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ABSTRACT

Essentially all tissues in the body rely on vessels supplying blood for survival.
Transportation of this valuable resource would not occur without the highly adaptive lining of
squamous endothelial cells known as the endothelium. [1] Their precursors, endothelial
progenitor cells or EPCs are of great interest in biology and medicine. EPCs play significant
roles in diseases including cancer, diabetes, and cardiovascular disorders. [2] These cells are
commonly found peripherally, circulating through the blood stream, prepared to assist in
angiogenesis after an ischemic or hypoxic event. This helps prevent further injury. The body’s
natural use of EPCs highlights their importance, but as tissue engineering and regenerative
medicine race forward, novel realizations of EPC potential are constantly being discovered.
This research aims to explain and advance generating EPCs from human embryonic and
induced pluripotent stem cells, ESCs and iPSCs respectively. Use of pluripotent stem cells in
medicine is of great interest due to their unlimited proliferation capabilities, potentially creating
an endless supply of various tissues and disease models. This study describes the development of
a method for creating human EPCs from stem cells originating from a female source. It also
examines the differences in cell signaling and gene expression that explain why different
treatment is required for different cell source genders. Addition of vascular endothelial growth
factor, VEGF, to an existing protocol involving temporal activation of the WNT β-Catenin
pathway enabled EPC creation, not previously possible from female stem cells. [3] Differential
expression of VEGF was identified as a potential source and genetic basis for the differences in
stem cells of varying genders during this WNT activation. This protocol was developed and
optimized to enable robust production of EPCs from a previously untapped source.
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Chapter 1
Introduction

Endothelial Progenitor Cells, Function and Application
Directed human pluripotent stem cell differentiation has inconceivable potential to
revolutionize our understanding of disease, development, and medicine. One specific area of
research involves the differentiation of these pluripotent stem cells into endothelial progenitor
cells, EPCs. This area is of significance to the field of tissue engineering. It is also relevant to all
forms of current and future regenerative medicine. This is because these cells mature into the
endothelium, a crucial lining of vessels that serves as an interface to blood. Almost all tissues in
the human body need vasculature to live and function with sufficient oxygen and nutrients. [4] It
follows that any group hoping to create an artificial organ or tissue will most likely require
vasculature. This is especially true if they wish to have their creation integrate in vivo. This is
one of the major obstacles faced by groups attempting to repopulate matrices from organs that
have been stripped of native cells.
Endothelial progenitors are essential to the production of every artery, vein, and capillary
in the human body. Establishment of efficient, high yield generation of these cells on a large
scale will be crucial in pushing tissue engineering forward. Generation of these cells could play a
small role in ushering in an age of medicine in which biological materials can be produced
specifically for a patient with their own cells.
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Disease Modelling
The potential for disease modeling with endothelial cells is rich with many discoveries
yet to be made. Atherosclerosis is caused by damage to the lining of human blood vessels. [5]
This damage can be a result of many common behaviors and conditions. These consist of but are
not limited to high blood pressure, smoking, and high cholesterol. Regardless of the cause of the
injury, these pathologies can all lead to great morbidity. Following damage to a vessel, the
buildup of fatty plaque begins as a natural response. This can lead to partial and or total
occlusion of the vessel. Left untreated, this can result in a shortage or stoppage of blood flow to
the downstream area. This can be particularly dangerous when it occurs in proximity to the heart
or brain.
Atherosclerosis can be dangerous in many settings. When this area is the heart,
myocardial infarction can occur. Humans do not generate much new heart muscle after about 10
years of age. Infarction could potentially lead to death of the heart and the individual. A less
severe event can still lead to a damaged heart, leaving the remaining healthy cells to bear a more
wearing burden. If this blockage were to occur in the brain, it could result in ischemic stroke.
Strokes cause minor to severe mental debilitation and in many cases death. Survivors often
experience a significant decrease in quality of life and need constant scrupulous aid.
Atherosclerosis is also indicative of diabetes which is fairly common in the United States. [5] It
occurs prior to end stage organ damage in this disease. [6] Additional knowledge obtained
through disease models could help prevent the organ failures and amputations commonly
associated with diabetes. The first two conditions, heart disease and stroke, are the top two
causes of death on this planet. [7] Obtaining a more complete understanding of the mechanisms
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by which they occur could provide insight into their prevention and potentially lead to the
extension of the human lifespan.
Production of true representative human endothelium in vitro would be extremely
conducive to increased knowledge of the mechanisms behind atherosclerosis along with other
diseases. It has been demonstrated that human stem cell derived EPCs have the capability to
create tube like structures and function as a dynamic barrier. [3] This behavior suggests that an
artificial model of a vessel could be representative in some ways. Improvement of this technique
would require both easy access to EPCs and a deeper understanding of the intracellular
interactions that govern the barrier formation. The former would spread the workload of the
latter, with increased access to these cells more labs can investigate. Representative modeling of
a human blood vessel in vitro would allow researchers to study the response to some sort of
lesion in the lining. Analysis could be conducted prior to and after the creation of a lesion to
examine protein expression in reaction to the hostile stimuli. A better picture of atherosclerosis
could lead to the development of drugs that target this response and prevent the scarring and
plaque buildup and the accompanying side effects.
A more far-reaching, future design could include attempts at healing this lesion. The
delivery of so called, endothelial primed, stem cells could be modeled. This is a natural
occurrence in the body which could be advanced. Stem cells that begin the differentiation
process prior to implantation could potentially complete it at the intended site. These cells could
be treated with vascular endothelial growth factor in order to push them further to a mature
endothelial lineage in an attempt to prime the restoration of a healthy vessel wall. This would
require experts looking at cell signaling and adhesion to encourage these cells to make the lesion
their homes.
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Another important disease modeling service these cells could provide would provide
scientists with a unique way to study cancer metastasis. A nature study published this year
demonstrated that cancer cells can cross the endothelial layer of the lung by signaling, causing
the endothelial cells to die. [8] Many labs could study this phenomenon once stem cells can
consistently be differentiated into vessels in-vitro. This would require a large supply of EPCs. A
new understanding of metastasis could change the way the world treats cancer. It is not the
original mutation that is cancer’s most dangerous feature, it is its ability to travel around the
body through metastasis. At this point, cancer may hoard resources from important places in the
body resulting in loss of function and sometimes death. This process involves cancer cells
utilizing endothelial progenitors to create their own vasculature. If there were a way to deter
cancer from metastasizing through any therapy cancer would be a much more survivable ailment.
[9] The actual event of cancer cells passing through the wall of a vessel could be studied through
the utilization of stem cell derived endothelial cell models.

Personalized Medicine
One of the greatest potential benefits of treatments using stem cells is the fact that the
patient’s own cells can conceivably be used. Induced pluripotent stem cells, iPSCs, can be
created using somatic cells from a patient. This eliminates the concern of the body’s immune
response to foreign cells. There is a critical shortage of organ donors in the United States.
Roughly twenty-two people die each day on waiting lists for transplants. [10] Even if the supply
of donors met the quantitative demand of organs needed, there is still the issue of patient donor
compatibility. Tissues and blood types must be compatible to provide the best chances of a
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successful transplant. Treatment with potentially harmful immunosuppressant drugs are
necessary in order to prevent rejection of the newly transplanted tissue/organ by the host’s body.
While the immune response is no longer a problem the drugs put the patients at risk while the
immune system is suppressed. These drugs have been known to cause non-Hodgkin Lymphoma
and other complications including high risk of infection. [11]
An increased number of labs studying endothelial progenitors would open additional
research avenues regarding related cell lineages. One of these specific lineages is the
hematopoietic stem cell, HSC, more commonly known as a blood stem cell. The implications of
creating human HSCs from iPSCs are astounding. It is known that there is a strong lineage
relationship between HSCs and EPCs. [12] Additionally, it has been shown that stem cells are
able to replace the hematopoietic cells in lethally irradiated mice. [13] If this could be mastered
as a treatment for humans it could serve as a treatment for many diseases, including Leukemia.
Traditionally, during treatment for this form of cancer, a patient’s immune system and
blood supply are bombarded with heavy chemotherapy. This often makes it necessary for
patients to receive blood transfusions, sometimes bone marrow transplants in order to eventually
restore their blood, particularly their white blood cell counts to normal healthy levels. [13]
Somatic cells from the Leukemia patient themselves could be used to create iPSCs. Evidence of
endothelial progenitors having the capacity for hematopoiesis recently showed this may be a
possibility. The patient’s body would likely recognize these cells as their own, enhancing
compatibility, while avoiding the need for immunosuppressant drugs.
A recent study showed that creating endothelial progenitors with the method described
below allows for the creation of a monolayer with lymphoid potential. “These progenitors gave
rise to various cells of myeloid lineages as well as natural killer lymphoid, T-lymphoid, and B-
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lymphoid cells”. [14] This discovery hints that these cells are in fact allowing scientists to gain
knowledge regarding the induction of hematopoietic cells.
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Chapter 2

Pertinent Research to Endothelial Progenitor Production
Lian et al. describe a method to generate EPCs in a publication found in the journal Stem
Cell Reports in 2014. This paper involved identification of endothelial progenitors by the
markers CD34 and CD31. Both genes are known indicators of the endothelial lineage. The
protocol that was developed involves the treatment of stem cells with known GSK3 inhibitor
CHIR99021 (CH) for 2 days. [3] An updated version of this protocol, this time completely
chemically defined, was published a year later. [12] This protocol is only successful for the
differentiation of “male” stem cells. It does not work with “female” cell lines, indicating that the
gender of the source from which the stem cells were taken has implications in differentiation.
When the medical applications of these cells come to fruition there will be problems if
only men can use them personally. There are already disparities of access to new medical
technologies, some of which are only available to those in a socioeconomic position to afford it.
The unforeseen problem of stem cell differentiations varying between gender of cell lines could
create such an imbalance of access to new treatments. Figure 1 is a schematic produced by Lian
et al. portraying how this technology could be used. The reprogramming of patient’s cells is
shown to create endothelial cells which could then be used in disease modelling, cellular therapy,
or tissue engineering.
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Figure 1: Graphic highlighting scope of EPC generation [12]

It is necessary to develop a method to perform this differentiation with female cells. This
research contains the steps that were taken to modify the existing protocol, initially established
by Lian et al., to be efficacious when applied to female stem cells. The first major goal of this
experiment was to create a protocol for an endothelial differentiation that works with both male
and female pluripotent stem cell lines. To attempt to achieve this goal first WNT pathway
activation time was modulated with CHIR99021. This chemical is a GSK3 inhibitor. When
GSK3 is inhibited due to the addition of the chemical the WNT/β-catenin pathway is activated.
Upon removal of the chemical the pathway is deactivated. [9] Literature speaks in depth about
WNT being intimately intertwined with development for both genders in unique ways. [15] It
was thought female cells may require a different WNT activation time in order to differentiate to
this specific lineage. The idea of adding the chemical on day -1 was explored in order to increase
the WNT activation time. This pathway activation was demonstrated to efficiently produce EPCs
in male cells. Figure 2 shows the timeline for the protocol that is functional with male cells. CH,
the GSK3 inhibitor, is applied for 2 days. This time of application is what was sought to be
varied.
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Figure 2: Timeline of prior Endothelial Cell Protocol [12]

Lian et al. published a paper involving temporal modulation of the WNT pathway,
similar to the endothelial differentiation protocol, in 2012. This paper contained a method for
creating cardiomyocytes with high efficiency and yield, up to even 98%. This protocol was
developed prior to the endothelial protocol, they have some similarities as expected as they both
create cells derived from the mesoderm. They both involve using the chemical CHIR99021 to
inhibit GSK3 and induce activation of the WNT/β-catenin pathway for a specified amount of
time. This successful study included many variations of activation and suppression time of the
WNT pathway to find the most efficient method. [16]
While literature related to the subject of male vs female stem cells does exist, much is left
unknown. One such study examined bone marrow stem cells in a murine model. These cells are
also of the mesoderm lineage so they may behave in a manner relevant to endothelial cells. The
group examined tumor necrosis factor receptor 1 (TNFR1) and its relation to the levels of VEGF,
TNF, and IL-6 compared between male and female cells. It was demonstrated that after ablation
of TNFR1 male cells saw a statistically significant drop in levels of VEGF, TNF, and IL-6
produced. [17] This was not the case with the female cells. Post TNFR1 ablation female cells
saw essentially identical levels of the same three growth factors as the wild type cell group. From
this information, it was reasoned that regulation of the levels of these factors, for the interest of
this paper VEGF, were mediated by TNFR1 in the male BMSCs and elsewhere in the female
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BMSCs. [10] If nothing else this is at least a demonstration that there is a difference in the way
male and female stem cells of mesoderm lineages regulate and produce VEGF.
It is of interest to examine TNFR1 and its role in the production of EPCs. There is a
possibility this gene’s expression could be a contributing factor to a difference in male and
female cell VEGF levels during an EPC differentiation. In contrast, the situation being observed
could be the opposite of what was found in the murine study. There could be a gene that is toned
down or shut off entirely during the differentiation that is the human female stem cell equivalent
of TNFR1 in the male BMSCs which could cause the down regulation of VEGF production.
Certain results in the murine study make a case for TNFR1 or a similar gene being
responsible. Activation of the WNT pathway is an integral part of the current protocol. It has
been demonstrated that this pathway’s activation upregulates expression of TNFR1. 6bromoindirubin-3′-oxime (BIO) is a chemical that fulfills a role like that of CHIR99021 serving
as a GSK3 inhibitor. Treatment with BIO demonstrated an increase in mRNA expression of
TNFR1. Figure 3 shows this increase in response to the control with error bars showing standard
deviation. Evidence of a positive feedback loop was also established between WNT and tumor
necrotic factor (TNF), the increased expression of each increasing that of the other. [18]

Figure 3: Graphic demonstrating TNFR1 upregulation after WNT activation [18]
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WNT activation in stem cells will upregulate TNFR1 (or another gene with a similar
function) in both male and female stem cell lines. In male cells, as demonstrated in mice, VEGF
would be produced in greater abundance. VEGF production would presumably not change as a
result of this gene becoming more active in female cells. This begs the question whether the
addition of exogenous VEGF to the female cells could mimic intracellular conditions present in
the successful differentiations. This is one of the theories examined in this study.
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Chapter 3
Hypothesis and Specific Aims
Hypothesis
It is hypothesized that female derived pluripotent stem cells will differentiate into
endothelial progenitor cells following modifications to current protocols such as adding
exogenous VEGF, changing temporal activation of the WNT/β-Catenin pathway, or adding
BMP4. Further, it is hypothesized that VEGF is differentially expressed due to differential gene
expression between male and female derived stem cells during the activation of the WNT
pathway. Finally, it is hypothesized that addition of exogenous VEGF to female cells undergoing
WNT activation will replicate intracellular conditions present in successfully differentiating male
cells.

Specific aim 1: Successfully differentiate the H9 VE-Cadherin GFP KI (female derived)
stem cell line to endothelial progenitor state. Specific aim 1 will be considered a success upon
securing positive flow cytometry results for the knocked in GFP tag that will fluoresce upon
expression of VE-Cadherin, an endothelial progenitor marker.

Specific aim 2: Further optimize endothelial differentiation protocol. Specific aim 2 will be
considered a success if further experimentation after a successful female differentiation allows
for a higher efficiency, or if male differentiations obtain a higher efficiency. Both will be
confirmed through FACs analysis.
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Specific aim 3: Demonstrate protocol’s efficacy with range of female cell lines, embryonic
stem cells and induced pluripotent stem cells. Specific aim 3 will be considered a success if
the newly established protocol is efficacious when applied to the IMR90 iPSC line derived from
human lung fibroblasts or other female derived stem cell lines.
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Chapter 4
Methods

Maintenance/Cell Culture
Preparation for this experiment began with the routine maintenance culture of all cell
lines involved. The pluripotent stem cell lines (H7, H9, H13, 19-9-7, and IMR90 IPSCs) were
maintained on 6 well (Corning) plates coated with matrix protein Matrigel (BD Biosciences).
Matrigel was applied in a 1:100 dilution with DMEM, 1 milliliter of media per well. The plates
were then incubated for at least 30 minutes at 37 degrees Celsius. When the cells were finally
added, they were provided the lab’s standard stem cell culture media, dubbed LASR.
Additionally, 5 milliliters of Penn Strep was added to the media to prevent contamination. The
cells received 2 milliliters of fresh LASR media each day unless they had just been passaged the
previous day. When cells achieved 100 percent confluency they were passaged. This was
accomplished by aspiration of the maintenance media and addition of 1 milliliter of .5 millimolar
EDTA in a solution of calcium and magnesium free PBS (phosphate buffered saline). The plates
were then incubated for 10 minutes. The loosely attached cells were then pipetted away from the
coated base of the plate and added to 1 milliliter of DMEM in order to neutralize the enzyme.
This mixture was then spun down in an Eppendorf 5702 centrifuge for 4 minutes at 1000 rpm.
The supernatant fluid was then aspirated and the cells were resuspended in culture media. With
each passage of the cells, ROCK inhibitor (y-27632) was added at a dilution of 1:1000 from a
stock concentration of 10 millimolar before placing them on to a freshly coated plate.
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Experimental Conditions
Many experimental treatments were tested over the course of this study. The following is
an explanation of the abbreviations of these conditions and what each of them entails. Each of
the following conditions are either in line with the previously established endothelial
differentiation protocol known to work with male cell lines or altered in the hopes of obtaining
positive results for female cells. Each condition may or may not contain a (p), the presence of
this means that on day -1 the cells were preconditioned by the addition of a known GSK3
inhibitor to start WNT activation earlier. Each condition will consist of either the letters L or R
which is representative of the media the cells were cultured in on days 0 and 1. This indicates
either (L), Laser Basal media consisting of Advanced DMEM/F12, 6.25 milliliters GlutaMAX,
and 60 micrograms per milliliter ascorbic acid, or (R), RPMI supplemented with vitamin B27
without insulin. The final identifier of each condition is the presence or lack of (V). The V in the
condition indicates the addition of 100 nanograms per microliter of VEGF on day 2 of the
differentiation.
Two additional conditions were tested early in the experimental process. One of the
conditions was to be identified by (D1A), meaning day 1 additives. This notation indicates that
on day 1 of the differentiation the cells were treated with both a GSK3 inhibitor (CHIR99021)
and the growth factor BMP4 (bone morphogenic protein 4). This condition was abandoned early
in testing due to lack of statistically relevant results. The other additional condition that did not
manifest in the final set, was the replating of the cells on day 2 of the differentiation. This
consisted of dissociating the partially differentiated cells (via enzyme) and replating them onto a
new plate coated in Matrigel. This was done the same way a passage would be done but the
resuspension media was consistent with the differentiation specific day 2 condition and the cells

16

were washed with a PBS solution. The purpose of this condition was to select for cells likely to
adhere to the plate with more strength so that they would not be washed away and lost during a
wash step. It was thought that these cells would be more likely to obtain the intended endothelial
lineage. A summary of these abbreviations is provided in Table 1 for reference.

Table 1: Abbreviations for Experimental Conditions

Abbreviation

Meaning

p

Preconditioning

L

LASR Basal Media Day 0-1

R

RPMI Media Day 0-1

V

VEGF

D1A

Day 1 Additives

rep

Replating

Differentiation Protocol
The first step of conducting this differentiation involved creating a uniform starting cell
count for each well that was to undergo differentiation. It was desired to obtain a seeding density
with a cell count of 200,000 cells per well. Experimental determination of this density as
desirable is located in the results. This was accomplished using a (Lumacyte blood counting
chamber) hemocytometer. First, the cytometer and its cover slip were sterilized with ethanol to
ensure there were no residual cells from previous experiments. The stem cells were then
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dissociated from their plates and singularized using the .5 millimolar EDTA solution previously
mentioned. After the maintenance media was aspirated, 1 milliliter of the EDTA solution was
added to each well. The cells then incubated for 10 minutes to allow for detachment and
singularization.
The EDTA was neutralized by adding an equal volume of DMEM to the solution which
was then spun down in via centrifuge for 4 minutes at 1,000 rpm. The cells were then
resuspended in 1 milliliter of LASR media with 1 microliter of ROCK inhibitor (y-27632). This
solution was then diluted with (DMEM) at two to one ratio giving a dilution factor of three. This
was accomplished by adding 20 microliters of the cell solution and 40 microliters of DMEM to a
new tube. 10 microliters of the combined solution was then pipetted into the hemocytometer and
pulled in via capillary action at which point the cells could be counted under a microscope.
Calculations specific to the hemocytometer chamber volume were required in order to develop
the equation used to achieve the intended cell density. The equation consists of the average count
of cells within a visible grid on the cytometer, multiplied by the dilution factor of three,
multiplied by 10^4 (specific to hemocytometer chamber volume which is 1*10^-4 ml), and
finally divided by 200,000 (intended seeding density). This equation, detailed in figure 4,
provides the total volume of media necessary to achieve the intended density of cells from the
given solution.
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡 ∗ 3 (𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟) ∗ 104
= 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑚𝑒𝑑𝑖𝑎 𝑤𝑖𝑡ℎ 𝑎 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓
200,000 (𝑖𝑛𝑡𝑒𝑛𝑑𝑒𝑑 𝑠𝑒𝑒𝑑𝑖𝑛𝑔 𝑑𝑒𝑛𝑠𝑖𝑡𝑦)
200,000 𝑐𝑒𝑙𝑙𝑠 𝑝𝑒𝑟 𝑚𝑖𝑙𝑙𝑖𝑙𝑖𝑡𝑒𝑟 𝑓𝑟𝑜𝑚 𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑔𝑖𝑣𝑒𝑛 1 𝑚𝑖𝑙𝑙𝑖𝑙𝑖𝑡𝑒𝑟 𝑐𝑒𝑙𝑙 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
Figure 4: Equation used for accurate cell seeding density calculations

18

The appropriate amount of LASR was then added to the cells which were supplemented
with a 1:1000 dilution of ROCK inhibitor (y-27632). The cells were then plated into the wells of
a Matrigel coated plate. 1 milliliter of this cell solution was placed into each well of this 24 well
plate. The day these cells were plated was considered to be day -1 of the differentiation. The
cells were then intentionally set aside in the incubator for 24 hours. For any of the cells given a
(p) condition, preconditioning occurred 24 hours prior the start of the differentiation, during
plating on day -1. This was accomplished through the addition of 1 microliter of 30 millimolar
CHIR99021 to each well.
The following day the differentiation was set to begin, this day was to be referred to as
day 0. On day 0 the existing media was aspirated and 1 milliliter of fresh media, based on the
well and its specified conditions, was provided, LASR Basal or RPMI. This media was made
with a 6 micromolar concentration of CHIR99021, this was consistent for all conditions. Day 1
was conducted with treatments identical to those on day 0, with the same media and CHIR99021
concentration. Within the initial set of variables day 1 varied for one condition. The wells given
the (d1A) condition were given media with a CHIR99021 concentration of only 1 micromolar.
These cells were also treated with 5 nanograms per milliliter of BMP4.
The second phase of the differentiation began on day 2. On this day, all wells received 1
milliliter of LASR Basal media regardless of their respective conditions. Additionally, any wells
with the V condition were supplemented with 2.5 microliters of a 40 nanogram per milliliter
VEGF solution. This was to achieve a total of 100 nanograms of the VEGF in each 1 milliliter
well. The cells were then left to incubate for three full days. All plates were regularly
examination under the microscope for morphological changes. This continued until the cells
were ready for analysis on day 5. In an effort to conserve VEGF, the wells with the V condition
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were thoroughly examined under the microscope to ensure they were healthy, did not contain
any abnormal morphology, and did not contain an alarming number of floating dead cells. Table
2 below summarizes the daily treatment for each established set of experimental conditions that
were to be examined.
Table 2: Daily breakdown of each experimental condition
Day

L

LV

R

RV

p(L,LV,R,RV)

-1

LASR

LASR

LASR

LASR

LASR+ 1 μM
CHIR99021

0

LASR Basal + 6
µM CHIR99021

LASR Basal + 6
µM CHIR99021

RPMI w/ B27 –
insulin + 6 µM
CHIR99021

RPMI w/ B27 –
insulin + 6 µM
CHIR99021

1

LASR Basal + 6
µM CHIR99021

LASR Basal + 6
µM CHIR99021

RPMI w/ B27 –
insulin + 6 µM
CHIR99021

RPMI w/ B27 –
insulin + 6 µM
CHIR99021

2-5 (changed
on day 2, left
until 5)

LASR Basal

LASR Basal +
100ng/ml VEGF

LASR Basal

LASR Basal +
100ng/ml VEGF

4 discrete
preconditioning
treatments; pL,
pLV, pR, and pRV
Each condition
follows the
corresponding
conditions for days
0-5 with only day 0
changed

Table 3 represents the initial set of variables that were examined with the exclusion of
pLV and pRV. It should be noted that these conditions were present in the initial set of variables
but are already detailed in table 2. Repeated trials of the conditions in table 3 were conducted
first in order to establish the set of conditions seen in table 2. Once the conditions in table 3 had
produced positive results they were examined more meticulously. The changes made to the
original protocol were removed one at a time in order to narrow down which changes were
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beneficial. The results section shows why these main conditions were chosen for the examination
of differentiations of H9 cells.

Table 3:Initial set of daily experimental conditions

Day

LV (with D2
replating)

pL (with D2
replating)

L(D1A)

pL(D1A)

-1

LASR

LASR+ 1 μM
CHIR99021

LASR

LASR+ 1 μM
CHIR99021

0

LASR Basal + 6 µM
CHIR99021

LASR Basal + 6 µM
CHIR99021

LASR Basal + 6 µM
CHIR99021

LASR Basal + 1 μM
CHIR99021 + 100
ng/ml BMP4

1

LASR Basal + 6 µM
CHIR99021

LASR Basal + 6 µM
CHIR99021

LASR Basal + 1 μM
CHIR99021 + 100
ng/ml BMP4

LASR Basal + 1 μM
CHIR99021 + 100
ng/ml BMP4

2-5 (changed on
day 2, left until 5)

Replate + LASR
Basal + 100ng/ml
VEGF

Replate + LASR
Basal

LASR Basal

LASR Basal +
100ng/ml VEGF

Supplemental/Related Methods
An additional potential aim of this experiment was tested that involved attempted
differentiation of the endothelial progenitors into hematopoietic stem cells. This involved a
combination of the methods used to obtain endothelial progenitors for the first 5 days of the
differentiation followed by an additional 5 days of treatment in order to further differentiate
down the mesoderm lineage to the hematopoietic state. The addition of VEGF and cytokines;
SCF (stem cell factor), IL-6 (interleuken 6), and IL-3 (interleuken 3) were experimented with. A
combination of additions was made based on the overlap of two papers related to this HSC
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differentiation. [19, 20] Stocks of the growth factors and cytokines were aliquoted at the
following concentrations detailed in table 4.
Table 4: Growth factor concentrations for HSC differentiation

Substance:

VEGF

SCF

IL-6

IL-3

50

20

20

Concentration
(micro grams

40

per milliliter):

On day 5 the cells were treated with these factors. The stocks above were used and 3
microliters of each were added to each well in solution with 2 milliliters of LASR Basal media.
On day 7.5 (roughly 12 hours later than the time differentiation started that day) half of the wells
were treated with the same concentration of the cytokines and growth factors while the others
were left untouched. The cells were then incubated until day 10 when they were ready for
analysis.
On day 10 preparations for analysis began with immunostaining. Half of the wells were
prepared for FACs analysis while the other half were prepped for examination of fluorescence
under the microscope. The wells that were to be examined under the microscope were washed
with PBS and then fixed using a 4 percent paraformaldehyde solution in PBS for 15 minutes.
The cells were then washed again with PBS. Next the cells were blocked with a solution of
powdered milk in PBS. The cells were then stained for the HSC marker CD45 using both a
primary and secondary antibody.
The wells that were to be examined using FACs were stained using the same primary and
secondary antibodies for CD45. The secondary antibody was first diluted at a 1:1000 ratio in
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PBS, and then added to each well at a 1:50 ratio of the existing media. The cells then needed to
be removed from their wells and singularized for FACs. This was done using triple E, which was
chosen as a stronger enzyme than EDTA. There was significant linked extra cellular matrix that
had developed and needed to be broken up to ensure singularization. These cells were then ready
for FACs analysis.
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Chapter 5

Methods of Analysis

Immunostaining and FACs analysis
Some of the cell lines used in this study contained a GFP knock in to serve as a marker
for VE-Cadherin expression. This was accomplished in a manner similar to the one that is
outlined in the methods of a 2016 paper in Cell and Molecular Bioengineering by Lian et al, only
for a gene other than VE-Cadherin. [21] If the cell line did not contain this feature, antibody
staining was needed prior to analysis. This was conducted using both a primary and secondary
antibody in order to mark VE-Cadherin, CD31, or CD34. First a primary antibody was added and
left in place for 1 hour. This solution was then replaced by a secondary antibody solution. The
secondary antibody was kept out of the light to protect the integrity of its fluorescence. This
solution then sat on the cells for at least 2 hours, sometimes overnight depending on the timing of
the intended FACs experiment.
All cells were prepped before FACs analysis could begin. Each well was dissociated and
fully singularized using the .5 milliliter of EDTA solution for 10 minutes in an incubator.
Repeated pipetting was done after the incubation to ensure the cells would be fully singularized
as to not create an occlusion in the flow cytometer tubing. This cell solution was then added into
a 1 milliliter solution of PBS with 0.5% BSA in a 15 milliliter Falcon tube. These tubes were
then removed from the sterile hood environment. For each tube 1 milliliter of their total 1.5
milliliter contents was transferred into a FACs tube that is compatible with the Beckman Coulter
FC5000 flow cytometer. These tubes were then ready for FACs analysis.
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The first time each new cell line was analyzed a protocol was established using the CXP
cytometer software. This involved setting up graphs to measure many combinations of metrics.
Forward scatter (cell size) vs. side scatter (cell complexity) was measured. This allowed for
selective gating in order to distinguish cells of interest from small pieces of cell debris or clumps
of cells that had not been entirely singularized. The fluorescent channel of interest, in this case
FL1, was graphed against another fluorescent channel that was not stained for in the sample.
This was to have a baseline comparison. One would expect no fluorescence at all from the other
channel so it could be used as a control.
These settings were meant to produce a graph with most negative cells linearly aligned
with a slope of 1. Any positive cells would be above or below this line in the direction of the
fluorescence of interest. The voltages were altered while running some of the stained cells in
order to allow the plots to display useful positive levels of fluorescence. These plots could then
be gated to exclude the background fluorescence and any negative cells. This was done in order
to count the number and percentage of cells with sufficient positive fluorescence intensity. Once
these protocols had been established they were applicable to all FACs experiments for the
specific cell line. The process was repeated each time a new cell line needed analyzed. The
prepped FACs tubes were then loaded individually into the machine and the computer was
instructed to run the previously established protocol. The data from these experiments were then
transferred and analyzed using the FloJo software. This allowed for many gates to be created and
applied to multiple figures. This enabled quantification of positive endothelial progenitor
percentage.
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Methods for Quantitative Analysis
The VE-Cadherin levels in the endothelial progenitors were expected to peak around day
5 or 6. Over the first few rounds of the differentiations each of the conditions that was trialed had
a replicate that was done in parallel. One of the two was analyzed through FACs on day 5 while
the other was untouched for another day and analyzed on day 6. After sufficient runs, enough
data was obtained to determine which day the level of VE-Cadherin expression would peak
between day 5 and day 6. Given this information the higher percentage option was chosen and
kept constant as the day of analysis for the rest of the experiments in order to obtain the best
possible results.
After the first few initial rounds of testing and the successful differentiation of a female
stem cell line into endothelial progenitors more data was acquired. The yield was of interest in
order to prepare for future reviewers’ requests, especially those of an engineering background.
This would quantify the number of EPC’s the protocol produces for each pluripotent stem cell it
is applied to . It was desirable to obtain this data for at least one male and one female cell line.
The yield was calculated using measurements made both on day -1 of the differentiation and day
5.
On day -1 no additional calculations were necessary. The initial seeding density of
200,000 cells per well was carefully achieved. On day 5 additional steps were required. The
media was aspirated and .5 milliliters of EDTA solution was added to the cells. The cells then
incubated for the standard 10 minute dissociation period. To ensure there would be no clumps of
cells clogging the machine or inhibiting accurate counting, the cells were pipetted vigorously
within their wells. Each well was then transferred to its own individual 15 milliliter falcon tube.
BSA solution was added, .5 milliliters per tube. The tubes were then removed from the sterile

26

hood environment. The hemocytometer was then prepped for use, sterilization etc. To ensure a
uniform density of cells in the solution the wells were thoroughly pipetted immediately prior to
counting. A small 10 milliliter volume was then transferred into the cytometer. Examination
under the microscope allowed for an average cell count to be established. This was done using
the raw count under the microscope and a similar, yet modified, version of the equation used for
seeding the cells. Before these calculations could be made FACs analysis had to be done on the
same samples.
Each sample was labeled and then transferred to a FACs tube. These samples were then
analyzed using the same methods as described previously. The correct program was chosen to
ensure proper gating and voltage levels for the specific cell line. After running about 20,000 cells
through the machine for each sample the program was terminated and the files were transferred
to allow for analysis. This enabled the percentage of VE-Cadherin positive cells to be
determined. This number was then used in the yield calculations. First the average number
counted in the squares of the hemocytometer was multiplied by 10^4 to achieve the number of
cells total in the 1 milliliter solution from which it was obtained. Note there was no dilution
factor in this formula because the solution of interest was not diluted separately before being
placed in the cytometer. This number was considered to be roughly the total number of cells in
the well on day 5 of the differentiation. This could then be multiplied by the percentage of VECadherin positive cells obtained from FACs in order to find the total number of endothelial
progenitors obtained. Finally, this number was normalized by dividing by the 200,000 cells that
were initially in the well to obtain the yield. Figure 5 shows this equation which was used to
calculate all yield results.
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𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡 ∗ 104 ∗ 𝑝𝑒𝑟𝑐𝑒𝑛𝑡 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒
= 𝑌𝑖𝑒𝑙𝑑
200,000 (𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑒𝑒𝑑𝑖𝑛𝑔 𝑑𝑒𝑛𝑠𝑖𝑡𝑦)
Figure 5: Equation for determination of yield
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Chapter 6
Results and Discussion

Knock in Cell Lines
An important result that was completed prior to the start of this project that made the
analysis work done here much simpler. There are many knock in cell lines that were used in this
study. These cell lines will continue to be used in order to further write the narrative in this study
regarding the disparities in treatment needs between male and female stem cells in endothelial
differentiations. The successful establishments of the H9 and H13 VE-Cadherin knock in cell
lines allowed for the removal of the multi hour long staining process for each and every round of
differentiation. A fluorescent tag (GFP) was placed strategically in order to fluoresce only if VECadherin was being expressed. Microscopy provided confirmation that these cell lines did in fact
fluoresce. The known published endothelial protocol [3] was conducted and analyzed under the
appropriate microscope conditions in order to view the green fluorescence from any cells
expressing VE-Cadherin. These results for the H13 (male) cells can be seen in figure 6 below.
Included are the gray scale image, fluorescence image, and overlay of the two.
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Figure 6: Demonstration of fluorescence from KI cell line (20X bright field, 20X GFP, overlay)
Image overlay conducted by Lauren Randolph

Control
The first set of flow cytometry results in figure 7 demonstrate the problems previously
stated with the original protocol. The first two images (from left to right) demonstrate the initial
inability to successfully differentiate female H9 stem cells into endothelial cells. Essentially no
fluorescence is seen for VE-Cadherin on day 5 or 6, implying an unsuccessful differentiation.
This would be used consistently as a negative control for future differentiations. In addition, the
third and fourth images show the successful differentiation of the male H13 cells. The clear
positive populations of VE-Cadherin expressing cells on both day 5 and 6 affirmed the
appropriateness of this protocol being applied to male cells serving as a positive control. FACs
analysis is shown for both day 5 and 6, the timing of the experiment had yet to have been
optimized. The FL1 channel indicated any positive GFP fluorescence due to the expression of
VE-Cadherin in the knock in cell lines. Any cells contained within the computer generated pink
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gates are considered positive for VE-Cadherin, with the pink number in the corner displaying
this as a percentage.

Figure 7: Establishing controls.

Gating conducted by Lauren Randolph

Optimization of Experiment Duration
To ensure the establishment of a consistent analysis protocol, it was necessary to determine the
optimal time at which to analyze the data. Studies establishing the most up to date protocol for endothelial
differentiations have focused on days 0 through day 5. The metric chosen to classify these cells was the
presence of positive signals for the genes CD31 and CD34. These are endothelial markers commonly used
to identify this lineage. Another common marker VE-Cadherin was used in this study. When it came time
to confirm the identity of these newly differentiated cells it was done on day 5. It was expected that
upregulation of VE-Cadherin would likely arise around the same time as CD31 and CD34. The three
markers are all shown early in the endothelial lineage.
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It was desirable to choose the day with the highest level of VE-Cadherin expression for analysis.
This is because an attempt was being made to raise the efficiency from 0% in female cell lines. This
meant it was crucial to identify the time with the highest presence of signal in order to ensure small
positive results were not neglected. All variables that were being worked with at the time were tested and
quantified the data using FACs analysis and FloJo. Additionally, plates undergoing differentiation were
examined under the microscope on both days 5 and 6. It was concluded that the peak level of VECadherin was found on day 5 in all the conditions. Day 6 was proven to be either not statistically different
from day 5 or lower depending on the condition. Optimization of the time of analysis makes the
attainment of each aim of this study more likely.

Table 5: Comparison of Days 5 and 6 FACs data for H13 cells (mean of 3 trials)

Variable

H13 Day 5 % Positive

H13 Day 6 % Positive

identifier

(VE-Cadherin)

(VE-Cadherin)

L

+

23.5

17.1

pL

V1

24.5

14.9

Lrep

V2

19.5

5.01

pLrep

V1-2

23.9

12.5

pR

V3

48.5

33.2

LD1A

V4

N/A (Very Low)

N/A (Very Low)

pLD1A

V3-4

6.86

5.76

Condition

Table 5 consists of data from experiments that were conducted with only the male cell lines
(H13). This was because a successful method for female cells had not yet been established. A few
important results were obtained from this initial experimentation. One of the clearest pieces of
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information gathered was that the male cell lines do not respond well to the addition of BMP4. Essentially
all cells were negative and there were an extremely low number of cells that survived the experimental
conditions through day 5. Negligible cell counts made this condition difficult to analyze. Another key
insight gained was the fact that the day 0-1 media being changed to RPMI produced endothelial cells at
almost double the efficiency of the positive control. If nothing else this was indicative of a not yet fully
optimized protocol.
Finally, the most important conclusion gathered from this portion of the study was that day 5
would likely provide the best chance of identifying positive endothelial progenitors. This is due to the
higher levels of VE-Cadherin expression on day 5 in all conditions. It should also be noted that the
preconditioning condition seemed to have no significant positive effect on the male cells. This was
expected although at the time it was assumed the preconditioning treatment would increase the efficiency
in female cells. Additionally, it was determined that the replating strategy should be abandoned. It did not
successfully select for cells likely to be endothelial progenitors like it had been predicted it would. It
should be noted that all of the trials in table 5 above included the addition of VEGF in the day 2-5 media.

Flow Cytometry Results for Initial Set of Experimental Conditions
After the establishment of FACs being conducted on day 5, analysis of female cells (H9) began.
Results were gathered for H9 cells undergoing this differentiation under various conditions. Some of the
same conditions used above were used in this initial round of testing on female cells. The range of
positive results suggest a change contained within these conditions proved to allow for successful
differentiation.
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Table 6: Initial positive FACs results for H9 cells

Condition

H9 Day 5 % Positive VE-Cadherin

V3
V4
V3-4

10.6
4.45
16.8

V3.1 (V3 Without
VEGF Addition)

0.14

Negative Control

0

The testing summarized in table 6 provided the first evidence for positive results for female cells,
which meets the goals of aim 1. Preconditioning was used in each of the conditions on the female cells.
This may have prevented this variable being eliminated due to the negligibility of its effect. This would be
determined later in testing. Interestingly, it seemed that the day 1 additives lowered the efficiency just as
they had done in male cells. Two of the variables were determined viable to move forward with. First, the
day 0-1 media being changed from LASR Basal to RPMI with B27 without insulin improved efficiency.
Finally, the most important discovery was that a common trait shared between all positive trials for the
H9 cells was the addition of VEGF. The change in media can be seen having a much more minor effect
on efficiency. Condition V3.1 highlights this quite well in figure 8 showing a very small positive
population that is an improvement from 0%, but not quite efficient. The change in day 0-1 media with the
VEGF addition produced over 10% VE-Cadherin positive cells. When the VEGF is removed from this
condition it is essentially the same as the negative control, with a small positive percentage of 0.14%.

34

Figure 8: Day 5 FACs analysis on H9s From top left to bottom right V3, V4, V3-4, V3.1. Gating done by Lauren Randolph.

Both the addition of VEGF and alternate media improved the efficiency of this protocol. It was
then sought to examine which of the two was more important to further meet aim 2. The results are shown
below in figure 9. The change in media and VEGF addition are tested with and without one another and
compared to the original protocol. The standard deviation for the R condition suggests that there is not
strong statistical evidence for the media change causing positive results. This was confirmed through t
testing (0.05). Both the LV and RV condition show far higher positive signal for VE-Cadherin than the
control. This testing led to the assertion that the addition of exogenous VEGF is the change to the original
protocol that allows successful EPC generation in female derive stem cells.

35

H9 (female)-RPMI (with B27
supplement)

H9 (female)-LASR Basal

25

Percent Positive FACs (%)

Percent Positive FACs (%)

25
20
15
10
5
0

20
15
10
5
0

-VEGF

+VEGF

Treatment Conditions

-VEGF

+VEGF

Treatment Conditions

Figure 9: H9 (female)-RPMI (with B27 supplement) testing vs LASR Basasl

Optimization of Cell Seeding Density
Further optimization came as the logical step after the establishment of this new protocol. The
variable of cell seeding density was of interest. Tests were conducted for a large variety of initial seeding
densities. This was done in order to determine the optimal density to allow for the most endothelial
progenitors to be created. Testing was done seeding the cells between 20 and 60 thousand cells per
centimeter squared at 10 thousand cell intervals as seen in figure 10. Differentiations were conducted on a
smaller scale than usual in parallel to allow for more rapid analysis of the many densities of interest. A 48
well plate was used to determine the appropriate density that would later be scale up proportionally to a
larger plate.
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Figure 10: Visualization of cell seeding density experiment in 10 wells of 48 well plate (image by Lauren
Randolph)

The results of each of the conditions were quantified using FACs analysis on day 5. The results
can be seen in figure 11 below. There was a clear amount of variance due to the alteration of the seeding
density variable, more so in the male cells than the female cells. Figure 11A demonstrates that the
densities on the lower end produce little to no cells positive for VE-Cadherin signal after undergoing this
protocol. The cells in figure 11B show very different morphology to those in 11C. The large positive
population in 11A that corresponds with the 11B image is assumed to have many EPCs given its high
percentage of VE-Cadherin expressing cells found with FACs. The 5% efficiency in 11A corresponding
with the cells in 11B are likely not EPCs. These cells could possibly be partially differentiated stem cells
or unhealthy cells of some type explaining the morphological difference with the EPCs in 11C. It was
determined that 50 thousand cells per centimeter squared would provide the most promising results for
both the male and female cell lines among the densities tested. This was confirmed through one way
ANOVA test for both lines. An alpha value of 0.05 was used and for the H9 and H13 which had p-values
of .044 and 5.1810-7 respectively. This test further optimized the protocol as aim 2 intended. This helps
keep the protocols between the genders of cell lines more consistent with one another.
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Effects of Initial Seeding Density on Endothelial Differentiation

Percent VE-Cadherin Positive

(Figure 11A)
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Initial Seeding Density
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cm2) (2 trials per cell line per density)
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H9 (female)
(Figure 11B)

30

(Figure 11C)

Figure 11: Seeding density results (FACs results) (percentages by Lauren Randolph)
11A: Percent positive VE-Cadherin, seeding density results
11B: H13 day 5, 20*103 cells per cm2 (10X brightfield)
11C: H13 day 5, 50*103 cells per cm2 (10X brightfield)
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Yield Results for Updated Conditions
An updated set of conditions was chosen based off the successes of the initial variables. Further
gathering of more substantial quantitative data was done to investigate the addition of VEGF and alternate
media. The main metric of interest was yield. The following conditions were tested for this yield data.
The conditions are consistent with the established negative control protocol with the exception of any
changes listed in table 7 The conditions were termed L, LV, R, and RV; this is what each one will be
referred to in future reporting.
Table 7: Final condition set treatment

Cell Line

H9 VE-Cadherin Knock In

H13 VE-Cadherin Knock In

[L] No changes to negative control protocol
Experimental
Conditions
.
.

[LV] Addition of 100 ng/ml VEGF in day 2-5 media
[R] Day 0-1 media changed to RPMI w/ B27 -insulin
[RV] Day 0-1 media changed to RPMI w/ B27 –insulin, addition of 100
ng/ml VEGF in day 2-5 media

To obtain yield data for the four separate conditions each of the two cell lines were counted using
a hemocytometer on day 5 prior to FACs analysis for all conditions. The results of these counts are in
Figure 12. It should be noted that figure 12 only shows the raw cell counts, the percentage of cells
positive for VE-Cadherin was not yet factored in to obtain yield. FACs analysis was run for every trial of
the data that went into cell counts. This allowed the cell counts from figure 12 and the percentages from
FACs be plugged into the equation in figure 5.
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Cell Counts Day 5 H13

Cell Count Day 5 H9
120

90
80

100

Cell Count (# cells)

70
80
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40
40

30
20

20

10
0

0

Experimental Condition
H9 (female)

Experimental Condition
H13 (male)

Figure 12: Cell count data for yield calculations (mean and standard deviation of 6 rounds of counting shown)

A number of inconsistent trials occurred initially for the yield data collection. It is evident in
figure 12 that unlike during previous trials the R and RV conditions of the H13 differentiation indicated
essentially no cells. These two conditions which had been successful on more than one occasion in past
runs suddenly were not even allowing cells to survive for the full 5 days, let alone differentiate. It was
decided that new stocks of the H9 and H13 cell lines should be thawed and reestablished in culture in
order to have as healthy and consistent cellular conditions as possible. The previous cell lines had been in
culture for roughly a year and a half before these issues arose. The thawing of new stocks of the H9 and
H13 cell lines proved to negate the previous troubles, providing consistent outcomes. It was decided to
move forward with yield for the L and LV conditions. L is the established method for male cells and LV
was the most successful for females with minimal change in protocol. Figure 13 details the results of
these yield calculations.
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EPCs produces per 100 Stem Cells

Yield Data H9

Yield Data H13

150

150

100

100

50

50

0

0
H9…

H13…

Figure 13: Yield results final conditions (mean and standard deviation for 6 trials)

Figure 13 provides evidence in support of the hypothesis of female cells needing exogenous
VEGF in order to successfully differentiate into EPCs. ANOVA analysis showed VEGF addition affects
male and female cells differently and showed significant improvement for the female line. The initial
protocol remains ineffective for the H9, H7, and IMR90 iPSC line (all female) while producing positive
results for the H13, H14, 19-9-11, and 6-9-9 lines (all male). Repeated positive differentiations showing
H9 and IMR90 cells successfully differentiating is beneficial for the completion of aim 3. This is
demonstrated by the observation that the addition of only VEGF can raise the percent of VE-Cadherin
positive cells from 0 to over 20 in these female cell lines. The IMR90 line is also of significance because
it demonstrated the protocol works for an iPSC line. The male cell line also seemed to increase slightly in
efficiency with the addition of VEGF but there seems to be a limit to improvement with this method. The
extremely similar results of male cells without VEGF and female cells with VEGF suggest that this is in
fact what was preventing successful differentiations. The success of aims 1 and 3 suggest that male cells
have higher endogenous VEGF levels or simply need less of it to become an EPC. This may or may not
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be from a genetic difference during WNT activation. This will have to be confirmed through further
analysis. The most underlying portions of this phenomena will be examined in the future using qPCR.
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Chapter 7

Conclusion .
This study began with the idea of taking clues from literature and applying the concepts
to attempt to solve a problem. By the end of the major experiments a relatively consistent
narrative was established. The main results of these experiments provided repeated evidence of
VEGF being the only addition necessary to known endothelial protocols to have positive results
for female cells. Recent research shows endothelial cells made from this protocol can
differentiate into many cells of blood lineage, namely B cells. [14] New understanding of the
nuances of gene expression and cell signaling could build off this method to create a
hematopoietic stem cell. More work can be done to determine if male cells in fact produce
VEGF at a higher level during this differentiation. The important takeaway is that this protocol
creates endothelial progenitors from stem cells of both male and female source gender and has
demonstrated its effectiveness on both embryonic and induced pluripotent stem cells of female
source.
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College of Engineering, Biomedical Engineering, Chemical Concentration

The Pennsylvania State University, University Park, PA
RESEARCH EXPERIENCE
Researcher, Human Stem Cell Engineering Lab

Summer 2015-Present

Pennsylvania State University, Dr. Xiaojun (Lance) Lian
Endothelial Differentiation Project






Co-developed protocol for differentiation of female pluripotent stem cells to endothelial
progenitors, previously only worked with male cells
Conducted differentiations of human pluripotent stem cells for various progenitor/somatic
lineages; endothelial progenitors and hematopoietic stem cells for fundamentally understanding
blood development and transplantation medicine
Cultured and utilized multiple CRISPR-Cas9 edited pluripotent stem cell lines
Writing undergraduate thesis on this novel protocol
Co-writing manuscript for publication of this novel protocol

Cardiomyocyte Differentiation/Direct Conversion Project





Developed code identifying active progenitor genes in cardiomyocyte development
Conducted direct conversion of human fibroblast to cardiomyocytes
Directed differentiation of human pluripotent stem cells to cardiovascular lineages for cardiac
cell therapy studies
Differentiation and analysis of CRISPR-Cas9 edited human stem cell derived cardiomyocytes

Inducible Plasmid Project



Aided in design of doxycyline inducible plasmid for gene delivery
Confirmed efficacy of plasmid through GFP gene delivery and activation

Researcher, Condensed Matter Physics Lab

Fall 2014-Spring 2015

Pennsylvania State University, Dr. Moses Chan



Designed device for analysis of multiple wires in potential superconductor state
Studied quantum fluids and solids at cryogenic temperatures in reduced dimensionalities;
supersolidity in He-4 and superconducting and magnetic nanowires

SKILLS/ EQUIPMENT








Cell Culture; Embryonic Stem Cells, Induced Pluripotent Stem Cells, Somatic Cells
CRISPR-Cas9 Gene Editing in Human Stem Cell Lines, Inducible Plasmid Gene Delivery
Flow Cytometry
Antibody Staining, Fluorescent Microscopy
Plasmid Cloning, Plasmid Purification
Programming; C++, Matlab
Quantitative Biomedical Modeling/Analysis Software; Comsol Multiphysics, Mimics, 3-Matic,
Solidworks
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Lab Safety/Laser Safety Certified
Additive Manufacturing

RELAVENT COURSEWORK
BME 597: Stem Cell Engineering Therapy


Graduate level course examining stem cells and the processes to derive, edit, and utilize them
therapeutically
BME 445: Tissue Engineering
 Examination of past and current tissue engineering research
 Concepts, Calculations, and applications of tissue engineering
BME 444: Biomaterial Science
 Surfaces and the Biological Responses to Materials
BME 429: Biomechanics and Techniques Laboratory


Design, completion, and statistical analysis of experiments relating to; biomechanics, fluid
dynamics, biomaterials, and reaction kinetics
BME 423: Reaction Kinetics of Biological Systems
 Chemical kinetics and reaction equilibria w/ applications to analysis of biological systems
BME 413: Mass Transport Phenomena
 Mathematical study of mass transport processes with emphasis on drug delivery
BME 409: Fluid Dynamics


Mathematical study of fluid dynamics and applications to biological processes and pathologies

INVOLVEMENT
Undergraduate Research

2014-Present

Penn State Club Swimming

2014-Present

Cure 4 Cam Foundation

2012-Present

Juvenile Diabetes Research Foundation

2011-Present

HONORS:

Schreyer Honors Scholar
Schreyer’s Research Grant Recipient
Dean's List
Cameron Evans Memorial Scholarship

2014-Present
Summer 2015
Fall 2013, Spring 2014, Fall 2014, Fall 2016
2013

