cells.
gPCR was performed to measure the expression of adhesion molecules in HNDMVECs,
including E-selectin, VCAM-1, and ICAM-1. HNDMVECSs treated with TNF-a were used as a
positive control to stimulate the endothelial cells. Indeed, all three adhesion molecules were

upregulated in the positive control group (Figure 4.12). In the group treated with 1L-8, there was
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a 5-fold increase in both the expressions of ICAM-1 and VCAM-1 compared to the group
without treatment, while the expression of E-selectin remained unchanged (Figure 4.12). These
results indicate that IL-8 signaling pathway likely mediated the sheared monocyte adhesion

through upregulated ICAM-1 and VCAM-1 expression on the endothelial cells.

4.5 DISCUSSION

In this chapter, | showed that CPB-activated monocyte adhesion to endothelial cells is IL-
8 dependent. Inhibiting the activation of the IL-8 receptors, CXCR1/2 on the endothelial cells
resulted in the reduction of sheared monocyte adhesion. Treating the endothelial cells with IL-8
increased the adhesion of naive monocytes in a dose-dependent manner. The adhesion of
monocytes is likely mediated by the adhesion molecule on the endothelial cells, upregulated by
the IL-8 derived from endothelial cells in the co-culture. These results suggest that IL-8 may
promote the adhesion of the monocytes by upregulating a subset of adhesion molecules on the

endothelial cells.

The monocyte-endothelial cell interaction was regulated by IL-8 in the in vitro CPB
model. Accordingly, previous study showed that both IL-8 expression and release in the
monocytes is directly upregulated by CPB-induced shear stress (65). In this study, | found
elevated IL-8 levels in the co-culture media of THP-1 cells activated by CPB shear and
microvascular endothelial cells. Altogether, these results revealed that IL-8 is a main cytokine
mediating the interaction between monocytes and endothelial cells in the CPB setting. To
identify the cellular contribution of the IL-8 in the co-culture system, siRNA silencing was used.
| showed that adhesion of sheared monocytes is reduced by silencing the IL-8 expression in

endothelial cells, indicating that the IL-8 in the co-culture is released from endothelial cells.
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Based on these results, a proposed mechanism of monocyte adhesion is that THP-1 cells
activated by the CPB shear stimulate the I1L-8 release from endothelial cells and leads to the
activation of adhesion molecules on the endothelial cells, which mediate the adhesion of the
THP-1 cells (Figure 4.13). The autocrine signaling of IL-8 in endothelial cells is important in
promoting capillary tube formation and neovascularization without external IL-8 stimulation
(127-133). However, current study design does not rule out the contribution of I1L-8 from
monocytes knowing that monocytes produce IL-8 with different types of stimulation. sSiRNA
transfection has been tested to silence the IL-8 expression in the THP-1 cells, but I did not
manage to generate viable THP-1 cells with silenced IL-8 expression. Therefore, the last puzzle
to this proposed mechanism is to investigate the contribution of monocyte-derived IL-8 in the co-
culture system. It is possible that THP-1 cells continue to produce IL-8 when they are removed

from the CPB environment, promoting the IL-8 signaling, and encouraging their own adhesion.

IL-8 is known to regulate neutrophil activities including chemotaxis, lysosomal enzyme
release, intracellular calcium, and oxidative burst (96-100). Much less is known about its
function in monocyte regulation. It has been shown that IL-8 stimulates monocyte adhesion to
endothelial cells expressing E-selectin under flow condition (134). IL-8 stimulation in monocytes
also leads to production of IL-6 and IL-1p, as well as shifting the polarization towards a pro-
inflammatory phenotype (135,136). Interestingly, IL-6 and IL-1 were not detected in the co-
culture media in the previous chapter. In addition, endothelial cells express the two 1L-8
receptors, including CXCR1 and CXCR2. The activation of these receptors triggers downstream
events such as cell proliferation, survival, tube morphogenesis, and MMP production (137). The
IL-8-induced cytoskeletal reorganization is mediated by Rho and Rac signaling pathway, which

is also correlated to the clustering of adhesion molecules on the endothelial cells (138,139). In
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this study, | further demonstrated that the adhesion molecules of endothelial cells were
upregulated with IL-8 treatment. Plus, IL-8 treatment increases the permeability of the
endothelium, which facilitates the transmigration of monocytes. Altogether, these explain the
drop in TEER, increasing gap formation, cytoskeletal rearrangement, and dose-dependent cell

adhesion in my model.

In conclusion, the study in this chapter revealed the important role of IL-8 in regulating
the CPB-activated monocyte adhesion to the endothelial cells. This is the first study to show that
monocytes affected by shear stress can subsequently damage the endothelial integrity through
adhesion and transmigration in a IL-8 dependent manner. This correlates to clinical data, where
elevated IL-8 level is associated with high incidence of acute kidney injury, brain injury, and
longer intensive care stay. Together with my study, blunting the IL-8 signaling may provide

benefits to reduce endothelial injury and organ damage in pediatric CPB.
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CXCR2 Staining on HNDMVECs

Figure 4.4. CXCR2 staining on HNDMVECs. Scale bar = 100 pm.
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Figure 4.5. A) Quantitative analysis of sheared G-THP-1 cells adhering to B) untreated
HNDMVECs, C) HNDMVECSs pretreated with 5nM reparixin for 30 minutes, and D)
HNDMVEC:s pretreated with PBS. Scale bar = 100 pm. Additional images see Figure 4.6.
Statistical significance is denoted by ‘*’. P values less than 0.05 are indicated by one star symbol

and P values less than 0.01 are indicated by double star symbol.
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Figure 4.6. Additional images of THP-1 cell adhesion on HNDMVECs treated with or without

reparixin. Scale bar = 100 pm.



I B o D

Adhered THP-1 Cells

Static 50ng/ml w/ Static  200ng/ml w/ Static

Treatment

Figure 4.7. A) Quantitative analysis of statically incubated G-THP-1 cells adhering to B)
untreated HNDMVECs, C) HNDMVECs pretreated with 50 ng/mL IL-8 for 1 hour, and D)
HNDMVECs pretreated with 200 ng/mL IL-8 for 1 hour. Additional images see Figure 4.8. Scale
bar = 100 um. Statistical significance is denoted by ‘*’. P values less than 0.05 are indicated by

one star symbol and P values less than 0.01 are indicated by double star symbol.
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Figure 4.8. Additional images of THP-1 cell adhesion on HNDMVECSs treated with or without

human recombinant IL-8. Scale bar = 100 pm.
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Figure 4.9. A) Expression of IL-8 in HNDMVECSs stimulated by TNF-a. B) Quantitative
analysis of C) statically incubated G-THP-1 cells adhering to HNDMVECs, and sheared G-THP-
1 cells adhering to D) HNDMVECSs, E) HNDMVECSs treated with I1L-8 siRNA, and (F)
HNDMVECs treated with negative control siRNA. Additional images see Figure 4.10. Scale bar
= 100 um. Statistical significance is denoted by “*’. P values less than 0.05 are indicated by one

star symbol and P values less than 0.01 are indicated by double star symbol.
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Figure 4.10. Additional images of THP-1 cell adhesion on HNDMVECs treated with siRNA and

negative control RNA.
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Chapter 5. INVESTIGATING THE EFFECT OF ANTI-INFLAMMATORY
DRUGS ON THE SOLUBLE FACTOR COMPOSITION OF MEDIA

CONDITIONED BY SHEARED MONOCYTES

5.1 ABSTRACT

Corticosteroids have limited benefit in treating CPB-related inflammation despite its
promising anti-inflammatory effects. In this chapter, the effect of corticosteroid on the soluble
factor composition of sheared THP-1 cells was studied. THP-1 cells were sheared in the in vitro
CPB circuit with or without dexamethasone and the conditioned media after shearing was
collected for ELISA and Luminex multiplex assays. ELISA results showed the dexamethasone
treatment reduced the levels of IL-8 and TNF-a in sheared monocyte media. However,
dexamethasone’s ability to reduce inflammatory cytokine levels is not as effective as the
treatment of a calcineurin inhibitor, FK506, suggesting CPB-induced inflammatory response of
monocytes is mainly calcium signaling dependent. Luminex multiplex assay revealed that FK506
can increase anti-inflammatory protein levels such as IL-1ra and reduce chemoattractant levels
such as macrophage inflammatory protein (MIP)-1b. Dexamethasone treatment led to increasing
vascular endothelial growth factor (VEGF) levels in sheared monocyte media, which may

contribute to its ability to protect patients from renal injury after CPB.

5.2 INTRODUCTION

Inflammatory response has been effectively treated with corticosteroids, but not in the
cases of pediatric CPB patients. Corticosteroids, such as dexamethasone, work by binding to the

glucocorticoid receptor in the cytoplasm to form a complex (140). This triggers a translocation of
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the complex to the nucleus of cells and further binding of the complex to the DNA orchestrated
by glucocorticoid response elements. This leads to the transcriptional activation, including
increasing expression of anti-inflammatory proteins and suppression of pro-inflammatory protein
expression (140). Dexamethasone has a strong anti-inflammatory effect on monocytes. It can
suppress the release of TNF-a, IL-8, CCL5 (RANTES), monocytes chemoattractant protein 1
(MCP-1), and iNOS while promoting the release of anti-inflammatory mediators such as
annexin-1, IL-10, and CD163 (141-149). Despite having such promising anti-inflammatory
properties, the use of corticosteroids has provided limited benefits to pediatric CPB patients.
Clinical trials have shown contradictory or inconclusive results (150-153). While these clinical
trials suffered from limited sample size, a recent randomized trial included 1263 infants who
either received methylprednisolone or placebo during CPB failed to show clinical benefits in
terms of mortality rate, heart transplantation and 13 other post-operative outcomes (154). The
failed role of corticosteroids suggests other mechanisms might contribute to the post-CPB

complications.

Monocytes are known to release a wide range of soluble factors including cytokine,
chemokine and growth factors (155). Some of these soluble factors are also reported to be
elevated by CPB such as VEGF, granulocyte-macrophage colony-stimulating factor (GM-CSF),
and MIP-1 (156-160). Establishing a soluble factor profile from CPB-activated monocytes will
help us gain more insight into the potential mechanism that drives monocyte-related
inflammation, while not being covered by the anti-inflammatory benefits of corticosteroids in
pediatric CPB patients. In this chapter, | will use ELISA and Luminex-based multiplex assay to

determine the soluble factor profile of shear-activated monocytes.
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5.3 MATERIALS AND METHODS

5.3.1 Cell Lines and Culture Methods

The human acute leukemia monocytic cell line THP-1 (Cat # T1B-202) was purchased
from ATCC and cultured in RPMI 1640 medium (ATCC Modification) (Gibco, Waltham, MA,

Cat # A1049101) with 10% FBS. The medium was changed every other day.

5.3.2 Collection of Conditioned Media

THP-1 cells at a density of 2 million cells/mL were sheared in a 10 foot-long Masterflex
Tygon E-3603 L/S13 pump tubing (Cole-Parmer, Vernon Hills, IL, Cat # MK-06509-13), using a
Masterflex miniflex pump model 115/230 VAC 07525-20 (Cole-Parmer, Vernon Hills, IL, Cat #
MK-07525-20) at 10 mL/min for 2 hours. The long side tubing was submerged in a water bath
with temperature control at 37°C. During the shear, THP-1 cells were suspended in media with
1uM or 2uM dexamethasone, or SuM FK506. At the end of the shear, the THP-1 cells were
statically incubated in the media that they are sheared in for 1 hour in a 50 mL Falcon tube. At
the end of the incubation, the media supernatant was collected and kept frozen at -20°C and used

as sheared conditioned media.

5.3.3 Quantitative Real-time PCR

Immediately after the shear or static culture, THP-1 cells were lysed, and total RNA was
extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany, Cat # 74104) and RNase-Free
DNAse Set (Qiagen, Hilden, Germany, Cat # 79254). A total RNA of 150 ng was used for
producing cDNA with the Omniscript RT Kit (Qiagen, Hilden, Germany, Cat # 205113).

Quantitative real-time PCR was performed with Tagman Universal PCR Master Mix
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(Thermofisher, Waltham, MA, Cat # 4304437) on a QuantStudio 6 Pro real-time PCR system
(Thermofisher, Waltham, MA, Cat # A43180) according to the manufacturer instructions. Both
biological and technical triplicates were run. Tagman primers of TNF-a (Mm00443258 m1, Cat

#4331182), and IL-8 (Hs00174103_m1, Cat # 4331182) were purchased from Thermofisher.

5.3.4 Luminex Multiplex Assay

Luminex immunoanalysis of a panel of cytokines was read by a MAGPIX multiplexing
system at the Genomics, Bioinformatics and Biostatistics Microphysiological System Facility
Core of the Department of Environmental and Occupational Health Science at University of
Washington, Seattle. Thirty pre-specified human inflammatory cytokines were analyzed using
the Human Cytokine Magnetic 30-Plex Panel kit, including granulocyte colony-stimulating
factor (G-CSF), GM-CSF, interferon (IFN)-a, IFN-y, IL-1p, IL-1 receptor antagonist (ra), IL-2,
IL-2R, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12 (p40/p70), IL-13, IL-15, IL-17, TNF-a, Eotaxin,
interferon gamma-induced protein 10 (IP-10), MCP-1, monokine induced by gamma interferon
(MIG), MIP-1a, MIP-1B, RANTES, epidermal growth factor (EGF), fibroblast growth factor
(FGF)-basic, hepatocyte growth factor (HGF) and VEGF. The assays were performed according

to the manufacturer’s instructions.

5.3.5 Statistical Analysis

All experiments were run in triplicates. All quantitative data were expressed as mean +
standard deviation within groups. Pairwise comparisons between groups were conducted using
ANOVA test and Tukey’s post-hoc test. Statistical significance is denoted by ‘*’. P values less
than 0.05 are indicated by one star symbol and P values less than 0.01 are indicated by double

star symbol.
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5.4 RESULTS

I.gPCR

To investigate the cytokine profile of shear-activated monocytes under the influence of
anti-inflammatory drugs, | sheared THP-1 cells with 1uM dexamethasone in the CPB circuit for
2 hours, rested them for 1 hour, extracted the RNA for gPCR, and collected the conditioned
media for ELISA. THP-1 cells sheared with 5uM FK506 were used as a positive control. Two
cytokines, IL-8 and TNF-a, were first investigated. CPB shear caused the upregulation of both
IL-8 and TNF-a mRNA expression in the monocytes. Shearing THP-1 cells with FK506 reduced
the mMRNA levels of the two cytokines. Shearing THP-1 cells with 1 uM dexamethasone led to

reduction of IL-8 mRNA but not TNF-oo mRNA.
ii. ELISA

For the ELISA of the conditioned media, THP-1 cells were treated with a range of drug
concentrations including dexamethasone at 0.5, 1, 2 uM, and FK506 at 1, 2.5, 5 uM. At all
concentrations of FK506 treatment, the TNF-o and 1L-8 levels in sheared THP-1 cell conditioned
media were reduced to a half and a quarter of those without treatment, respectively.
Dexamethasone treatment led to a twofold decrease in the IL-8 level, which is a less reduction
compared to FK506. Interestingly, dexamethasone did not affect the TNF-a level until I
increased the concentration to 2 uM. These results suggest that dexamethasone is not as effective
in reducing the expression and production of IL-8 and TNF-a by shear-activated THP-1 cells as

FK506.

iii. Luminex Multiplex Assay
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To further address the mechanism that leads to a lesser performance of corticosteroids in
treating shear-activated inflammatory response, I collected the conditioned media and ran the
Luminex multiplex assays. 30 human inflammatory cytokines were assayed, and 9 cytokines
were released by the monocytes including G-CSF, RANTES, MIP-1a, MIP-1b, HGF, VEGF, IL-
1ra, TNF-a, and IL-8 (Figure 5.3). In the group treated with FK5086, levels of G-CSF, RANTES,
and IL-1ra were elevated and levels of MIP-1b and VEGF was suppressed compared to the
dexamethasone-treated groups, suggesting a different anti-inflammatory pathway that damps the

inflammatory response of shear-activated monocytes.

5.5 DISCUSSION

In this chapter, | showed that CPB-induced cytokine expression can be modified by both
dexamethasone and FK506. Specifically, dexamethasone can reduce the IL-8 and TNF-a mRNA
in sheared monocytes, but it is not as effective as FK506. | also probed the cytokine release
profile from sheared monocytes using Luminex multiplex assay. | found increasing levels of
MIP-1a and MIP-1b in media conditioned by the sheared monocytes. FK506 treatment during
CPB shear led to increasing G-CSF, IL-1ra, RANTES in sheared monocyte conditioned media.
Dexamethasone treatment during CPB shear resulted in increasing VEGF levels in sheared

monocytes conditioned media. Each cytokine will be discussed in this section.

IL-8 and TNF-a are CPB-specific cytokines produced by monocytes. Previous study
using the in vitro CPB model has demonstrated that monocytes respond to CPB shear by
increasing the production of IL-8 and TNF-a. As previously shown, FK506 is a strong inhibitor
of the IL-8 and TNF-a production in sheared monocytes since it targets the calcium-dependent

pathways (65). In this study, dexamethasone also reduced the production of IL-8 and TNF-a by
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the shear monocytes, but to a lesser extent compared to FK506. These results suggest that CPB-
induced IL-8 and TNF-a release are mainly regulated by calcium-dependent pathways.
Dexamethasone-mediated anti-inflammatory effects are pathway dependent. For example,
dexamethasone selectively inhibits the IL-8 production by monocytes stimulated by
lipopolysaccharide (LPS) but not phorbol myristate acetate (PMA) (161). This may explain why

in cases such as CPB, dexamethasone is not effective at reducing the inflammatory response.

G-CSF is a glycoprotein hormone produced by endothelium and macrophages to
stimulate the production of white blood cells by bone marrow. It plays an anti-inflammatory role
by reducing the production of inflammatory cytokines such as TNF-o, GM-CSF, while
upregulating soluble TNF-a receptor and IL-1ra (162,163). Elevated G-CSF level has been
observed in serum of patients after extracorporeal circulation (164). However, in this study, the
G-CSF level in the sheared group is not different from the static group, suggesting monocytes are
not a contributor to the G-CSF release in response to CPB shear. Monocytes do respond to
outside stimulation such as PMA by producing G-CSF, which is an important event to counteract
bacterial and fungal infection (165). Study has shown that dexamethasone can augment the G-
CSF production by monocytes with PMA stimulation. Hereby, | did not observe a positive effect
of dexamethasone on the G-CSF level, but G-CSF release increased with sheared monocytes
with FK506 treatment. How FK506 can modify the G-CSF production by the monocytes is not
clear, however it is reasonable to speculate that one of the anti-inflammatory mechanisms of

FK506 is the upregulation of G-CSF release by the monocytes after exposure to CPB shear.

IL-1ra is a protein that serves as the natural inhibitor of IL-1p through competitive
binding. A study has shown that monocytes produce IL-1ra in response to LPS, as well as other

cytokine stimulation such as IL-3, GM-CSF (166). TNF-a, however, is not an IL-1ra inducer.
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This means that the elevated IL-1ra levels resulted from the FK506 treatment. One of the
immunosuppressant effects of FK506 is to downregulate IL-1B production in PBMCs (167). This
study also shows that FK506 increases the IL-1ra production, which further protects the cell
from IL-1pB-induced inflammatory response. Interestingly, CPB shear did not increase the IL-1f3
level in the monocytes. Dexamethasone at all concentrations did not affect the IL-1ra levels in
the conditioned media. This can be explained by the suppressing effect of dexamethasone on the

production of IL-1ra by monocytes (168).

MIP-1a/1b are chemokines produced by macrophages and monocytes. Both perform
several biological functions including the recruitment of inflammatory cells and maintaining
immune response of the effector cells (169). A study has shown that the plasma levels of MIP-1a
and MIP-1b were upregulated in CPB patients (170). MIP-1a was indicated as one of the
predictors for CPB-induced organ dysfunction (171). In this study, MIP-1 secreted by the
monocytes was specifically promoted by CPB shear suggesting a correlation between CPB shear
and MIP-1 production by the monocytes. Of all the treatments, only FK506 was able to reduce
the MIP-1b release from the monocytes. This calcineurin-dependent mechanism to regulate MIP-
1b production has been reported in activated T cells (172). Further investigation will be needed
to confirm the mechanism of FK506 dependent MIP-1b production by monocytes. Additionally,
Berkman et al. has reported that dexamethasone reduced the MIP-1a production by stimulated
monocytes (173). Such an effect of dexamethasone was not observed in this study. Altogether,
my results suggest that dexamethasone does not affect the MIP-1 production by sheared
monocytes, while FK506 has additional anti-inflammatory effect which selectively reduces the

MIP-1b production.
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RANTES is a chemokine expressed by T cells, monocytes, epithelial cells, fibroblasts,
and thrombocytes. Its function is to recruit leukocytes to the inflammation site. In CPB, plasma
RANTES concentration decreases mainly due to the depletion of platelets and lymphocytes (174).
In this study, the RANTES concentration derived from sheared monocytes did not change
compared to the static control. This indicates that RANTES production is not related to
monocytes in the CPB. Moreover, RANTES concentration in the sheared monocytes increased
when treated with FK506. This outcome is contradictory to the anti-inflammatory property of
FK506 as it has been shown to reduce the RANTES production in other cell types including T
cells and keratinocytes (175,176). Further investigation will be needed to understand the

mechanism of FK506-induced RANTES production in monocytes.

VEGF is a signaling protein that stimulates the formation of blood vessels. While the
effect of CPB on the systemic VEGF level is unknown, one study has shown that VEGF can
prevent acute Kidney injury caused by CPB (177). In this study, CPB shear did not affect the
VEGF production by the monocytes. However, elevated VEGF levels are observed in sheared
monocytes treated with dexamethasone. This result may explain the mechanism that leads to the

protective effect dexamethasone has on the renal function of CPB patients (178,179).

The monocytes responded differently to the drugs possibly due to their distinct anti-
inflammatory mechanisms. Dexamethasone binds to the glucocorticoid receptor in the cytoplasm
and translocates into the nucleus. The receptor complex further changes the activation state of
transcriptional factors such as NF-kB and AP-1 and regulates downstream gene expression (180).
The receptor complex also destabilizes the gene-specific mRNA of inflammatory cytokines, and
therefore reduces the production of inflammatory cytokines such as IL-1p, IL-6, IL-12, TNF-a,

GM-CSF, IL-8, RANTES, and MCP-1 (181,182). In contrast, FK506 binds macrophilin in cells

82



and specifically suppresses the activity of calcineurin. This further inhibits transcription factor
nuclear factor of activated T-cells (NF-AT) entering the nucleus and regulates the downstream
gene expression such as TNF-a, IL-6, IL-12 and MIP-1 (183-185). In this study, 5uM FK506
showed superior anti-inflammatory capability compared to 1uM and 2uM dexamethasone. One
reason is that CPB-induced monocyte activation is mediated through calcium-dependent
signaling pathways which are specifically inhibited by FK506 (65). Another possibility is that the
concentration of FK506 used in this study is well above the therapeutic range. It is not known if
the anti-inflammatory effect of FK506 is dependent on dosage. An optimal dosage will need to

be determined to reduce the potential cytotoxicity.

The IL-8 and TNF-a levels measured by Luminex multiplex assay were inconsistent with
the ones measured by ELISA. Specifically, the sheared groups, sheared with dexamethasone
groups, and sheared with vehicle groups had high standard deviations. The inconsistency may
stem from the way long side tubing was arranged, the heat generated at the pump head, and
tubing wear after several shears. The standard deviation in the sheared with FK506 groups is
lower, possibly due to the strong inhibitory effect of FK506 on calcineurin-mediated TNF-a and
IL-8 production. Future experiments may improve the in vitro model with tubing of set

arrangements so that the monocytes are sheared more uniformly.

In conclusion, the study in this chapter showed that dexamethasone has limited anti-
inflammatory effect on CPB-induced monocytic response. FK506 is more effective in reducing
the IL-8 and TNF-a production by shear-activated monocytes. However, dexamethasone may
provide additional protection against renal injury due to its ability to increase VEGF-A

production by sheared monocytes.
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Figure 5.1. gPCR results of A) IL-8 and B) TNF-a expressions of THP-1 cells sheared with or

without dexamethasone and FK506. Statistical significance is denoted by “*’. P values less than

0.05 are indicated by one star symbol and P values less than 0.01 are indicated by double star

symbol.
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Figure 5.2. Levels of A), B) IL-8 and C), D) TNF-a in the conditioned media of THP-1 cells

sheared with or without dexamethasone and FK506 measured by ELISA. Statistical significance
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is denoted by “*’. P values less than 0.05 are indicated by one star symbol and P values less than

0.01 are indicated by double star symbol.
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Figure 5.3. Levels of A) G-CSF, B) IL-1ra, C) MIP-1a, D) MIP-1b, E) RANTES, F) VEGF-A, G)
HGF, H) TNF-a, and I) IL-8 in the conditioned media of THP-1 cells sheared with or without
dexamethasone and FK506 measured by Luminex multiplex assay. Statistical significance is
denoted by “*’. P values less than 0.05 are indicated by one star symbol and P values less than

0.01 are indicated by double star symbol.
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Chapter 6. INVESTIGATING THE EFFECT OF SHEAR CONDITIONED

MEDIA ON ENDOTHELIAL CELLS

6.1 ABSTRACT

Endothelial cells play an important role in mediating the inflammatory response in CPB-
induced complications. Apart from the monocyte-endothelial interaction, which | investigated in
chapter 3 and 4, endothelial cells also respond to the inflammatory cytokines derived from blood
cells sheared in the CPB circuit. Particularly, the cytokine profile of sheared monocytes was
studied. In this chapter, the effect of shear conditioned media on endothelial cells was examined.
Immunofluorescent staining and F-actin staining showed that treatment of conditioned media
from sheared THP-1 cells disrupted the VE-cadherin of endothelial cells as well as promoting the
formation of intercellular gaps. Treatment of conditioned media from shear THP-1 cells also lead
to lower endothelial cell viability, increasing adhesion molecule expression, and increasing
monocyte adhesion. The inflammatory response of endothelial cells was attenuated by treatment
of conditioned media from THP-1 cells sheared with 2 uM dexamethasone and 5 uM FK506.
FK506 showed superior anti-inflammatory effect on the endothelial cells compared to

dexamethasone.

6.2 INTRODUCTION

In the last chapter, | investigated the cytokines derived from monocytes sheared in a CPB
circuit. These cytokines play in synergy and eventually affect the endothelium to elicit
inflammatory response. To understand the effect of these cytokines in the shear conditioned
media on the endothelial cells, | treated the endothelial cells with the shear conditioned media

and characterized the response of the endothelial cells. I hypothesize that conditioned media
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derived from sheared monocytes can stimulate the endothelial cells by disrupting the barrier
function of the endothelial monolayer, upregulating the adhesion molecules and promoting
monocyte adhesion. In addition, dexamethasone and FK506 treatments showed anti-
inflammatory effects by regulating the cytokine release profile of sheared monocytes. To
investigate the downstream effects on endothelial cells, 1 also treated the endothelial cells with
the conditioned media derived from sheared monocytes with drug treatment. | hypothesized that
the conditioned media from sheared monocytes treated with both dexamethasone and FK506 can
reduce the inflammatory response of the endothelial cells, with the FK506 being more effect at
preserving the endothelial membrane integrity, reducing the adhesion molecule activation,

reducing the monocyte adhesion.

6.3 MATERIALS AND METHODS

6.3.1 Cell Lines and Culture Methods

Primary human neonatal dermal microvascular cells (HNDMVECs, Cat # CC-2516) were
purchased from Lonza (Walkersville, MD) and cultured in endothelial cell growth medium MV2
(PromoCell, Heidelberg, Germany, Cat # C-22121) with 100U/mL penicillin-streptomycin
(Gibco, Waltham, MA, Cat # 15140122). The medium was changed every other day, and the
cells were harvested by trypsinization. The human acute leukemia monocytic cell line THP-1
(Cat # TIB-202) was purchased from ATCC and cultured in RPMI 1640 medium (ATCC
Modification) (Gibco, Waltham, MA, Cat # A1049101) with 10% FBS. The medium was

changed every other day.
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6.3.2 Collection of Conditioned Media

THP-1 cells at a density of 2 million cells/mL were sheared in a 10 foot-long Masterflex
Tygon E-3603 L/S13 pump tubing (Cole-Parmer, Vernon Hills, IL, Cat # MK-06509-13), using a
Masterflex miniflex pump model 115/230 VAC 07525-20 (Cole-Parmer, Vernon Hills, IL, Cat #
MK-07525-20) at 10 mL/min for 2 hours. The long side tubing was submerged in a water bath
with temperature control at 37°C. During the shear, THP-1 cells were suspended in media with
1uM dexamethasone, 2uM dexamethasone, SuM FK506, or vehicle DMSO. At the end of the
shear, the THP-1 cells were statically incubated in the media that they are sheared in for 1 hour
in a 50 mL Falcon tube. At the end of the incubation, the media supernatant was collected and

kept frozen at -20°C and used as sheared conditioned media.

6.3.3 Effect of Shear Conditioned Media on HNDMVECs

i. Immunofluorescent Staining

HNDMVECs were seeded on 8-chamber slides (354118, Corning, NY) at 5000 cells/cm?
and cultured 7 days to form a confluent monolayer. Next, HNDMVECSs were treated with shear
conditioned media for 6 hours at 37°C with 5% COz. The cells were then washed twice with
sterile PBS, fixed with formalin. Fixed cells were permeabilized with 0.1% Triton-X-100 for 10
minutes, blocked with 1% BSA for 1 hour, followed by incubation with 1:200 vascular
endothelial cadherin (VE-cadherin) monoclonal antibody (16B1), Biotin (Thermofisher,
Waltham, MA, Cat # 13-1449-82) for 1 hour, 1:500 streptavidin, Alexa Fluor 594 Conjugate
(Thermofisher, Waltham, MA, Cat # S11227) for 45 minutes. Nuclei were stained with DAPI.
The slides were then washed, mounted, and imaged using a Leica DMI16000 microscope with

Leica SP8X confocal. VE-cadherin staining was quantified by fluorescent intensity using ImageJ.
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ii. Phalloidin Staining

HNDMVECs were seeded on 8-chamber slides (354118, Corning, NY) at 5000 cells/cm?
and cultured 7 days to form a confluent monolayer. Next, HNDMVECs were treated with shear
conditioned media for 6 hours at 37°C with 5% CO>. The cells were then washed twice with
sterile PBS, fixed with formalin, permeabilized with 0.1% Triton-X-100, and blocked with 1%
BSA. The cells were then incubated with Rhodamine Phalloidin (ThermoFisher, Cat # R415) for
20 minutes at room temperature, stained with DAPI, washed, mounted, and imaged using a Leica
DMI6000 microscope with Leica SP8X confocal. Intercellular gap area was quantified using

ImageJ on the slides stained by the Rhodamine Phalloidin.
iii. Live/Dead Assays

HNDMVECs were seeded on 8-chamber slides (354118, Corning, NY) at 5000 cells/cm?
and cultured 7 days to form a confluent monolayer. Next, HNDMVECs were treated with shear
conditioned media for 6 hours at 37°C with 5% CO.. After that, the cells were rinsed with PBS
twice. The Live/Dead assays were performed using the LIVE/DEAD Cell Imaging Kit (488/570)
(Thermofisher, Waltham, MA, Cat # R37601). Briefly, the Calcein AM live green dye was mixed
with the BOBO-3 dead red dye to form a 2x working solution. The mixture was diluted with an
equal volume of PBS and applied to live cells for 20 minutes. The stained HNDMVECSs were
visualized using a Nikon Eclipse TE200 microscope (Tokyo, Japan) and a Photometric

CooISNAP MY O camera (Tucson, AZ) with a Rhodamine and FITC filter.
iv. Quantitative Real Time PCR

HNDMVECs were treated with shear conditioned media for 1 hour, and total RNA was

extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany, Cat # 74104) and RNase-Free
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DNAse Set (Qiagen, Hilden, Germany, Cat # 79254). A total RNA of 150 ng was used for
producing cDNA with the Omniscript RT Kit (Qiagen, Hilden, Germany, Cat # 205113).
Quantitative real-time PCR was performed with Tagman Universal PCR Master Mix
(Thermofisher, Waltham, MA, Cat # 4304437) on a QuantStudio 6 Pro real-time PCR system
(Thermofisher, Waltham, MA, Cat # A43180) according to the manufacturer instructions. Both
biological and technical triplicates were run. Tagman primers of selectin E (Hs00174057_m1,
Cat # 4331182), intercellular adhesion molecule 1 (ICAM-1) (Hs00164932_m1, Cat # 4331182)
and vascular cell adhesion molecule 1 (VCAM-1) (Hs01003372_m1, Cat # 4331182) were

purchased from Thermofisher.
v. Monocyte Adhesion Assay

HNDMVECs were seeded on 24-well plates at 5000 cells/cm? and cultured 7 days to
form a confluent monolayer. HNDMVECs were then incubated with shear conditioned media for
1 hour and then rinsed with PBS. Statically incubated G-THP-1 cells were then added to a
monolayer of HNDMVECs (1x10° cells per well), followed by incubation for 1 hour. The co-
cultures were gently rinsed twice with sterile PBS to remove non-adherent G-THP-1 cells. The
adhered G-THP-1 were visualized using a Nikon Eclipse TE200 microscope (Tokyo, Japan) and
a Photometric CoolSNAP MY O camera (Tucson, AZ) with a GFP filter. The adhered hPBMCs
were visualized with the same microscope and camera with brightfield imaging. The experiments
were run in triplicates. The number of adherent G-THP-1 cells or hPBMCs were counted in five

randomly selected visible fields and quantified using ImageJ.
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6.3.4 Statistical Analysis

All experiments were run in triplicates. All quantitative data were expressed as mean +
standard deviation within groups. Pairwise comparisons between groups were conducted using
ANOVA test and Tukey’s post-hoc test. Statistical significance is denoted by ‘*’. P values less
than 0.05 are indicated by single star symbol and P values less than 0.01 are indicated by double

star symbol.

6.4 RESULTS

6.4.1 Shear conditioned media treatment leads to disruption of VE-cadherin and intercellular gap

formation

To characterize the barrier function of the endothelial cells, HNDMVECs were treated
with shear conditioned media and the VE cadherin and F actin filaments were examined using
immunofluorescent staining and rhodamine phalloidin staining. Treating the HNDMVECSs with
conditioned media of sheared THP-1 cells resulted in disruption of the VE cadherin (Figure
6.1B). Treating the HNDMVECs with conditioned media of THP-1 cells sheared with 2uM
dexamethasone and SuM FK506 retained the VE cadherin (Figure 6.1D, E). In HNDMVECs
treated with conditioned media of static THP-1 cells, robust VE cadherin was maintained (Figure

6.1F).

Similar protective effect of dexamethasone and FK506 was observed in the F actin
staining. Quantification of intercellular gap area showed increasing gap area formation in the
HNDMVECs treated with the conditioned media of shear THP-1 cells (Figure 6.3B).
Conditioned media of THP-1 cells sheared with 2uM dexamethasone and SuM FK506

significantly reduced the intercellular gap area in the HNDMVECs (Figure 6.3D, E).
94



6.4.2 Shear conditioned media reduced the viability of HNDMVECs

Inflammatory mediators can induce endothelial cell apoptosis during and after CPB. In
the previous chapter, |1 showed that CPB shear can induce release of proinflammatory cytokines,
which can be attenuated by treatment of dexamethasone and FK506. To further assess the effect
of inflammatory mediators in shear conditioned media on the viability of HNDMVECs, |
performed the live and dead assays. Treating the HNDMVECSs with conditioned media of
sheared THP-1 cells resulted in increasing cellular death (Figure 6.5B). In other groups, the

treatment did not affect the viability of the endothelial cells.

6.4.3 Shear conditioned media selectively alters the expression of adhesion molecule in

HNDMVECs

Exposure to an environment of inflammatory mediators can change the expression of
adhesion molecules in endothelial cells, which further facilitates the adhesion of blood cells. To
examine the effect of conditioned media on the adhesion molecules of HNDMVECs, gPCR was
performed to measure the E-selectin, ICAM-1, VCAM-1 expressions in the HNDMVECs treated
with conditioned media. Treating the HNDMVECSs with conditioned media of sheared THP-1
cells significantly upregulated the expression E-selectin and ICAM-1 (Figure 6.6A, B), while the
VCAM-1 expression remained unchanged (Figure 6.6C). Treatment of conditioned media of
THP-1 cells sheared with FK506 and dexamethasone both lead to decrease in E-selectin and
ICAM-1 expression, but only the decrease in E-selectin resulted from FK506 conditioned media

treatment was statistically significant (Figure 6.6A).
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6.4.4 Shear conditioned media treatment promoted the adhesion of static THP-1 cells on

HNDMVECs

After characterizing the adhesion molecules of endothelial cells treated with the
conditioned media, | performed the adhesion assay by examining the capability of conditioned
media to induce monocyte adhesion. Statically incubated the THP-1 cells were co-cultured with
HNDMVECs stimulated with conditioned media and adhered cells were quantified. Treating the
HNDMVECs with conditioned media of sheared THP-1 cells led to increasing monocyte
adhesion (Figure 6.8B). Treating the HNDMVECs with conditioned media of THP-1 cells
sheared with FK506 reduced the monocyte adhesion by half (Figure 6.6E). While conditioned
media of THP-1 cells sheared with 2uM dexamethasone also reduced the monocyte adhesion

(Figure 6.6D), it is not as effective as the FK506 conditioned media.

6.5 DISCUSSION

In this study, the effect of conditioned media derived from sheared monocytes on
endothelial cells was examined. Treatment of conditioned media from sheared monocytes led to
disruption of VE-cadherin, increasing intercellular gap area, upregulation of adhesion molecules,
and decreasing cell viability. The conditioned media from monocytes sheared with
dexamethasone and FK506 attenuated the inflammatory response of the endothelial cells. These
results indicate that cytokines derived from sheared monocytes elicit inflammatory response of
endothelial cells and both dexamethasone and FK506 can provide protection against the insult of

CPB-induced cytokines.

The inflammatory response of endothelial cells to the shear conditioned media may be a

synergetic effect of the mediators released by the sheared monocytes. The effects of TNF-a and
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IL-8 on endothelial cells have been well studied. TNF-a downregulates the VE-cadherin
expression (186-188), causes rearrangement of cytoskeleton, and upregulates the adhesion
molecules. IL-8 downregulates the tight junction of endothelial cells to increase the endothelial
permeability (189). In Chapter 4 of this dissertation, I also showed that IL-8 is an inducer of
ICAM-1 and VCAM-1 expression in the endothelial cells, which mediated monocyte adhesion.
In cases of CPB, these two cytokines act in synergy to stimulate an inflammatory response. The
synergetic effect of TNF-a and IL-8 on endothelial cells is less known. Plus, the Luminex study
showed that CPB shear may subject the endothelial cells to a more complex biochemical
environment created just by shearing monocytes. Further study will be needed to characterize the

response of endothelial cells to the combined effect of the cytokines derived from CPB shear.

Treatment of conditioned media from monocytes sheared with anti-inflammatory drugs
ameliorated the inflammatory response of the endothelial cells. This can be caused by two
mechanisms. The first mechanism has been demonstrated in Chapter 5 where the pro-
inflammatory mediators released by sheared monocytes were reduced by both drugs. In the
second mechanism, the endothelial inflammatory response was attenuated by the residual drugs
in the conditioned media. The anti-inflammatory effect of dexamethasone includes retaining the
barrier function of the endothelium by upregulating the junction protein and preventing cell
adhesion by downregulating the adhesion molecules (190-194). My results showed that
dexamethasone can protect the endothelial cells from the inflammatory mediators derived from
sheared monocytes. Reports of the effect of FK506 on the endothelial cells are mixed. Edda et al.
and Virginia et al. showed that FK506 rescues endothelial dysfunction, while Ryoji et al. reported
the opposite (195-197). In this study, the conditioned media with FK506 treatment contains

reduced inflammatory mediators and residual FK506. Therefore, the exact effect of FK506 on
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the inflammatory response of endothelial cells cannot be determined. Further investigation will

be needed to decouple the effect of reduced cytokines presented in the conditioned media.

Treatment of conditioned media from sheared monocytes led to increasing endothelial
cell death. Hermann et al. has described the increasing apoptosis of human umbilical endothelial
cells when treated with serum of CPB patients (198). In CPB, endothelial apoptosis can be
attributed to multiple factors such as the pro-inflammatory mediators, temperature change,
osmolality, and shear stress. In my model, shear stress is the main variable that alters the content
of the conditioned media derived from the monocytes. This shows that the pro-inflammatory
mediators derived from sheared monocytes are responsible for the endothelial deaths and the

dysfunction of endothelium.

Both treatments of conditioned media from monocytes sheared with dexamethasone and
FK506 prevented the endothelial death. This can also be the result of residual drugs from the
conditioned media. Dexamethasone-meidated changes in endothelial cell viability are both dose-
dependent (199). One study has shown that dexamethasone at 1uM is more likely to induce
apoptosis. The anti-apoptosis effect significantly increases with lower concentration. At
concentration higher than 1uM, the anti-apoptosis effect increases with less intensity. In this
study, the viability of endothelial cells treated with conditioned media from monocytes sheared
with 1uM and 2uM is comparable to the endothelial cells treated with static conditioned media.
It is possible that the dexamethasone concentration dropped below 1uM in conditioned media
due to degradation during CPB shear, which allows the dexamethasone shear conditioned media
to amplify its anti-apoptotic effect. Interestingly, the anti-apoptotic effect of dexamethasone on
the endothelial cells is also dependent on the stimulant on the endothelial cells. For example,

1uM dexamethasone inhibits endothelial apoptosis induced by the treatment of statin (200).
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Therefore, the exact protective mechanism of dexamethasone in this model may be more
complicated. Treatment of conditioned media from monocytes sheared with FK506 reduced
endothelial cell death. Contrary to my finding, FK506 has been shown to disturb the function of
endothelial cells. The therapeutic concentration of FK506 ranging from 10ng/mL to 20ng/mL can
significantly induce endothelial cell death (199). The cytotoxicity of FK506 is not dependent on
the calcineurin inhibition effect but mediated by the Akt and ERK1/2 pathways (199). In this
study, the FK506 concentration is several magnitudes greater than the therapeutic concentration
range. The preserved endothelial cell viability may be caused by the degradation of FK506 or

other molecular mechanisms that protected endothelial cells from apoptosis.

In conclusion, conditioned media from sheared monocytes causes the inflammatory
response of endothelial cells, which is attenuated by the conditioned media from monocytes
sheared with dexamethasone and FK506. The protection provided by dexamethasone may be due
to its ability to reduce the inflammatory mediators in the conditioned media as well as its anti-
inflammatory effect on endothelial cells. For FK5086, its effect on the endothelial cells is unclear.
Therefore, the protective effect may mainly be the result of its superior mechanism to reduce the

inflammatory mediators and induce anti-inflammatory cytokine production.
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Figure 6.1. A) Quantification of VE cadherin staining. VE-cadherin of HNDMVECs treated with
B) condition media of sheared THP-1 cells, C) condition media of THP-1 cells sheared with 1uM
dexamethasone, D) condition media of THP-1 cells sheared with 2uM dexamethasone, E)
condition media of THP-1 cells sheared with 5uM FK506, F) condition media of statically
incubated THP-1 cells, and G) condition media of THP-1 cells sheared with vehicle DMSO.
visualized by immunofluorescent staining. Additional images see Figure 6.2. Red = VE-Cadherin,
Blue = DAPI. Scale bar = 100 pm. Statistical significance is denoted by ‘*’. P values less than
0.05 are indicated by one star symbol and P values less than 0.01 are indicated by double star

symbol.
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Figure 6.2. Additional images of VE-cadherin staining. Scale bar = 100 pm.
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Figure 6.3. A) Quantification of intercellular gap area. F-actin of HNDMVECs treated with B)
condition media of sheared THP-1 cells, C) condition media of THP-1 cells sheared with 1uM
dexamethasone, D) condition media of THP-1 cells sheared with 2uM dexamethasone, E)
condition media of THP-1 cells sheared with 5uM FK506, F) condition media of statically
incubated THP-1 cells, and G) condition media of THP-1 cells sheared with vehicle DMSO.
visualized by rhodamine phalloidin staining. Additional images see Figure 6.4. Red = VE-
Cadherin, Blue = DAPI. Scale bar = 100 um. Statistical significance is denoted by ‘*’. P values
less than 0.05 are indicated by one star symbol and P values less than 0.01 are indicated by

double star symbol.
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Figure 6.4. Additional images of F-actin staining. Scale bar = 100 pum.
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Figure 6.5. A) HNDMVEC cell viability after conditioned media treatment. Live and dead
assays of HNDMVECs treated with B) condition media of sheared THP-1 cells, C) condition
media of THP-1 cells sheared with 1uM dexamethasone, D) condition media of THP-1 cells
sheared with 2uM dexamethasone, E) condition media of THP-1 cells sheared with SuM FK506,
F) condition media of statically incubated THP-1 cells, and G) condition media of THP-1 cells

sheared with vehicle DMSO. visualized by calcein AM (green) and BOBO3 (red) staining. Scale

bar = 100 pm.
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Figure 6.6. Expression of A) E-selectin, B) ICAM-1, and C) VCAM-1 in HNDMVEC:s treated

with conditioned media measured by RT-qPCR. Statistical significance is denoted by “*’. P

values less than 0.05 are indicated by one star symbol and P values less than 0.01 are indicated

by double star symbol.
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Figure 6.7. A) Quantitative analysis of adhered G-THP-1 cells on the endothelial cell monolayer.
Adhesion of static THP-1 cells to HNDMVECs treated with B) condition media of sheared THP-
1 cells, C) condition media of THP-1 cells sheared with 1uM dexamethasone, D) condition
media of THP-1 cells sheared with 2uM dexamethasone, E) condition media of THP-1 cells
sheared with SuM FK506, F) condition media of statically incubated THP-1 cells, and G)
condition media of THP-1 cells sheared with vehicle DMSO. Scale bar = 100 pm. Additional
images see Figure 6.8. Statistical significance is denoted by “*’. P values less than 0.05 are

indicated by one star symbol and P values less than 0.01 are indicated by double star symbol.
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Figure 6.8. Additional images of adhered THP-1 cells were used for quantitative analysis. Scale

bar =100 um.
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Chapter 7. CONCLUSION AND FUTURE STUDY

7.1 CONCLUSION

CBP-induced inflammatory response and postoperative complications affect the quality
of life of pediatric patients. The failure of conventional interventions to counteract the
complications prompt us to seek therapeutic strategies that target CPB-specific pathways. In this
dissertation, 1 used an in vitro CPB model to study the inflammatory response of endothelial cells
while interacting with shear-activated monocytes and the conditioned media derived from
sheared monocytes. | showed that endothelial cell derived IL-8 played a positive role in
mediating the adhesion of shear-activated monocytes. A possible mechanism is that IL-8 cause
upregulation of ICAM-1 and VCAM-1 in the endothelial cells. Disrupting the IL-8 signaling
pathway showed promising effect in preventing the monocyte adhesion. Therefore, a potential
therapy may be developed targeting the IL-8 signaling pathway. CPB shear altered the cytokine
profile of the monocytes. Both FK506 and dexamethasone had some anti-inflammatory effect
either by reducing pro-inflammatory cytokines or upregulating the release of anti-inflammatory
cytokines. However, dexamethasone was less effective at downregulating the key inflammatory
cytokines, IL-8 and TNF-a, compared to FK506. Conditioned media treatment further showed
the cytokines derived from sheared monocytes elicits inflammatory response of endothelial cell,
which is attenuated by the treatment of conditioned media with FK506 and dexamethasone. To
conclude, the results of this study provided insight into the mechanism that leads to the
inflammatory response of monocytes and endothelial cells in pediatric CPB. Targeted therapy

can be developed based on the findings of this study.
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7.2 FUTURE DIRECTIONS OF THE STUDY

In this study, an in vitro CPB model was used to study the CPB-induced inflammatory
response including the interaction between monocytes and endothelial cells and the effect of
CPB-induced cytokines derived from monocytes on the endothelial cells. The inflammatory
response, however, begins when the blood components are exposed to the CPB circuit. Therefore,
a model that mimics the CPB scenario will include the interaction between monocytes and
endothelial cells during the time of CPB. This inspires the design of a dynamic CPB model
(Figure 8.1). In this model a flow chamber loaded with endothelial cells is included in the short
tubing side of the CPB circuit. Monocytes will interact with the endothelial cells in the flow
chamber while being sheared. The inclusion of the flow chamber allows endothelial cells to
function under a flow condition, which resembles the native blood vessel environment. The
presence of laminar flow is important to induce quiescence state in the endothelial cells, which is
less likely to be stimulated (201). However, fluid shear stress below 8 dynes/cm? can induce
increasing ICAM-1 expression, which mediates leukocyte adhesion (202,203). These studies
show that endothelial cells behave differently under flow conditions. Therefore, the response of
endothelial cells will be characterized more accurately using this dynamic model. So far, I have
tested growing HNDMVECs on the ibidi channel slides. The main challenge is to maintain the
HNDMVECs on these slides since the channel does not hold enough media for the growth of the
endothelial cells. Using the current seeding density for culture vessel resulted in robust
attachment but inferior cell proliferation and rapid cell death, presumably due to limited volume
of culture media and gas exchange. An optimal seeding density will need to be determined so

that the endothelial cells reach confluence in a shorter period and are ready to be incorporated in
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the CPB circuit. Based on how this dynamic model can recapitulate the CPB condition, |

recommend that future experiments are designed based on this dynamic CPB model.

The endothelial cells used in this study are derived from dermal tissue which does not
have organ specificity. The insult induced by CPB, however, involves injuries to the endothelium
of different organs including brain, kidney, and lung (204-206). The endothelial cells from
different organs are heterogeneous due to distinct tissue environment (207,208). Therefore, it is
reasonable to speculate that endothelial cells from different organs respond differently towards
CPB shear and shear-activated blood cells. For example, it has been shown that aortic endothelial
cells are prone to TNF-a-mediated monocyte adhesion compared to pulmonary microvascular
endothelial cells and renal glomerular endothelial cells (209). Knowing the organ-specific
response to CPB can help develop targeted therapy to treat endothelial dysfunction in different
organs. Therefore, | recommend testing the in vitro CPB model with endothelial cells derived

from different organs.
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Figure 8.1. Design of a dynamic in vitro CPB model. A flow chamber seeded with endothelial

cells is integrated into the bypass circuit.
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RESEARCH AND WORK EXPERIENCE
Graduate Research Assistant September 2019 — Present
Department of Bioengineering, Scatena group & Giacheli group, University of Washington, Seattle
e Optimizing shear-stress-induced inflammatory response after cardiopulmonary bypass in pediatric
patients using an in vitro model.
e Characterizing immune cell-endothelial cell interactions with gRT-PCR, ELISA, flow cytometry, cell-
based assays, lentiviral transfection, and immunostaining.

Graduate Researcher August 2017 - June 2019
Department of Material Science & Engineering, Estroff group & Department of Biomedical Engineering,
Bonassar group, Cornell University
o Contributed to the development of a scaffold containing mineral gradient, targeting the study of tissue
engineered soft tissue-bone interface.

Teaching Assistant, Exploration in Engineering Summer 2018
College of Engineering, Cornell University
e Arranged activities in lab sessions for high school students seeking engineering experience at college
level.

Research & Development Intern Summer 2016
Federal Mogul Powertrain, Waupun, WI
e Characterized the mechanical properties and microstructure of powder-pressed alloy using Bruker
wear testing and 3D microscope.
o Developed a new method to quantitatively compare the thermal conductivity of metal alloys.

Undergraduate Researcher September 2015 — May 2016
Department of Chemistry, Hermans group, University of Wisconsin-Madison
e Synthesized metal oxide catalysts and characterized them using BET, ICP, RAMAN and UV-vis.

PROFESSIONAL SKILLS
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Biological Characterization: RT-gPCR, Ingenuity Pathway Analysis (IPA) by QIAGEN, various histological
staining, immunohistological study (IHC, IF), ELISA, micro/nano-computed tomography, scanning electronic
microscopy, confocal microscopy, RAMAN spectroscopy, primary cell isolation

Visualization: Avizo by Thermo Fisher Scientific, ImageJ by NIH, Adobe Illustrator

Programming: Basic Matlab coding, R studio, ImageJ macro programming for automatic analysis

PUBLICATIONS

H. Zhou, A.J. Boys, J.B. Harrod, L.J. Bonassar, L.A. Estroff, Mineral Distribution Spatially Patterns Bone
Marrow Stromal Cell Behavior on Monolithic Bone Scaffolds. Acta Biomaterialia, 112 (2020), 274-285.

A.J. Boys, H. Zhou, J.B. Harrod, M.C. Mccorry, L.A. Estroff, L.J. Bonassar, Top-Down Fabrication of
Spatially Controlled Mineral-Gradient Scaffolds for Interfacial Tissue Engineering, ACS Biomater. Sci. Eng. 5
(2019) 2988-2997.

SCHOLARSHIPS AND AWARDS

e 2015 Fall & 2016 Spring Material Science and Engineering Scholarships.
e 2016 Spring Department of Chemistry Scholarship, Ackerman Award.
e 2022&2023 Bioengineering Cardiovascular Training Grant.

COFERENCE PRESENTATIONS

Zhou, H., Tu, L., Nigam, V., Giachelli, C., Scatena, M. (2024) An In-vitro Model To Study Monocyte-
Endothelial Interaction in Pediatric Cardiopulmonary Bypass, BCTP Symposium, Seattle, WA.. (Oral
Presentation)

Zhou, H., Tu, L., Nigam, V., Giachelli, C., Scatena, M. (2023) Cardiopulmonary Bypass Shearing Resutls in
IL-8 Dependent Monocytic Insult on the Endothelium, BMES, Seattle, WA. (Poster Presentation)

Zhou, H., Tu, L., Nigam, V., Giachelli, C., Scatena, M. (2023) CPB Shear Stress Stimulates Monocytes
Adhesion to and Transmigration Through Endothelial Cell Through IL-8 Signaling, BCTP Symposium,
Seattle, WA. (Oral Presentation)

Zhou, H., Tu, L., Nigam, V., Giachelli, C., Scatena, M. (2023). Cardiopulmonary Bypass in P\/C Tubing
Results in IL-8 Dependent Monocytic Insult on Endothelium, SFB Annual Meeting, San Diego, CA. (Poster
Presentation)

Zhou, H., Nguyen, C., Tu, L., Nigam, V., Giachelli, C., Scatena, M. (2022). An In-vitro Cardiopulmonary
Bypass Model to Study Endothelial Cell Responses to Shear Activated Monocytes, Vasculata, Durham, NC.
(Poster Presentation)

Zhou, H., Nguyen, C., Tu, L., Nigam, V., Giachelli, C., Scatena, M. (2022). PVC Tubing Results in Monocytic
Insult on Neonatal Endothelial Cells: Role of Shear Stress, Joint Symposium — SFB+JSB, Honolulu, HI.
(Poster Presentation)

Zhou, H., Boys, A., Harrod, J., Bonassar, L., Estroff, L. (2019). The Fabrication of A Mineral Gradient
Containing Bone Scaffold and Its Effect on the Behavior of Mesenchymal Stem Cells, Orthopaedic Research
Society Annual Meeting, Austin, TX. (Poster Presentation)

Zhou, H., Boys, A., Harrod, J., Bonassar, L., Estroff, L. (2018). Fabrication of A Mineral Gradient Containing
Bone Matrix Scaffold and Its Biocompatibility towards Mesenchymal Stem Cells, Biomedical Engineering
Society Annual Meeting, Atlanta, GA. (Poster Presentation)
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