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Abstract: Pulmonary arterial hypertension (PAH) is an incurable, lethal, and life-limiting disease in
which progressively increasing pulmonary artery pressure leads to right ventricular heart failure. There
remains a demonstrated need for better understanding of the cellular and molecular mechanisms
underlying the disease, and for novel treatments that can improve grave patient prognosis. Endothelial cell
(EC) dysfunction plays a key role in the pathology of PAH and other cardiopulmonary diseases. It has
been established that native pulmonary artery ECs from idiopathic PAH (IPAH) patients have significant
defects as evaluated through the angiogenesis (tube formation) and single cell gel electrophoresis (comet)
assays. Recently, cell types of interest derived from induced pluripotent stem cells (iPSCs) have been
shown to recapitulate disease phenotypes in vitro. Therefore, we investigated if ECs derived from iPSCs
(iPSC-ECs) could prove useful as PAH models. Angiogenesis and comet assays were used to evaluate the
extent to which iPSC-ECs derived from IPAH patients recapitulated impaired features established in
native pulmonary artery ECs. IPAH patient iPSC-ECs demonstrated significantly impaired angiogenic
function and had higher levels of unrepaired DNA damage versus control iPSC-ECs. These findings
suggest that iPSC-ECs can be effective disease models and drug screens for novel drug candidates and
personalized therapy.



PERSONAL STATEMENT

Research is very special for me. It is unequivocal that it has irrevocably changed my life, and it is
my hope that by sharing my story, I might be able to demonstrate its transformative power.

As a 10" grader, I couldn’t see past the street culture that my school community was awash with.
Scientific research was just something in a textbook — drugs, gangbanging, fights, and pregnancies were
the demanding reality in front of me. However, I had historically been a good student — I liked exploring
far away ideas in my mind and exerting some measure of control over my life. Things were coming to a
head, though, and events dictated that this year was to be a crossroads.

It was with the encouragement and support of a science teacher that year, Mr. Jason Brennan, that
I entered the UC Davis Teen Biotech Challenge. He saw something in me that I doubt anyone else could
have at that point in time. Through TBC, I landed an internship with the UC Davis stem cell program.

That first summer in research, I was dunked total immersion in a world I had never known
existed. Working with genetic reprogramming of human dermal fibroblasts to induced pluripotent stem
cells (iPSCs), I found an unprecedented level of fulfillment in the lab. I was a part of something larger
than myself, doing my small part to effect positive change on countless lives. I was a member of a
friendly, profoundly intelligent and even more extraordinarily compassionate community of scientists. I
was being pushed harder than I’d ever experienced in my life, but I was growing so much as a result.
Never before had I felt so free and independent, and my eyes were opened to a brand new world. [ was
able to learn at a pace that surprised myself, tackling material filled with jargon and ridiculously
multisyllabic words, because I knew just how critical understanding that material was in order to make an
effective difference. And not to mention, the science fiction nature of the work I was doing was a whole
new level of awesome than anything 1’d ever done.

I knew I had found something extremely special, and I begged the lab director, Dr. Jan Nolta, to
let me stay on during my 11" grade year. Over the next few months, I had the amazing opportunity to
work with pre-clinical mice trials of genetically engineered hematopoietic stem cells for anti-HIV gene

therapy, which can be read about here: http://www.ncbi.nlm.nih.gov/pubmed/25524029.



The work I submitted to Intel was conducted in the summer before my senior year at Stanford
University. I had emailed about 40 Stanford professors and gotten only 5 replies, which turned into 3
interview opportunities. This project will always be precious to me because of its incredible trial and re-
affirmation. I was asked to dedicate myself to something at a level I had never done before, and learned
what it really means to have a passion. Even though I was volunteering for up to 12 hour days and
spending hours in the dark microscopy room at a time, all I felt was the hunger to keep grinding until I
had solid results. When I was able to produce data and complete a written report, all of that work felt so
worth it. Crucially, many of the questions I’d had about if I saw myself pursuing a career in this field for
real were answered.

What my mentors have always told me and what I’ve quickly learned is that research requires
both insatiable curiosity and rugged tenacity. Being able to ask the important questions that are the basis
of science only results in a contribution to society’s progress if one is able to relentlessly pursue it. Failure
is a large part of the scientific process, and needs to be welcomed like an old friend — an old friend we sit
down and learn from, so that we might be guided in the correct direction on our journey. To persist in the
face of adversity, with heady optimism, is a good general life skill and one incredibly important in
research and many high-level careers.

Because of my unconventional start and background, it’s as crucial to me as research itself to be
involved in youth STEM outreach/education. I know first-hand how these initiatives can change lives. I
plan to do everything I can at the college level when I start at Stanford this Fall 2015, and hope in the
future I can start an initiative of my own — whether it’s opening my lab up to high school students, or
founding some sort of organization.

I strongly advise high school students interested in STEM to pursue research. So many doors are
opened because of it, both in terms of college but also in a personal sense. You learn to think at a higher
level than ever before and will benefit personally from the fulfillment of the process. I highly recommend
summer programs — many of which especially recruit low-income or underrepresented minorities, and/or

are funded to be free of charge or even offer a paid stipend. If there isn’t a program accessible to you,



create your own opportunity by emailing professors at your local college/university. If you don’t have one
of those, work out of your room or garage. The great thing about research is that it does correlate with
effort. Every hour you put in will get some sort of result, so work as hard as you can and you won’t fail.
Be respectful of the enormity of the work you’re doing, but never be intimidated into not believing in
yourself.

I will be entering undergrad this Fall as a pre-med hoping to be a strong candidate for combined
MD/PhD programs, and eventually have my own lab as a clinical/translational stem cell researcher
working to realize all of the field’s potential to redefine what is deemed “medically possible.”

Please contact me at the email addresses on the title page if you have any questions at all, or even
if you just need someone to talk to, and I will do everything I can to help.

Good luck, and as many Nobel laureates have said, never forget to have FUN with research! I
can’t wait to see all of the things you will accomplish.

INTRODUCTION

Pulmonary arterial hypertension (PAH) is a severe disease of the cardiopulmonary system in
which the pulmonary arteries narrow and stiffen, progressively increasing blood pressure that strains the
heart and leads eventually to right ventricular heart failure "% The clinical definition of PAH is a resting
mean pulmonary artery pressure of >25 mmHg, versus a healthy pressure of 15 mmHg °. PAH is
classified by the World Health Organization according to the 2008 Dana Point classification system as
Category 1 pulmonary hypertension, under the subcategories of idiopathic PAH (IPAH); familial PAH; or
PAH associated with other diseases including human immunodeficiency viral infection (HIV), from
recreational drug use (methamphetamine and cocaine), and exposure to toxins "%,

PAH is incident nearly two times more in women than men, occurring in the prime of life (30-50
years of age) > Modern treatments have been able to extend the five year survival rate from 34% in 1980
to just 50% in the 21* century > '°. Current treatments primarily consist of vasodilators, which do not
address underlying occlusive vascular remodeling, which continues unabated ''"', leaving whole lung

transplantation as the only treatment option for patients who do not respond to other treatments or who
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have progressed to end-stage disease "°. However, transplant recipients only trade a chronic disease for
another life-long medical condition because of comorbidities associated with anti-rejection
immunosuppressant treatment; post-transplantation median survival was found to be only 5.3 years *. As
such, there is a demonstrated need for novel treatments that address the underlying cellular mechanisms in
the pathophysiology of PAH, to improve prognosis for a debilitating and lethal disease that affects some

of the most vulnerable demographic groups.
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Endothelial cells (ECs) are a fundamental part of the pulmonary vasculature. ECs form the lining
of all blood vessels (endothelium), covering vessel walls of connective tissue and smooth muscle cells
(SMCs) (Figure 1); ECs control the extension and remodeling of blood vessel networks for tissue growth
and repair '*. Occlusive vascular remodeling, loss of vessels and subsequent fail of ECs to replenish them,
and stiffening muscularization of the pulmonary arteries occur in part because of EC dysfunction in PAH
" The pulmonary artery endothelial cells (PAECs) in PAH patients stimulate and fail to suppress SMC
proliferation via paracrine signaling, causing the vessel wall to thicken and muscularize *. Dysregulated
EC and SMC proliferation obliterate the lumen of pulmonary arteries, and plexiform lesions form from

1, 4, 16-17

aberrant, tumor-like clonal apoptosis-resistant EC proliferation . There is a known genetic

component in PAH, with ~80% of familial PAH and 20% of IPAH patients having a germline mutation

1-2,4,11, 17-21

that causes loss of bone morphogenetic protein receptor type 11 (BMPR2) function , which is an

important regulatory protein of growth and differentiation with impairment linked to vessel loss '*. Even

PAH patients without a mutation display reduced BMPR2 expression '~ '®

. Many of these advances in the
understanding of the molecular and cellular basis of PAH have occurred only recently, and these
paradigms remain to be thoroughly investigated and understood.

Induced pluripotent stem cells (iPSCs) are reprogrammed somatic cells with the same capability
as embryonic stem cells (ESCs) to indefinitely self-renew and to differentiate into any of the three germ

2225 Methods to differentiate endothelial cells

layers that give rise to every cell type in the adult body
from iPSCs (iPSC-ECs) consistently and accurately have been well established 2630 iPSCs differentiated
into relevant cell types have been shown to recapitulate pathological features of diseases with genetic
bases in vitro, providing a renewable source of cells that can provide new insights into a disease **2*>';
use of iPSCs from patients to screen novel drug candidates in vitro stand to improve the drug
development process by saving time and money *. iPSCs are patient-specific, meaning that they could be
genetically corrected and then transplanted back into the same patient without risk of immune rejection;
patient-specific iPSCs can also be used to personalize medicine, screening potential drug compounds for

efficacy and safety based on individual-level differences in a patient’s pharmacodynamic profile *.



Native pulmonary artery ECs (PAECs) from IPAH patients have been shown to have several impaired
features in vitro that could be tested in iPSC-ECs to evaluate novel potential as disease models — a variety
of cell types differentiated from iPSCs have been shown to recapitulate disease models, but no precedent
exists in literature using endothelial cells. iPSC-EC disease models could impact current understanding
and future treatment of a range of cardiopulmonary diseases, including PAH, atherosclerosis,

scleroderma, bronchopulmonary dysplasia, Kawasaki disease, and chronic obstructive pulmonary disease

33-37

Therefore, we set out to evaluate the utility of iPSC-ECs as a model for PAH. We hypothesized
that iPSC-ECs derived from PAH patients will recapitulate a disease phenotype of native PAH patient EC
dysfunction, and evaluated our hypothesis through the following aims:

1. Characterization of endothelial cells differentiated from iPSCs as having a native endothelial cell

phenotype.
L Evaluated morphology for endothelial cell phenotype, typified as long and tube-like with
a cobblestone appearance.

IL. Functional assay for low density lipoprotein (LDL) uptake, which is an attribute of
endothelial cells and macrophages 3

I1I. Immunostaining for vWF antigen and VE-cadherin/CD144 cell surface marker
expression. Von Willebrand Factor (vWF) is produced constitutively in the endothelium
3940 and VE-cadherin/CD144 is a strict EC-specific surface molecule *'.

2. Evaluation of the extent to which iPSC-ECs derived from IPAH patients recapitulated impaired
features demonstrated in native PAECs from IPAH patients.

L Endothelial cells will spontaneously form hollow capillary-like tube networks on certain
cell matrices, in a process known as angiogenesis '°. Native IPAH PAECs have been
established to have significantly impaired angiogenic capability on Matrigel ''. The
extent to which iPSC-ECs from IPAH patients formed tube networks on Matrigel in the
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angiogenesis assay was evaluated versus control iPSC-ECs derived from unused lung
donors.

IL. Unpublished work in our lab has established that native PAECs from IPAH patients have
significantly more unrepaired DNA damage versus controls, as analyzed through the
single cell gel electrophoresis (comet) assay which visualizes DNA with single or double-

stranded breaks that migrate out of the nucleoid, forming a “comet tail” ***

. Unrepaired

DNA damage causes mutations that can lead to disease **. The amount of unrepaired

DNA damage in iPSC-ECs from IPAH patients was evaluated versus control iPSC-ECs

derived from unused lung donors.

MATERIALS AND METHODS
Lung tissue collection and skin biopsies from IPAH patients and non-PAH unused lung donors.
Lung tissue was collected from explanted lungs from IPAH patients enrolled through the Cardiovascular
Medical Education and Research Fund’s Pulmonary Hypertension Breakthrough Initiative (PHBI), which
is a nation-wide network for pulmonary hypertension study. Lung tissue was also collected from non-
PAH unused lung donors, whose lungs are not used for transplantation but are otherwise healthy. Skin
biopsies were collected at the same time as lung tissue collection.
Cell isolation from lung tissue and skin biopsy. PAECs were isolated from dissected and digested distal
pulmonary arteries (PAs) from the lung tissue collection. Fibroblasts were isolated from skin biopsy *.
Generation and cell culture of iPSCs. iPSCs were obtained from a partner lab, which were derived from
the skin fibroblasts and reprogrammed through lentiviral transduction of the four pluripotency
transcription factors Oct-4, Sox-2, Kif-4, and c-Myec as previously described **.
iPSCs were cultured under chemically defined feeder-free conditions in Essential 8 medium (Life

Technologies) on Matrigel-coated 6-well plates (BD Biosciences) and subcultured at a 1:3 ratio using
Accutase (Sigma) as previously described ***’. Rho kinase (ROCK) activity was inhibited to improve

recovery and growth from cryopreservation and passage as previously described *.
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iPSC Differentiation Culture CD144+ iPSC-ECs

Figure 3: Directed differentiation of iPSCs into iPSC-ECs over 7-14 days.

Directed differentiation of iPSC-ECs. At 90% confluence, iPSC medium was changed to differentiation
medium consisting of RPMI+B27 supplement (Life Technologies) with 6 uM CHIR (R&D Systems).
CHIR is a small-molecule that inhibits glycogen synthase kinase-3f3, and has been shown to improve the
efficiency of directed differentiation *. On the third day, and every two days following, medium was
changed to freshly made differentiation medium consisting of RPMI+B27 with 25 ng/mL vascular
endothelial growth factor (VEGF) (R&D Systems) and 10 ng/mL basic fibroblast growth factor (FBF-f3)
(R&D Systems) following precedent ***°. When good endothelial cell morphology could be observed,
characterized by “cobble-stone” cells sprouting from iPSC colonies (Figure 3) 2*°, iPSC-ECs were sorted
using magnetic-activated cell sorting (MACS) (Miltenyi Biotec) for CD144 expression. Sorted cells were
seeded on gelatin-coated 6-well plates (Sigma, BD Biosciences) at 400,000 cells/well. Additional MACS
sorting was performed if necessary to purify the population of iPSC-ECs.

Cell culture of iPSC-ECs and PAECs. Human PAECs were cultured in 5% FBS ECM media (Life
Technologies) in gelatin or collagen IV-coated 6-well plates (BD Biosciences). PAECs were subcultured
at a 1:2 ratio. iPSC-ECs were grown in 5% FBS EGM-2MV medium (Lonza) on collagen IV-coated 6-
well plates (BD Biosciences). iPSC-ECs were subcultured using Accutase (Sigma) at a 1:2 ratio.
Characterization of iPSC-ECs. iPSC-ECs were characterized through low density lipoprotein (LDL)
uptake and immunostaining for von Willebrand Factor (vWF) and VE-cadherin/CD144 using native
PAECs as a positive control. PAECs and iPSC-ECs were incubated for 45 minutes at 37°C with 1,1'-

dioctadecyl-3,3,3",3'-tetramethyl-indocarbocyanine perchlorate (dil, a fluorescent dye)-conjugated
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acetylated LDL (Dil-Ac-LDL) (Invitrogen) at a 1:200 dilution in 5% FBS ECM (Life Technologies).
After washing twice with phosphate-buffered saline (PBS), LDL uptake was visualized with fluorescent
microscopy as previously described at 200x magnification *°. For immunostaining, iPSC-ECs were fixed
with 2% paraformaldehyde (Sigma) in PBS for 10 minutes at room temperature and permeated *in 0.2%
Triton 100X in PBS for 2 minutes. Non-specific binding was blocked for 20 minutes in 5% bovine serum
albumin (BSA) (Sigma). Cells were then incubated overnight at 4°C in the dark with primary antibodies
anti-vWF (Abcam, ab6994) and anti-VE Cadherin/CD144 (Abcam, ab33168). The cells were then
incubated for 2 hours with Alexa 488-conjugated donkey anti-rabbit secondary antibody (Invitrogen) and
counterstained with 4,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories). Pictures were taken at
200x magnification.

Angiogenesis (tube formation) assay. iPSC-ECs were starved overnight in 0.2% FBS ECM medium
(Life Technologies) as previously described ''. iPSC-ECs were seeded at 20,000 cells/well in a Matrigel-
coated 24-well plate (BD Biosciences). After incubation for four hours at 37°C, 9 pictures were taken at
100x magnification. EC tube networks were manually quantified by tube length and number using ImageJ
(National Institutes of Health). Tube length was measured by length in pixels between two nodes.
Angiogenesis assays were performed by mentor, and student completed a round of quantification.

Single cell gel electrophoresis (comet assay). Confluent iPSC-ECs and PAECs were suspended at
300,000 cells/mL in PBS. 50 pL cell solution was mixed thoroughly in 500 pL molten LMagarose
(Trevigen). 50 pL iPSC-EC or PAEC agarose solution was then dispensed on each of two wells on glass
comet assay microscope slides (Trevigen), with 1 cell line per glass slide. The agarose-cell solution was
allowed to solidify at 4°C in the dark for 1 hour, then immersed in cell lysis solution (Trevigen) at 4°C
overnight in the dark (approx. 12 hours). Alkaline rinse and electrophoresis solutions were prepared,
consisting of NaOH pellets (Mallinckrodt), ethylenediaminetetraacetic acid (EDTA) (Trevigen, Ambion),
and deionized water (dH,0) as previously established **. Slides were immersed in alkaline rinse solution
for 1 hour at room temperature in the dark. Gel electrophoresis was then run at constant 30 volts and

0.300 amperes for 30 minutes in alkaline electrophoresis solution at 4°C in the dark. Slides were washed
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in dH,0 and 70% ethanol (Decon Laboratories, Inc.) and then dried at 45° C. Slides were then stained
with SYBR Green (Invitrogen) diluted at 1 pL/10 mL EDTA at pH 8, and allowed to dry at room
temperature. Alkaline conditions were used to visualize both single- and double-stranded breaks ***. 20-
40 microscope pictures per cell line were taken under fluorescent light at 200x magnification the same
day using an upright microscope. Pictures were converted to monochrome to minimize background noise
and optimize detection of fluorescent intensity. 150 comets per cell line were then quantified using
ImageJ (National Institutes of Health), using a “Comet Assay” plugin (University of North Carolina at
Chapel Hill) *'. The plugin quantifies tail length by averaging all of the x and y coordinates in the comet
head to define a “centroid,” and defining a “center of mass” of the tail by taking the average of all x and y
coordinates weighted for brightness. The Pythagorean distance between two points, the centroid of the
comet head to the center of mass of the tail, defines tail length. Quantification was performed blind to the
status of a cell line’s status as patient or control to remove bias.

Statistical analysis. The number of samples studied per experiment is indicated in the figure legends.
Values from multiple experiments are expressed as meantSEM. Statistical significance was determined
using an unpaired t-test with a 95% confidence interval, with a P value <0.05 regarded as statistically
significant.

RESULTS

Endothelial cells differentiated from IPAH iPSCs exhibit a native endothelial cell phenotype. ECs
differentiated from iPSCs and purified for CD144" expression displayed indistinguishable morphology
versus native PAECs, were shown to uptake LDL, and stained positive for von Willebrand Factor and

VE-cadherin/CD144 (Figure 4, 5).
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Figure 4. Characterization of 1PSC-ECs for endothelial cell phnoetype versus
native PAECs as a positive control. A: iIPSC-ECs under bright field at 100x
magnification with typical “cobblestone” endothelial cell morphology. B:
Native PAECs under bright field at 100x magnification. C: iPSC-EC uptake of
Dil-Ac-LDL under fluorescent light at 200x magnification, merged with bright
field image. D: Native PAEC uptake of Dil-Ac-LDL under fluorescent light at

200x magnification, merged with bright field image.

iPSC-EC Native PAEC

Figure 5. Characterization of 1PSC-ECs through immunostaining for
endothelial cell phenotype at 200x magnification versus native PAECs as a
positive control. A: 1PSC-EC expression of von Willebrand Factor under
fluorescent light (green) merged with UV light image of DAPI counterstain
(blue). B: Native PAEC expression of von Willebrand Factor under fluorescent
light (green) merged with UV light image of DAPI counterstain (blue). C:
1PSC-EC expression of VE-cadherin/CD144 under fluorescent light (green)
merged with UV light image of DAPI counterstain (blue). D: Native PAEC
expression of VE-cadherin/CD144 under fluorescent light (green) merged with
UV light image of DAPI counterstain (blue).
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IPAH iPSC-ECs recapitulate significantly impaired angiogenesis. A defining characteristic of healthy
ECs is spontaneous angiogenesis, the in vitro formation of elaborate, interconnected hollow capillary-like
tube structures which is related to ECs’ fundamental function as an adaptable blood-supply life support
system ', It has been established that native PAECs from PAH patients have a significant angiogenic
defect on Matrigel, which is related to the progressive loss of small vessel and impaired EC-mediated
regeneration of those vessels '*.

To assess whether this defect would be recapitulated in iPSC-ECs, 5 control iPSC-EC lines
derived from the unused lung donors versus 5 iPSC-EC cell lines from IPAH patients were statistically
analyzed with an unpaired t-test. The mean tube length and number of 5 IPAH patient iPSC-ECs were
significantly reduced (P value<0.05) versus the mean tube length and number of 5 control iPSC-EC lines
from unused lung donors (Figure 6A, 6B), strikingly failing to form tube networks on Matrigel (Figure

6C, 6D). These results confirm that iPSC-ECs from IPAH patients recapitulate an angiogenic defect.
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Figure 6. A: IPAH atient iPSC-ECs displayed significantly shorter mean tube lengths vs.
mean tube length of control iPSC-ECs (P value=0.0497). B: IPAH patient iPSC-ECs
displayed significantly fewer mean tubes vs. mean number of control iPSC-EC tubes (P
value=0.0483). N=5. Error bars indicate £SEM. * = P<0.05. C: Control iPSC-ECs from
unused lung donors displaying normal spontaneous formation of tube networks on Matrigel.
D: IPAH patient iPSC-ECs display strikingly impaired ability to form tube networks on
Matrigel.
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IPAH iPSC-ECs have higher levels of unrepaired DNA damage. Significantly higher amounts of
unrepaired DNA damage were established in native PAECs from IPAH patients versus PAECs from
unused donors by our lab (unpublished data). The amount of unrepaired DNA damage was assessed
through the single cell gel electrophoresis (comet) assay by statistically analyzing the mean comet tail
length of 5 lines of iPSC-ECs from IPAH patients with an unpaired t-test versus the mean comet tail
length of 5 lines of iPSC-ECs from unused lung donors, finding non-significant (P value>0.05) but higher
levels of unrepaired DNA as visualized by longer mean comet tail lengths in IPAH iPSC-ECs (Figure 7).

Unrepaired DNA damage was particularly striking in two IPAH patients, patients 3 and 5 (Figure 7B).
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Figure 7. A: IPAH patient iPSC-ECs displayed a noticeable trend of having a longer mean
tail length in comet assay vs. control iPSC-ECs. indicative of reduced ability to repair
damaged DNA. N=5. B: Tail length of iPSC-EC comets by cell line. Error bars indicate
+SEM. C: Control iPSC-ECs from unused lung donor 2 in comet assay. D: IPAH iPSC-ECs
from IPAH patient 3 with long tails in comet assay, indicative of unrepaired DNA damage.

We subsequently sought to investigate these unexpected results, conducting head-to-head
experiments using native PAEC cell lines derived from the same individuals as the cell lines used in our
iPSC-EC comet assay (Figure 8B). Native PAECs from IPAH patients had significantly higher levels of

unrepaired DNA damage (Figure 8A) as analyzed with an unpaired t-test (P value<0.05), and visualized
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through longer mean comet tails versus control native PAECs from unused lung donors (Figure 8C, 8D).
Further analysis of unrepaired DNA damage by individual showed overall higher damage in iPSC-ECs,
but variations in damage in iPSC-ECs versus native PAECs. By conducting head-to-head comparisons, it
was observed that iPSC-ECs did not fully recapitulate a phenotype of significant DNA damage versus

control iPSC-ECs, but it is evident that iPSC-ECs from IPAH patients had higher levels of damage.
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Figure 8. A: IPAH patient native PAECs displayed significantly longer mean tail length in
comet assay vs. non-PAH unused donor control PAECs, indicative of substantially reduced
ability to repair damaged DNA (P value=0.0436). N=5. *=P<(0.05 B: Mean tail lengths of
PAEC comets by cell line. Error bars indicate £SEM. C: Control native PAECs from unused
lung donor 2 in comet assay. D: IPAH patient PAECs from IPAH patient 3 displaying long
comet tails in comet assay, indicative of unrepaired DNA damage.

DISCUSSIONS, CONCLUSIONS, AND FUTURE WORK
This study represents the first to study the utility of the endothelial cell type differentiated from
iPSCs for disease modeling. Although many other cell types have been studied for recapitulation of
disease phenotypes, no examples can be found in current literature studying iPSC-ECs. There is a
demonstrated need for novel treatments for PAH, as demonstrated by persisting grave prognosis and high
mortality '°, and severe impairment in the ability of patients to lead normal lifestyles **. Live PAECs are

difficult to obtain, usually only following lung transplantation, compared to the relative ease with which
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iPSCs can be reprogrammed from easily accessible somatic cells to form a self-renewing source of cells
for study and for screening of novel drug candidates. Personalized medicine facilitated by patient-specific
iPSCs stands as a significant way to improve treatment, especially in a disease like PAH that can have

2,4,17

different underlying cellular and molecular mechanisms , and requires patient-specific individualized

11-12, 52

therapies . If iPSC-ECs can successfully model PAH, they can be applied towards a variety of

cardiopulmonary diseases in which EC dysfunction plays a role 3337

Our results confirm that iPSC-ECs are promising disease models, as evidenced by recapitulation
of significantly impaired angiogenic potential. In general, the higher levels of unrepaired DNA damage
observed in iPSC-ECs may make it difficult to tease out a disease phenotype as established in native
PAECs . The genetic manipulation associated with the reprogramming process to derive iPSCs ***** may
account for this overall higher level of DNA damage versus native PAECs, and the non-significant
differences in tail length we observed. The implications of this higher amount of DNA damage is
unknown, and ongoing work in our lab substituting lentiviral reprogramming for the non-integrating
Sendai virus or other forms of reprogramming may improve the health of these iPSCs *. This potential
for iPSC-ECs to be effective disease models opens possibilities in the drug development process and for
personalized treatment for patients.

Investigation of additional assays that differentiate IPAH patients and controls in native PAECs
may allow us to find more phenotypic similarities in iPSC-ECs. We have begun testing new therapies for
PAH using iPSC-ECs known to improve EC angiogenesis, and plan to relate these findings to patients’
responses to therapy. We expect that improved angiogenic ability in iPSC-ECs will be related to
regeneration of lost microvessels. Two of these therapies are novel PAH drug candidates elafin, an
endogenous inhibitor of vascular elastase, and FK506, an immunosuppresive, both of which have been
shown to improve BMPR2 signaling and reverse pulmonary hypertension in experimental animal models
(unpublished data from our lab) 1554
Other assays that will be tested in IPAH vs. control iPSC-ECs include adhesion to laminin, a

1

feature that is impaired in IPAH native PAECs "', down-regulation of mRNA expression of genes
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collagen IV and ephrin 1 (unpublished data from our lab), decreased signaling of bone morphogenetic
proteins 4 and 9 (unpublished data from our lab), mitochondrial abnormalities >, and elevated expression
of cytokines at the protein level *°. We are currently investigating if iPSC-ECs recapitulate these

abnormalities found in native PAECs.

Patient-specific treatment for diseases like PAH using iPSCs stand to make cell therapy and
personalized medicine a reality. Ongoing work in our lab concerns the correction of genes in iPSC-ECs
from IPAH patients with BMPR2 mutation, using the highly-specific genomic editing system
CRISPR/Cas9 . Transplanted patient-specific iPSC-ECs would not trigger an immune response,
representing an autologous transplantation **; improved clinically compliant iPSCs culture-conditions
ensure the clinical feasibility of iPSC cell therapy **. An emerging but exciting observation that cells can
form tunneling nanotubes to transport mitochondria and rescue damaged cells could be another possible
application of iPSC-EC cell therapy *°. Endothelial progenitor cells have been shown to rescue premature
senescence in ECs ©.

In conclusion, this project represents an important part of an ongoing, novel study investigating
the utility of the iPSC-EC cell type for disease modeling. iPSC-ECs expressed an endothelial cell
phenotype and recapitulated known impaired features in IPAH ECs. The full clinical potential of iPSCs
stands to revolutionize medicine >, and our study represents the application of that potential in
cardiopulmonary disease, breaking new ground through evaluation of the iPSC-EC as a disease model
using PAH as a prototype disease.
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