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Abstract

Hutchison -Gilford Progeria Syndrome (HGPS) is a rare, accelerated aging
disorder caused by nuclear accumulation of progerin, an altered form of the Lamin A
gene. The primary causes of death are stroke and cardiovascular dsease at & average
age of 14 years. It is known that loss or malfunction of smooth muscle cells (SMCs)in
the vasculature leads to cardiovascular defects, however, the exact mechanisms are still
not understood. The contribution of other vascular cell t ypes, such as endothelial cells,
is still not known due to the current limitations of studying such a rare disorder. Due to
limitations of 2D cell culture , mouse models, and the limited HGPS patient pool, there is
a need to develop improved models of HGPS to better understand the development of
the disease and discover novel therapeutics.

To address theselimitations , we produced a functional , three-dimensional tissue
model of HGPS that replicates an arteriole-scale tissue engineered blood vessel (TEBV)
using induced pluripotent stem cell (iPSC) -derived cell sources from HGPS patients. To
isolate the specific effects of HGPSSMCs, we initially used human cord blood -derived
endothelial progenitor cells (hCB -EPCs) from a separate, healthy donorand iPSC
derived SMCs (iISMCs) TEBVs fabricated from HGPS patient iISMCs and hCB-EPCs
(HGPS iSMC TEBWs) showed disease attributes such as reduced vasoactivity, increased

medial wall thickness, increased calcification, excessive extracellular matrix protein



deposition, and cell apoptosis relative to TEBVs fabricated from primary mesenchymal
stem cells (MSCs) and hCBEPCsor normal patient iSMCs with hCB -EPCs. Treatment
of HGPSiSMC TEBVs for one week with the rapamycin analog Everolimus (RADO001),
increased HGPSISMC TEBYV vasoactivity and iSMC differentiation in TEBV s.

To improve the sensitivity of our HGPS TEBV model and study the effects of
endothelial cells on the HGPS cardiovascular phenotype, we adopted a modified
differentiation protocol to produce iPS C-derived vascular smooth muscle cells (ViSMCs)
and endothelial cells (ViECs) from normal and Progeria patient iPSC lines to create iPSC-
derived vascular TEBVs (VITEBVs). Normal viSMCs and viECs showed structural and
functional characteristics of vascular SMCs and ECsin 2D culture, while HGPS viSMCs
and ViECs showed various disease characteristics and reduced function compared to
healthy controls. Normal viTEBVs had comparable structure and vasoactivity to MSC
TEBVs, while HGPS viTEBVs showed reduced vasoactivity, increased vessel wall
thickness, calcification, apoptosis and excess ECM deposition In addition, HGPS
VITEBVs showed markers of cardiovascular disease associated with the endothelium
such as decreased response to acetylcholine, increased inflammation, and akred
expression of flow-associated genes.

The treatment of viTEBVs with multiple Progeria therapeutics was evaluated to

determine the potential of the HGPS viTEBV model to serve as a platform for drug



efficacy and toxicity testing as well as to further e lucidate the mechanisms behind each
drugs mode of action. Treatment of ViTEBVs with therapeutic levels of the farnesyl -
transferase inhibitor (FTI), Lonafarnib, or Everolimus improved different aspects of
HGPS ViTEBYV structure and function. Treatment with Everolimus alone increased
response to phenylephrine, improved SMC differentiation and cleared progerin through
autophagy. Lonafarnib improved acetylcholine response, decreased ECM deposition,
decreased calcification and improved nitric oxide production. Most significantly,
combined therapeutic treatment with both drugs showed an additive effect by

improving overall vasoactivity, increasing cell density, increasing viSMC and viEC
differentiation , and decreasingcalcification and apoptosis in treated HGPS viTEBVs. On
the other hand, toxic doses of both drugs combined resulted in significantly diminished
HGPS ViTEBV function through increased cell death. In summary, this work shows the
ability of a tissue engineered vascular model to serve as anin vitro personalized
medicine platform to study HGPS and potentially other rare diseases of the vasculature
using iPSC-derived cell sources. It has also further identified a potential role of the
endothelium in HGPS. Finally, this HGPS viTEBV model has proven effective as a drug
testing platform to determine therapeutic and toxic doses of proposed therapeutics

based on their specific therapeutic effects on HGPS VviTEBV structure and function.
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1. Introduction

1.1 Background and Significance

The drug development pipeline describes the process a new drug goes through
from development to preclinical testing to market approval. This process is currently
very lengthy and lasts over 13 years (Figure 1). In addition, the stringent regulatory
elements implemented by the Food and Drug Administration (FDA) cause sthe process
to be very costly!. Although it may seem like these strict regulatory elements involving
lengthy preclinical tests would ensure the production of a n efficacious and well -
developed drug compound, the majority of proposed drugs still fail in clinical t rials or
are later removed from the market due to human toxicity concerns.  This failure is in
x EUUOWEUl wOOWUOEOOwWwx OxUOEUDPOOwWUPAT Uwi OUwWUT 1T UT wu
population s and variants that can cause drug toxicity in a subset of patients. This high
attrition rate during later stages of drug development is very expensive as well as
concerning for the development of safe drugs for human use. These issues mainly arise
due to ineffective preclinical testing platforms for screening drugs prior to
implementation in clinical trials 2. The main methods for screening these drugs primarily
involve either hum an cells in 2D monoculture or in vivo animal models 3. Both systems
are incomplete for fully recapitulating the human response to a specific drug compound.

Cells in 2D lack the physiological microenvironmental cues that human 3D tissues

experience. Although animal models re capitulate the 3D microenvironment of a living



organism, they tend to represent variations in responses to drugs due to cross species
differences. In terms of modeling specific diseases for drug efficacy testing, animal
models also have difficulties replicating the full human phenotype of a disease “.
Maintaining animal models is also a costly and difficult endeavor in and of itselfs. These
are some of the primary reasons drug efficacy and toxicity testing i s inaccurate and
patients are still subject to adverse side effects from new drug compounds. This
emphasizes the need for animproved and more effective pre-clinal platform that better
replicates a human disease state and better predicts the human respong to new
pharmaceuticals.

In addition to the difficulties involved in gaining accurate insight into adrug 2
effects during preclinical trials, the results from clinical trials on human subjects can be
very skewed as well. Most clinical trial groups do no t fully represent th e entire patient
population in need of a specific drug compound®. Variations in genetic background and
polymorphisms makes it difficult to predict the to xicity of a certain therapy for each
individual patient. This is why many drugs are pulled from the market even after FDA
approval or are placed on the market with black box warnings due to the lack of
understanding of the broad side effects across a larger population 7. This exemplifies the
issues with the current drug screening process through all phases of the drug

development pipeline.



Although screening processescan be lengthy and result in a low yield of effective
drug compounds, if the disease affects a wide range of patients, these preclinical tests
and clinical trials still have a strong basisto produc e useful and marketable drug
compounds for the majority of patients. In the case of rare diseases, however, it is very
difficult to derive relevant cells sources or identify large enough patient test groups to
determine strong and statistically relevant data. Most rare diseases focus on historical
data and international patient c ollaboration in order to draw conclusions about the
effects of proposed drug therapiest. This adds additional steps to the already lengthy
drug development timeline. For example, in the case of the extremely rare accelerated
aging syndrome Hutchinson -Gilford Progeria Syndrome (HGPS), many ther apies have
been proposed to treat his disorder, however, the small subset of available patients has
made it difficult to evaluate long -term effects and perform randomized controlled
clinical trials . In addition, the small test-groups and short testing times makes it
difficult to obtain FDA approval without the same extensive data that are available for
more common disease states. Faster approval processes have beateveloped for less
common diseases, however, this does not increase the safety or efficacy of rare disease
drugs®1o Therefore, it would be very useful, especially for rare diseases to establish a
method to more quickly and safely test a drugs mode of action on a specific patient

without first having to directly expose the patient to a potentially toxic compound .



In order to improve the screering process prior to clinical trials, the development
of a preclinical platform that involves patient cells in a physiologically relevant
microenvironment would help better identify useful drug targets, their mechanisms of
action, and any toxicity associated with the cells or tissues being tested. Since the
majority of rare diseaseshave a genetic basis, this platform would not only help
determine the safety or efficacy of adrug but could also lend valuable information about
how a particular disease develops. This could help predict other drug targets or disease

treatments beyond just the currently proposed therapies.

Assessment of target i

: L | Lead compound optimization Pre-Phase | studies Clmb' Pha{m 'Tm
expression ¢ » Efficacy of compound

| e « Characterization of disease phenotypes » Microdosing e FDA approval
» Target localizatio < Efficacy of corcouiad ik » Pharmacokinetics
A Talgel CUMIIFC&(IC” ICacy OF COMPOUNK Bmacoinenics « Micr 5‘"8 \
‘\
"~ S -~
10,000 compounds § compounds j 1 compound
3.8 years 8.6 year 18 years

Figure 1: Drug Development Pipeline *



1.2 Microphysiological Systems for Disease Modeling and Drug
Testing

In order to address the issues associated with drug toxicity and efficacy testing,
the National Institute of Health (NIH) and the FD A along with Defense Advanced
Research Projects Agency (DARPA) developed a Microphysiological Systems (MPS)
Projectin 2012to recruit various research groups to develop more relevant testing
platforms 2. These MPS systems would replicate small scale versions of key human
organs that are heavily affected by drug toxicity. They would be comprised of human
primary or stem cells sources and various extracellular matrix proteins in order to
replicate key organ structures. Drug effects could then be analyzed through changes in
organ structure and function over time at a more physiologically relevant size -scale

using human cell sources.3 T I wUOUDOEUT wi OEQwWOI wiUT 1 won@dONIT EUwb
El Dx2 w0l EUwPOUOEWEOOEDOI wlT T wYEUDPOUUwWGBUT EQwUaU
dimensional human testing platform for drug efficacy and drug toxicity testing. This
would hopefully serve as a more relevant pre-clinical test-bed to better predict how a
proposed therapeutic would effect humans and help quickly eliminate potentially
harmful drugs eatrlier in the drug development process and subsequently reduce drug
development costs?.
In addition to being able to assess drug toxicity and efficacy, MPS have the

potential advantage of replicating human disease states associated with specific organ

systems when fabricated with cell sources from diseased patients. In terms of rare
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disease states this is a major advantage due to the limited patient population that
restricts relevant clinical trials and the lack of relevant animal model s available for
preclinical study 16 ww3 T D W@ UD x=20ux OEUT OUOQwP OUOEwWOOU0wOOO0a
study the effects of drugs on a rare disease state, but would also allow for the study of
how a disease develops in a physiologically relevant in vitro platform 12 Due to the
microscale andin vitro nature of these platforms, it may be possible to observe these
organ structures continuously to see how they change over time. This was only possible
with ex vivo studies previously, so this attribute of MPS models makes the concept of
20DYDOT wi PUUOOOT PEEOwWUI EUPOOU? wx OUUDPEOT wi SUwUT
studies™.
These systems also allow for the study of drug effects and disease on individual
organ systems in isolation as well as in conjunction with other tissues. This versatility
has the potential to provide crucial information on how certain diseases affect the body
as a whole in addition to how they affect specific organ systems. This would further
advance knowledge on how a disease progressesn vivo and how to better treat its

underlying causes?s,

1.3 Hutchinson-Gilford Progeria Syndrome

HGPS is a rare geneic disorder caused by a single point mutation in the Lamin A/C
(LMNA) gene. The disease manifests as a variety of accelerated aging symptoms in

affected children such as hair loss, varicose veins, wrinkled skin, muscle loss and other



physical signs of old age. Thisaging is primarily due to the build -up of a truncated and
farnesylated form of prelamin A called progerin that is produced rather than the normal
lamin A protein 4. The toxicity of the progerin protein is based on its permanent anchor
to the nuclear membrane, which disrupts the normal membrane shape and causes
abnormal nuclear membrane structure and function due to the retention of this farnesyl
group (Figure 2)'5. This disruption of nuclear structure subsequently leads to a variety
of downstream functional defects in DNA repair, cell proliferation, and accelerated cell
senescenceall of which are associated with nuclear function 6. The progerin protein
primarily affects cells of the mesenchymal line age including fibroblasts, mesenchymal
stem cells and vascular smooth muscle cells (SMCsY. Currently there is no cure and
children generally die of atherosclerosis or stroke at 10-15 years of age, possibly or at
least partially due to cellular senescence and loss in the cardiovascular systefgte In
addition to cell loss, the vasculature of HGPS patients shows hardening due to excessive
calcification, lipid accumulation, vessel wall thickening and fibrosis fr om cellular

malfunction and loss?°.
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Figure 2: Membrane defects associated with Progeria 2!

The most heavily implicated cell source in this disease is smooth muscle cells which
The apoptosis of SMCs

are known to be significantly affected by the progerin protein.

and their loss of function due to proliferation defects in the vasculature are thought to be

a significant factor in atherosclerotic develop ment in HGPS?2. Other cell sources
involved in the vasculature system are still under examination to determine their
potential role in this complicated d isorder. When they malfunction, e ndothelial cells are
known culprits in the development of cardiovascular disease and atherosclerosis,
therefore further insight into their potential role in HGPS is currently being investigated
since the main cause of deah in this disease is atherosclerosis In terms of

atherosclerosis, it is known that the endothelium becomes hyperactivated and switches
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from an atheroprotective state to an atheroprone state. This initiates an inflammatory
response that eventually gives rise to an atherosclerotic lesion with fibrosis, calcification
and lipid accumulation 2. Exactly how this process occurs and how it varies between
patients and versions of the condition is still unknown. Little is known ab out the role of
the endothelium in HGPS, however, iPSC-derived endothelial cells (ECs)from progeria
patients have shown limited variation in function compared to iPSC -derived ECs from
healthy patients24. Although these cells did not show obvious differences in functional
tests between healthy and disease donors, these cellsvere only investigated with basic
2D, static assays for evaluating EC function. Further evaluation using more relevant
models that mimic the physiological microenvironment that vascular ECs experience

may provide insight into the true cause and developme nt of this disease.

1.3.1 The Link Between HGPS and Normal Aging

Recent evidence suggests that progerinis presentin the vasculature of older, non-
HGPS individuals. This progerin accumulation in the normal population without the
genetic mutation is thought to be due to the sporadic use of the same cryptic splice site
in the LMNA gene that is constitutively active in the Progeria disease state 2. Progerin is
thought to be present in non-HGPS cells at very small levels and & cell senescace
occurs overa normal human life span, this splice site becomes increasingly active until
there is an eventual production and accumulation of the same progerin protein

implicated in HGPS. The progerin protein eventually becomes detectable at levels



similar to those seen in the cellsand vasculature of progeria patients, but at a much
more advanced agein non-HGPS individuals 26. This progerin expression is assessed
through mRNA expression of progerin as well as immunofluorescent evidence of the
protein in histological s ections of aged vasculature.

The discovery that progerin concentration increases in an age-dependent manner
and causes many of the same cellular and cardiovascular phenotypes associated with
human aging (Table 1), has sparked interest in studying HGPS in order to better
understand the normal aging process in hopes of understanding and treating the
effects?”. In addition, treatme nt of HGPS may ultimately help determine therapeutic
targets to reduce the effects of aging in the general population, in particular, age-related
cardiovascular disease?8. Unfortunately , there is a limited number of progeria patients
to study due to the rarity of the disease. This limited patient population has made it
difficult to gain accurate understanding of this complicated disease as it occurs in
humans and thus it has been impossible to make definite conclusions about the
connection between the two disease state. It is therefore essential that more reliable
models of the human disease state need to be developed in order to gain a better
understanding of how the disease occurs. This understanding of HGPS disease
development will be essential in order to determine its potential relationship to general

human aging.
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Table 1: Similarities Between HGPS and Normal Cardiovascular Agi ng.
Adapted from 12,

Cellular Cardiovascular
Nuclear blebbing Calcification
Impaired mitosis Inflammation
Heterochromatin loss Vascular dysfunction (reduced vasoactivity)
Impaired DNA damage repair Vessel wall remodeling with excess ECM
deposition
DNA damage and genome instability Vascular stiffening
Senescence Hypertension
Altered signaling pathways Plague rupture
Decreased resistance to mechanical strain Stroke
Increased oxidative stress Myocardial infarction

1.3 Tissue Engineered Blood Vessels as MPS Models of
Cardiovascular Disease

A tissue engineered blood vessel (TEBV) that mimics that basic structure and
function of human vasculature is a desirable MPS platform to model various
cardiovascular disease (CVD)statesand serve as a platform for testing the efficacy and
toxicity of pharmaceuticals to treat human CVD. Cardiovascular disease is the leading
cause of death worldwide and drug induced vascular injury (DIVI) is a major concern
during preclinical testing for an effective CVD treatment. This emphasizes the strong
need to develop an MPS platform that can effectively model the human vasculature and
more efficiently predict drug toxicity prior to clinical trials. This will not only save time
and money, but may prevent the early removal of drug compounds that show DIVI in

animal models despite their potential to safely treat human symptoms 2.
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In order to create such an efficacious vascular MPS platformfor disease
modeling and drug testing , TEBVs must meet certain criteria in order to replicate the
basic structure and function of human vasculature. Most importantly, they must be
comprised of human derived cell s, either stem cell-derived or primary cell sources.
They must also be maintained in a biologically relevant matrix that allows f or enough
mechanical strength to withstand physiological stresses applied during perfusion flow.
To replicate many disease states and accurately depict drug toxicity, they must be
comprised of a contractile cell source in the medial layer and an endothelial cell layer
lining the inner lumen. They must also exhibit function through response to
vasoagonists and be able to be produced quickly and efficiently for high throu ghput
drug screening purposes.

Previously, our group has developed a TEBV model that replicates the basic
structure and function of small diameter arterioles with an inner diameter of less than
800 um (Figure 3). These vessels are an improvement upon previous tissue engineered
vessels because they can be fabricated in k&s than three hours, immediately perfused
with physiological flow rates, and function can be assessed in as little as one weelé’.
Previous TEBVs required lengthy fabrication processes and culture times in order to
develop vessels with enough strength to withstand high shear 2032 This small size scale
allows for the application of physiological shear stresses while maintaining low fluid

volumes. These attributes, particularly the a bility to apply relevant shear stresses, are
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crucial for developing physiologically relevant vasculature in vitro that can more
accurately predict cardiovascular disease development (CVD) and drug toxicity.
Additionally, these improved TEBVs are useful for quicker and cost-effective drug
screens prior to clinical trials. These TEBVs have been fabricated from primary cells
sources and shown to exhibit basic functional responseand structure. TEBVs were
either fabricated from human neonatal dermal fibrobla sts (hNDFs), mesenchymal stem
cells (MSCs) or transdifferentiated smooth muscle cells as the medial cell source and
human cord-blood derived endothelial cells as the luminal layer 313334 These TEBVs
showed functional response in terms of vasoconstriction after phenylephrine exposure
and vasodilation after acetylcholine exposure. Current clinical evaluation of
cardiovascular health relies on vasoactivity as a predicator of future cardiac events,
therefore, the ability of TEBVs to respond to vasoactive drugs is useful for assessing
cardiovascular response to drugs and effects of disease on cardiovascular healthin
vitro3s, TEBVsalso exhibited high mechanical strength which allowed for immediate
perfusion under physiological shear stresses after fabrication. Additionally, they
showed key inflammatory responses as well as replicated known drug responses. These
factors indicate the potential for these TEBVSs to serve as effective models of human
vasaulature as well as drug testing platforms for cardiovascular therapeutics.

Although these TEBVs function physiologically and serve as a appropriate

model of human vasculature, the cell sources for the medial wall layer are not true
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smooth muscle cellsasis seenin vivo®. Fibroblasts can only differentiate to a contractile
myofibro blast state which does not express the terminal differentiation markers of
vascular smooth muscle cells such as myosin heavy chain 11. While mesenchymal stem
cells are capable of terminally differentiating to a smooth muscle phenotype, they may
not be the best cell source for modelling human vasculature due to their lack of
guiescence in the TEBV constructs. We have previously seen that MSCsontinuously
proliferate and contract over time within the TEBVs, which may pose difficulties in
tracking vascular function over time or in response to drug compounds 33. A more ideal
medial cell source would be human vascular smooth muscle cells, which are naturally
found in the medial wall of most vasculature including arterioles. Primary sourceshave
proven difficult to acquire, and isolated SMCs tend to have a reduced contractile
function compared to their in vivo counterparts3’. Therefore, induced pluripotent stem

cell (iPSCs)derived sources may be more useful for TEBV purposes.
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Figure 3:In Vitro Tissue Engineered Blood Vessel Model for Disease
Modeling and Drug Testing 3!

1.4 Induced Pluripotent Stem Cells for MPS Models

Induced pluripotent stem cells (iPSCs)hold great promise as a cel source for many
biomedical purposes. From regenerative medicine to diseasemodeling and drug
studies, these cells have the potential to solve many of the issues that are associated with
tissue engineering due to the many limitations with primary cell cultures. This is
because iPSCs are originally somatic cells that have been reprogrammedo an
embryonic stem cell (ESC}like state using 4 key transcription factors (Oct4, Sox2, Klf4, |
Myc), also known as the Yamanaka factors named after their creator Shinya
Yamanaka®. These key factors can revert any patient cell type, usually fibroblasts
obtained from a simple skin biopsy, back to a pluripotent sta te that allows for these

patientz cells to then be grown to large numbers, passaged indefinitely, and in
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principle, subsequently differentiated into any desired cell type for any desired purpose.
They also side step many of the ethical issues associateavith embryonic stem cells since
they are derived merely from a skin biopsy rather than an embryo as is the case with
embryonic stem cells®. Therefore, these cellsprovide an i mproved cell source for
regenerative medicine and drug discovery purposes without the controversies that
surrounded previous stem cell sources. There are, however, certain challenges with
using iPSC-derived cells. Most significantly, iPS C-derived cells sources tend to function
at reduced levels compared to their primary cell counterparts. It is also difficult
sometimes to develop the exact phenotype of the desired cells source from iP&-derived
cell. For example, endothelial cells can exhibit a venous or aterial phenotype based on
their location in the body. This phenotype, however, can be difficult to precisely
replicate in iPSC-derived cells post-differentiation 4.

iPSCs are a very useful cell source for MPS systembased on their ability to provide
large numbers of cells from an individual patient or specific disease population that can
be used for developing patient specific drug testing platforms and disease models
iPSCs are able to maintain the genetic background of the patient after reprogramming
and then subsequently after differentiation to the desired cell types necessary to build a
specific MPS platform*. 3T PUWE OOOP Uwi OUwUT T wETI YI OOx Ol OUwOI u
platform that can provide more accurate insight i nto how a specific patient will respond

to a prescribed therapy and reduce the unpredictable toxicity that can occur in outlier
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population s not commonly represented in clinical trial groups . This is particularly
important when studying drug therapies for rare diseasesor aged individuals where the
patient population is extremely limited, and the clinical test population cannot fully
represent the whole patient population affected by a specific disease state. An iPSC-
derived MPS platform would allow increased throughput to assesscertain drug
mechanisms and toxicity on a specific patient without having to rely so heavily on a
small patient test population. More importantly, however, MPS systems can help asses
variations in responses within certain test popu lations and detect gene variants that can
cause toxicity with a specific drug compound prior to clinical trials 3.

In terms of creating a cardiovascular MPS model, current research efforts have
focused on developing differenti ation protocols for human iPSC-derived smooth muscle
cells and endothelial cells in order to fabricate the basic TEBV modelthat replicates the
structure and function of a basic arteriole. These two cell types are the main culprits in
many diseases associated with the human vasculature and therefore the need for a
robust differentiation protocol to derive | arge numbers of both cell types is crucial for

creating a high throughput TEBV platform for disease modeling and drug studies.

1.4.1 iPSC-derived Vascular Smooth Muscle Cells

Vascular smooth muscle cells (SMCs) comprise the medial wall of human
vasculature and are responsible for the primary functions of the cardiovascular system.

Alterations in SMC phenotype from a quiescent state to a proliferative state leads to a
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variety of cardiovascular disease states as well as SMC apopotosi€. Many regenerative
therapies have focused on deriving functional SMCs to replace their dysfunctional
counterparts as well as study disease development3. Autologous cell sources have
primarily been used in the past in order to derive these human SMCs for tissue
engineering applications, however, primary SMCs have limited proliferative potential
that decreases with increasing donor age. It is also difficult to control the expres sed
SMC phenotype in 2D culture using primary SMCs. SMCs can either express a synthetic
and proliferative phenotype or a contractile and functional phenotype 4445 Modulation
of this phenotype is necessary for deriving the appropriate cell type for tissue
engineering purposes, however, this is not easily done with primary cell sources.
Therefore, primary SMCs are not feasible for deriving large numbers of functional SMCs
and they limit the ability to create high throughput disease and drug t esting platforms
for accurate studies.

The development of various differentiation protocols to der ive vascular induced
smooth muscle cells (viSMCs)from iPSC sourceshas led to anincrease in the potential
to derive large numbers of these cellsfor biomedical application s. Certain protocols
even provide the ability to d erive the desired SMC phenotype, synthetic or contractile,
which provides the advantage of creating the desired cell type for any application 37:4¢

This is primarily achieved through continues growth factor supplement ation and
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substrate modulation in order to maintain the desired phenotype (Figure 4). This is
extremely useful for creating functional viSMCs for TEBV applications.

A functional viSMC that would be most appropriate for TEBV applications
would be one that is comparable to those found in healthy vasculature. These cells are
terminally differentiated and represent a contractile phenotype rather than a synthetic
phenotype. These cells would be defined by expression of the late stage SMC marker
smooth muscle myosin heavy chain 11. This is the most definitive marker for a
contractile smooth muscle cell and represents a cell that will respond appropriately to
vasoagonists. A synthetic smooth muscle cell on the other hand would maintain a more
proliferative sta te and likely express the extracellular matrix protein elastin 47. In order to
induce this contractile phenotype in iPSC-derived SMCs, low serum and removal of
PDGF-¢ ¢past-differentiation allow for induction of a contractile phenotype. Plating on

collagen also induces a contractile states647,
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1.4.2 iPSC-derived Endothelial Cells

Endothelial cells line the inner lumen o f the human vasculature and are
regulators of vascular homeostasis'®®. Their primary roles include regulating vascular
permeability, regulating thrombosis, initiating inflammatory responses, and regul ating
vasoactivity 4. Vascular endothelial cells are also keyplayersin a variety of
cardiovascular diseases (CVD)when they begin to malfunction. CVD is one of the
leading causes ofdeath worldwide and thus there has been a strong drive to develop
methods to derive effective endothelial cell sources to study how these CVDs develop
and parse out the specific role the endothelium plays in these various vascular
diseases®. Therefore, studying this diseaseprocess with iPSC-derived ECs from various
patient sources in a physiologically relevant MPS platform could provide useful insight
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on how to treat or prevent various forms of cardiovascular disease including
atherosclerosis in HGPS

Many different protocols to derive ECs from iPSCs have been developed,
however, each protocol comeswith its own advantages and disadvantages. It has also
been difficult to derive a specific endothelial phenotype from a certain differentiation
protocol due to the uncertainty of how to induce the desired lineage. Endothelial cells
comprise many different regions of the body from the brain to the kidneys to the
vasculature. Additionally, endothelial cells vary within different organ systems as well
such as venous or arterial endothelium. Each source has varying properties and
functions so it is difficul t to develop a differentiation protocol that is perfectly tailored to
derive the exact endothelial source that is desired’. Additionally, most protocols use
human umbilical vein endothelial cells (HUVECS) as a control cell source for structural
and functional comparison of the resulting differentiated cell population . These primary
ECs, however, are not necessarily representative of ECs fand in arteries or arterioles.
This incorrect phenotype comparison may pose issues for studying the effects of these
cells on a specific disease state such as HGP@hich primarily effects arteries . Itis
therefore necessaryfor future work to focus on op timizing differentiation or culture
conditions to ensure that these differentiated endothelial cells exhibit the correct
structural and functional attributes associated with endothelial cells found in the arteries

when studying cardiovascular disease states.
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1.4.3 Methods to Differentiate iPSCs into Vascular Cells

Many methods to differentiate iPSCs into various cell types have developed over
the years since Yamanaka first defined the 4 factors to create iPSCs from patient cells.
The basic principle of dif ferentiation, however, remains consistent between the various
methods. It is first necessary to induce the specific germ layer state associated withthe
cells of interest. Depending on the cells lineage you must either induce an endoderm
(inner germ layer), mesoderm (middle layer) or ectoderm (outer layer) state. In the case
of vascular cells such as SMCs and ECs it is essential to induce a mesoderm state from
your original iPSC population since these cells originate from the mesoderm germ layer
during e mbryonic development. This germ cell specification can either be done by (1)
inducing aggregation of the iPSCs into three-dimensional embryoid bodies (EBs) or (2)
by using growth factors that induce a mesodermal state in monolayer cultures ( e.g.
BMP4, CHIR999021, etc3.. Next, cells are treated with cell-type specific growth factors
to generate a population of the desired cell type that can be cultured an expanded in
cell-type specific culture conditions (Figure 5). For instance, addition of VEGF165
induces an endothelial cell phenotype and addition of PDGF -BB induces an SMC
phenotype. Variations in culture conditions can then induce the specific phenotype
desired from the resulting cell populations. Many issues still exist, however, between

the two methods and current appr oaches are working to mitigate these issues to
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hopefully create more pure and functional populations of the desired somatic cell types

post-differentiation.
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Figure 5: Differentiation approaches for vascular cells 52
1.4.3.1 Embryoid Body Differentiation

The original method for differentiation of iPSCs into various somatic cells
inv olved the formation of embryoid bodies from iPSC colonies. EBs, as the name
suggests, are 3D aggregates of cells from iPSCs that resemble the developing embryo.
They can differentiate into the three main germ layers (endoderm, ectoderm and
mesoderm) and have the capability of producing any desired cell type when exposed to
the correct growth factors and plating conditions. EBs, however, are very sensitive to
the media formulations used, cell numbers present and most importantly the EB sizées.
If these factors are not maintained at the exact level, there will be high variability in
differentiation or even complete failure of differentiation. The surrounding
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microenviro nment plays a large role in EB differentiation due to variations in
mechanical cues and diffusion of soluble factors from the outside to the inside of the
EB*. For these reasonsgfficiency of this method can be as low as 5% depending on
the resulting cell type. Endothelial cell differentiat ion for instance has a notoriously low
yield, and therefore this form of differentiation is not ideal for deriving these cells. In
addition, the EB stage of differentiation can be very lengthy at about 10-15 days which is
undesirable for most tissue engineering applications which already involve lengthy
culture times even after differentiation. Overall, the sensitivity and variation in
efficiency that occurs with EB culture makes it very difficult to effectively and
reproducibly derive large populations of a specific celltype with high purity for large
scale applicationsin a cost-effective manner. Although this technique has proven useful
for differentiation purposes in the past, it does not hold great promise in future
applications where directed iPSC differentiation needs to be simple, reproducible and

able to produce pure populations of cells.

1.4.3.2 Monolayer Differentiation

A more recent approach to iPSC differentiation in vitro involves monolayer
differentiation of iPSC colonies using growth facto rs and specific ECM plating
conditions to initially induce a specific germ layer state (i.e. mesoderm for vascular cells)
and then subsequent growth factor stimulation to activate specific pathways that induce

the differentiation of a desired somatic celltype (i.e. SMC or EC). Postdifferentiation
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plating conditions can further stimulate specific phenotypes of the resulting cell
populations to derive the ideal cell source for tissue engineering and regenerative
medicine applications. This method has shown an improvement in differentiation
efficiency of 5-20% in certain low yield cell types such as ECs.This method is also much
quicker based on the ability to bypass the 10-15 day EB development stage of
differentiation. Cells can be acquired in as little as a week, which drastically improves
the ease of acquisition of the desired cell source from iPSCs.There are, however, a
variety of issues that have been identified with this method of differentiation. Some
monolayer approaches require co-culture with another cell source in order to induce the
right environment of growth factors for efficient differentiation. Using conditioned
medium is also common practice with the same idea of developing the correct cocktail of
growth factors for differentiation sti mulation. These approaches, however, are not well
defined and can lead to variability between rounds of differentiation . This is
problematic for reproducible results and can limit the applicability of iPS C-derived cell
sources. Also cell aggregate heterogeneity is a common issue in this technique and leads
to mass transport issues that prevent efficient differentiation 5. Recent efforts to remedy
these issues have focused on creating defined meda formulations with specific growth
factor cocktails to more reproducibly differentiate iPSCs in a monolayer format (Figure
6)*. By using small molecules that activate or inhibit specific pathways, it is possible to

develop chemically defined conditions that mimic the embryological devel opment of
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cells and induce the correct production of any desired adult cell type. This more
controlled method of monolayer differentiation has proven efficacious in increasing the
efficiency of differentiation of iPSCs into vascular cell types by up to 80%. This
improved efficiency along with reduced time and increased reliability increases the
potential of using iIPSCs for tissue engineering purposes®. In terms of utilizing these
cells for regenerative medicine purposes there is still a need for 100% reproducibility
and purity in order to ensure safety in patients. For disease modeling and drug testing
purposes, however, this 80% purity and improved yield is useful for deriv ing enough
cells to create tissue specific platforms to effectively study disease development and

screen drug compounds against specific patient populations.
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Figure 6: Monolayer Differentiation of iPSCs to vasc ular SMCs and ECs*

26



1.6 Hypothesis and Specific Aims

The overall goal of this work was to create a robust tissue engineered blood
vessel model using human iPSC-derived cell sources from patients with Progeria as well
as healthy donors. This HGPS MPS vascular model would allow for the study of HGPS
disease progression in vitro at a relevant size scale as well as serve as an in vitro
personalized medicine drug testing platform for drug toxicity and efficacy testing. We
developed a TEBV mode of HGPS using well characterized iPSC-derived smooth
muscle cells (iISMCs) from a healthy and HGPS donor. Previous work has shown the
ability of these HGPS iSMCs to show a variety of disease characteristics in 2D culture as
well as the ability of various Progeria therapeutics to remedy these characteristics. Our
lab has also previously developed a functional tissue engineered blood vessel model
containing primary cell sources that mimics the structural and functional aspects of a
small diameter arteriole . Therefore, we hypothesized that iPSC-derived smooth muscle
cells from Progeria patients could be utilized in these TEBVs to create a functional
personalized medicine platform for further study of this complex and rare disease. We
tested this hypothesis through the following aims:

Specific Aim 1: Evaluation of structure, function and disease development of
TEBVs fabricated from HGPS iSMCs . In this aim, we explored the ability of iPSC -
derived smooth muscle cells to serve as an effective medial cell souce in our TEBV

model?244 We used previously characterized human cord-blood derived endothelial
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progenitor cells5” as the luminal cell source in order to isolate the effects of iISMCs in our
TEBVs and compare them structurally and functionally to primary mesenchymal stem
cell sources. Using clinically relevant assays we assessed the vasoactivity of our iISMC
TEBVs over multiple weeks in order to assess longterm functionality compared to MSC
TEBVs. We also explored various pathological factors previously seen in the Progeria
cardiovascular phenotype such as calcification, apoptosis, ECM deposition and vessel
wall thickening in o rder to show the development of a disease phenotype over time in
TEBVs fabricated from HGPS iISMCs compared to those fabricated from normal iISMCs
or MSCs.

Specific Aim 2: Improve the differentiation of iPS C-derived SMCs (viSMCs)
and ECs (VIECSs) to better model primary vascular SMCs and ECs in structure and
function for a personalized medicine platform. Assessthe direct effects of HGPS
viSMCs and viECs on TEBYV structure and function . This aim evaluates the use of an
improved differentiation protocol to derive iPSC-derived smooth muscle cellsand
endothelial cells from healthy and HGPS donors. We adopted an alternate protocol to
quickly and efficiently derive both vascular smooth muscle cellsand endothelial cells
from iPSCsin about a week that function at comparable levels to primary cells and
maintain HGPS disease characteristics. We evaluated the efficiency of differentiationto
the correct SMC or EC phenotypein 2D in healthy and HGPS donors and optimized

culture conditions to maintain function in n ormal cell lines and a disease phenotypein
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HGPS cell lines. We also evaluatedTEBVs fabricated from viSMCs and ViECs (VITEBVS)
in terms of vasoactivity , mechanical stability and protein structure in order to ensure a
more structurally and functionally so und TEBYV that is comparable to primary cell
sources in TEBVs. Here, we also studied the direct effects of HGPS viECs on TEBV
structure and function to assessheir contribution to the HGPS cardiovascular disease
phenotype.

Specific Aim 3: Assessment of t he effects of Progeria therapeutics on TEBV
structure and function. This aim focused on verifying and extending the use of the
HGPS viTEBV platform as not only a disease model, but also a drug testing platform to
assessfficacy and toxicity of proposed HG PS therapeutics Here we verified the
development of a disease pathology through histological analysis in the ViTEBV model
and tested the effects of two drugs of interest for treating Progeria, Lonafarnib and
Everolimus. In order to replicate the current clinical trials using these two drug
compounds, we treated HGPS VviTEBVs with therapeutic and toxic concentrations of
these drugs alone and in combination. We assessed the effects of these drugs on
vasoactivity, protein expression and pathology developmen t after three weeks of no
treatment and one or two weeks of treatment. We also probed the mechanisms of action
behind each drugz therapeutic effect on HGPS viTEBV structure and function in order
to further understand how each individual drug works to com bat the HGPS

cardiovascular phenotyp e.
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2. Development of an in vitro Tissue Engineered Blood
Vessel Model of Hutchinson Gilford Progeria Syndrome
Using iIPSC-derived Smooth Muscle Cells

Text and figures presented in this chapter were previously published in the
following form: Atchison L, Zhang H, Cao K, Truskey GA. A Tissue Engineered Blood
Vessel Model of Hutchinson -Gilford Progeria Syndrome Using Human iPSC -derived

Smooth Muscle Cells. Scientific Report§:8168(2017¥8.

2.1 Introduction

HGPS is a rare genetic disease caused by a single point mutation in the Lamin A/C
(LMNA) gene. The disease is characterized by accelerated aging in affected children due
to the nuclear accumulation of a truncated and farnesylated form of prelamin A called
progerin 14, Due to the retention of this farnesyl group, progerin toxicity is based on its
strong binding to the nuclear membrane which causes abnormal nuclear membrane
shapets. This disruption of nuclear structure subsequently leads to a variety of
downstream defects in DNA repair, proliferation, and accel erated cell senescence, all of
which are associated with nuclear function 6. The progerin protein primarily affects cells
of the mesenchymal lineage including vascular smooth muscle cells (SMCs}’. At
present, no cure exists for HGPS and the ultimate cause of death is atherosclerosis or
stroke at 10-15 years, possibly or at least partially due to smooth muscle cell senescence

and loss in the cardiovascular systemt819. Moreover, the vasculature of HGPS patients
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presents excessive calcification, lipid accumulation, vessel wall thickening and fibrosis
due to SMC malfunction 2.

The presence of progerin in older, non-HGPS individuals is thought to be due to the
sporadic use of the same cryptic splice site in theLMNA gene that is consttutively active
in HGPS?. The discovery that progerin concentration increases in an agedependent
manner and causes many of the same cellular and cardiovascular phenotypes associated
with human aging, has sparked interest in study ing HGPS in order to better understand
the normal aging process?’. Treatment of HGPS may ultimately help determine
therapeutic targets to reduce the effects of aging®.

A factor limiting advances in the field is that HGPS disease progression and drug
effects are primarily studied i n 2D cell cultures or rodent models due to the limited
number of autopsy specimens and human patients available4245% Although 2D iPSCs
and mouse models provide a useful screen for drug therapies and disease development,
they do not fully or accurately depict the human disease state in arteries, complicating
efforts to make definite conclusions on the correlation between HGPS and normal age-
related cardiovascular disease®.

An in vitro 3D tissue model using human cells that incorporates a physiologically
relevant biomechanical environment can provide a better representation of the disease
phenotype compared to 2D tissue culture®’. In addition, 3D culture systems containing

multiple vessel wall cell types have the capability of examining functional responses
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analogous to those performed clinically 2°. Since the primary cause of death for HGPS
patients is cardiovascular disease, a 3Dtissue engineered blood vessel TEBV) model
that mimics the basic organization of human vasculature enables a better understanding
of the link between HGPS and normal cardiovascular aging. It also has the potential to
act as a safe, inexpensive and effective test bed for therapeutics that could aid not only
HGPS patients, but the general population at risk for age-related cardiovascular disease.
Current efforts to fabricate 3D vascular constructs to study various cardiovascular
diseases have focused on deriving large numbers of the two main cell types responsible
for vessel function, SMCs and endothelial cells (ECs), both of which are involved in
many vascular diseases. Many of these studies have used animal cells due to the
difficulty in obtaining human sources as well as to avoid the need for
immunosuppression in immunocompetent animal models 2 Human iPSCs are an
attractive source for these vascular cell types due to the ability to easily expand and
culture iPSCs prior to differentiation to the desired cell type as well as the ease of
acquisition from human subjects. In terms of SMCs, this is particularly important due to
the slow culture growth and quick senescence of primary cell sources3. iPSCs also
provide the ability to create patient specific disease models due to their capability to
maintain a disease phenotype postdifferentiation 24 This is useful for rare genetic
disorders such as HGPS where the donor pool is limited. By validating a TEBV disease

model of HGPS using iPSC-derived cell sources, a variety of rare genetic disorders
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associated with the cardiovascular system can be studied. This model also povides a
better in vitro platform for comparing normal human cardiovascular aging and HGPS
for future therapeutic discoveries.

In this study, we investigated the function of TEBVs using SMCs differentiated
from iPSCs (iISMCs) derived from a previously well -characterized healthy and HGPS
donor in TEBV constructs®. We fabricated these TEBVs with either normal or HGPS
iISMCs in the medial wall and human cord -blood endothelial progenitor cells (hCB -ECs)
from a separate donor in the lumen, allowing us to isolate and study the effects of the
two iISMC sources on TEBV structure and function. The iSMCs show stable function
within these TEBV constructs in response to known cardiovascular stimulants over
multiple weeks. Additionally, TEBVs fabricated from iSMCs derived from HGPS donor
cells develop pathologies associated with the HGPS cardiovascular phenotype.
Furthermore, we can ameliorate the reduced vasoactivity seen in HGPS iISMC TEBVs

through short term treatment with the rapamycin analog, RAD0OO01 (Everolimus).

2.2 Methods
2.2.1 Cell Isolation and Culture

hCB-ECs were derived from human umbilical cord blood obtained from the
Carolina Cord Blood Bank, and all patie nt identifiers were removed prior to receipt.
Isolation and culture protocols for hCB -ECs were approved by the Duke University

Institutional Review Board and hCB -ECs were derived as previously described®4. hCB-
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ECs were cultured in EBM-2 (Lonza, Basel, CH) supplemented with EGM-2 Single Quots
Kit (Lonza), 1% Pen/Strep Gibco Life Technologies, Grand Island, NY), and 10% fetal
bovine serum (HI -FBS, Gibco). Media was changed every two days. hCBECs at passage
5-8 were used for all experiments.

Human bone-marrow derived MSCs were provided by Darwin J. Prockop of
Texas A&M Institute for R egenerative Medicine®. hMSCs were cultured in MSC
Ol E b U dninigpiyim essential medium (Gibco) supplemented with 20% fetal bovine
serum (Gibco), 1% kglutamine (ThermoFisher) and 1% Pen/Strep (Life Technologies).
Media was changed every two days. MSCs were used between passage 5 and passage 8.

Primary skin fibroblasts with the classic G608G HGPS mutation (HGADFN167)
and control primary skin fibroblasts (HGFDFN168) were provided by the Progeria
Research Foundation and converted to iPSCs as previously describeé. iSMCs were
generated from iPSCs as previoudy described2244 Briefly, pre-SMCs were plated on
Matrigel (BD) coated plates and cultured to 90% confluence in SMGM (Lonza) for one
week. PreeSMCs were trypsinized with TrypLE Express (Life Sciences) and passaged 1:2
onto gelatin coated plates in DMEM supplemented with 5% FBS (Gibco) to induce
differentiation. Cells were cultured for four days and then serum levels were lowered to
1% for three more days. iISMCs were passaged 1:2 with trypLE Express ontaggelatin-
coated plates and maintained in iISMC medium (DMEM supplemented with 5% FBS

(Gibco) and 1% Pen/Strep (Life Technologies). iISMCs were passaged 1:2 when 90%
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confluence was reached. Media was changed every two days. All iISMCs were used
after passagel and normal iISMCs were not used above passage 3 while HGPS iSMCs

were not used above passage 5.

2.2.2 TEBV Fabrication and Functional Testing

TEBVs were fabricated as previously described34 Briefly, 1.5 x 106 MSCs,
normal iISMCs, or HGPS iSMCs were dissociated and resuspended in 30&L of
respective media (MSC or iSMC) and embedded in a 2.05 mg/mL rat tail collagen type 1
solution (Corning, Corning, NY) in 0.6% acetic acid. Serum-free 10x DMEM was added
at a 1:10 ratio to the collagen solution. The pH of the solution was raised to 85 by the
addition of 5M NaOH, allowing the solution to gel. Prior to gelation, the solution was
placed in a 3 mL syringe mold (BD Biosciences, San Jose, QAwith the pump removed
and atwo-way luer-OOEQuwUUOxEOEOWEUUEET I Edww IvasWly Y ws OwED
inserted in the middle and held in the center with parafilm wrapped over the syringe
opening. The solution was allowed to gel for 30 minutes at room temperature. After
Maidstone, UK) on 10 KimWipes. Plastic compression was applied to the construct by
suspension in the filter paper for seven minutes to remove water. Once compressed, the
TEBVs were placed in custom chambers and sutured onto grips at both ends.

TEBVs were endothelialized by detaching adherent hCB-ECs with 0.05%

Trypsin/EDTA (Lonza) and resuspending them at 0.5 x 10¢cells in 0.5 mL EGM2. hCB
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ECs were perfused through the lumen using 1 mL slip -tip syringes (BD) connected to
the grips of the custom chambers. The TEBVs were evenly endothelialized by rotating
the chambers at 10 revolutions per hour for 30 minutes at 37°C on a rotation platform.
Chambers were attached to a flow circuit containing a media reservoir connected by
tubing. Continuous, steady, laminar flow at a flow rate of 2 mL/min was applied to the
vessels by attaching the perfusion circuit to a peristaltic pump in order to apply a
physiological shear stress of 6.8 dynes/cni to the TEBVs (Masterflex, Gelsenkirchen,
DE). The TEBVs werematured for a maximum of four weeks and media was changed
three times per week. HGPS and normal iSMC TEBVs were perfused in iSMC medium.
, 2" w3$! 50whki Ul wxl Ui OUI EwDOw, 2" wlOl E bDAsCoubld Ux x Ol Ol
Acid (Sigma, St. Louis, MO) for the first week of perfusion to induce differentiation to
the SMC phenotype and then MSC medium for the following weeks of perfusion.
Vessel vasoactivity was measured as the change in diameter of the TEBVS after
I RxOUUUT wOOwhiws, wxi 1 6a ol syichbin®d(SignpR Dds@éivitn E O E whuws
was measured in the same perfusion circuit that TEBVs were cultured in and imaged
UUDOT WwEWUUT Ul OUEOxT wgp O2EOxI Awbi DOl wiel pOT wUi EO
phenylephrine was added to a syringe port (Ibidi) integrat ed in the flow circuit and after
kwOPOUUI Uwhiws, wEET UAOET OODOI WPEUWEEET EGww3T DU W
month long studies. Screen shots were taken at 30 seconds (prior to phenylephrine

addition), at five minutes (after phenylephrine addition) and at 10 minutes (after
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acetylcholine addition). The diameter at each time point was determined by averaging
four random widths along the length of the vessel using ImageJ. Vessel diameter
measurements were defined at the 30 second time point. Vasoconstrition in response to
phenylephrine was calculated as the percent change in diameter from the initial

diameter at 30 seconds before addition of phenylephrine to the diameter at 5 minutes
after addition of phenylephrine. The vasodilation in response to acety Icholine was
calculated as the percent change in diameter from the constricted state at 5 minutes to

the diameter at 10 minutes.

2.2.3 Immunofluorescence Staining
TEBVs were fixed in 10% formalin for 10 minutes attached to the chamber grips
to maintain str uctural integrity. TEBVs were then placed in a well -plate and fixed in
10% formalin for an additional 50 minutes for a total of one hour of fixation. TEBVs
were washed with DPBS two times and then cut en face to expose the lumen. Sections
stainedwithi OUUEET OOUOEUwxUOUI POUwpY2, OWEEOxOODOOWE
0.1% Triton-X for 5 minutes and then washed three times with DPBS. All samples were
blocked in 10% goat serum in DPBS for 8 hours at room temperature. Samples were
incubated with pri mary antibody at 1:100 in 10% goat serum overnight at 4°C. Samples
were washed three times with DPBS and then incubated with secondary antibody at

1:500 in 10% goat serum for one hour at room temperature. Samples were washed three

times and incubated wit h Hoechst 33342 at 1:1000 in DPBS for 5 minutes at room
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temperature. Samples were washed three times with DPBS and mounted onto glass
slides with Fluor Save (Calbiochem, Billerica, MA). TEBVs were imaged using a Zeiss
510 inverted confocal microscope at20x magnification and analyzed using Z eiss LSM
image browser. Primary antibodies used were rabbit anti -calponin (Abcam, Cambridge,
MA), rabbitanti -Y2 , wop EEE OA QWR(BHEEND thlbbE adi-Bminin (Abcam),
mouse anti-fibronectin (Abcam), rabbit anti-collagen IV (Abcam), goat anti-lamin A/C
(Santa Cruz, Dallas, TX) and rabbit anti-progerin ¢7. Secondary antibodies used were
Alexa Fluor 594 goat anti-rabbit, Alexa Fluor donkey anti -goat and Alexa Fluor 488 goat
anti-mouse (Life Technologies). Each condition was imaged by immunostaining with 3 -
4 TEBVs.

For 2D iSMC cultures, cells were fixed 4% paraformaldehyde for 20 min and then
washed three times with DPBS. Cells were blocked in 4% BSA in DPBS for one hour at
room temperature. Cells were incubated with primary antibody at 1:250 in 4% BSA
overnight at 4°C. Cells were then washed with DPBS three times and then incubated
with secondary antibody at 1:500 in 4% BSA for one hour at room temperature. Cells
were washed three times with DPBS and incubated with Hoech st 33342 at 1:1000 in
DPBS for 5 minutes at room temperature. Samples were washed three times with DPBS
and imaged on a Nikon Eclipse TE200GU microscope at 10x magnification using the NIS

Elements software and analyzed using ImageJ.
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2.2.4RNA Extraction and RT -Quantitative PCR and Primers

Total RNA was extracted from MSC, normal and HGPS iSMC TEBVs using the
Aurum Total RNA Mini Kit (BioRad, Hercules, CA). TEBV medial cells and hCB -ECs
were not separated during RNA extraction in order to reduce medial cell loss and
increase RNA yield. Genes of interest were only associated with medial cells. RNA was
reverse transcribed into cDNA using the iScript cDNA Synthesis Kit (Bio -Rad). RT-PCR
was performed in triplicate using the iQ SYBR Green Supermix (Bio-Rad) and the CFX
Connect RealTime PCR Detection System (BieRad). Primers for amplifying Calponin
E O E-smoth muscle actin were previously described3l. As an internal control, human
GAPDH was purchased from real -time primers (VHPS-3541, Elkins Park, PA). Primer

sequences for amplifying human progerin and Lamin A/C were previously describ ed 22

2.2.5 Histology Imaging and Analysis

TEBVs were fixed in 10% formalin for 10 minutes attached to the chamber grips
to maintain structural integrity . TEBVs were then placed in a well-plate and fixed in
10% formalin for an additional 50 minutes for a total of one hour of fixation. TEBVsS
were preserved in 70% ethanol until paraffin embedded. Paraffin embedded cross-
sections were then stained with hematoxylin/eosin, Alizarin Red, ki67 and TUNEL .
Human bone was used as a positive Alizarin Red control, human tonsil was used as a

positive ki67 control and mouse liver was used as a positive TUNEL control. Images
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were taken on a Nikon Eclipse TE200GU microscope at 20x magnification using the NIS
Elements software and analyzed using ImageJ.

TEBYV thickness was measured by averaging the distance from the outer vessel
wall to the inner lumen at 15 random points on histology cross -sections imaged at the
same magnification. Alizarin Red was quantified as the total area stained positive for
Alizarin Red while maintaining the same threshold value between all samples. Three
different TEBV cross-sections were analyzed per cell type at each time point for each
measurement. Cell density was determined by the number of nuclei per field area in
three separate immunostaining images for each of three independent samples of each

TEBYV cell type.

2.2.6 Live/Dead Staining

TEBVs were incubated in iSMC medD E WE OOUEDODP DT wl ws, w" EOET DO
Ethidium homodimer -1 (Life Technologies) for 1 hour at 37C. TEBVs were then
mounted on a slide with DPBS and imaged using a Zeiss 510 inverted confocal

microscope at 20x magnification and analyzed using Zeiss LSM image browser.

2.2.7 Statistical Analysis

Statistical analysis was performed using JMP 13 Pro (SAS). Data was analyzed
using a one-way or two -way ANOVA. Post-i OEw3 U0l azUw' 2#wbhEUwWUUI EwUl

means and repeated measures ANOVA was performed for all time -dependent
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measures. All data is represented as mean + S.E.M. and p<.05 was considered

significant.

2.3 Results

2.3.1 Functional Characterization of iISMC TEBVs in Response to
Vasoagonists

In order to establish the utility of using SMCs derived from iPSCs, we first
investigated the function of TEBVs fabricated from iSMCs in our in vitro perfusion
system as previously described. Briefly, fibroblasts from a healthy donor
(HGFDFN168) and a HGPS patient (HGADFN167 with the 1824 C>T substitution at
exon 11) were converted to iPSCs and then differentiated into iISMCs using a previously
defined 31 day differentiation protocol #4. Immunofluorescent staining of HGPS and
normal iISMCs in 2D culture, prior to formation of TEBVS, shows that these iSMCs were
present at high purity and expressed abundant alpha smooth muscle actin and calponin
(Fig. 11). Few cdls were positive for smooth muscle myosin heavy chain, as previously
reported 4.

TEBVs were fabricated with either human mesenchymal stem cells (MSCs),
normal iISMCs, or HGPS iSMCs in the medial wall and seeded with hCB-ECs in the
lumen3t, These hCBECs function the same as vessel wall derived ECs, allowing us to
isolate and identify effects induced by HGPS-derived SMCs in TEBVs>”. Within two
hours of preparation, the TEBVs were integrated into a continuous laminar flow loop

running at 2 ml/min to simulate a physiological shear stress of 6.8 dynes/cmz? (Fig. 7).
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We ran perfusion experiments for multiple weeks and assessed the vasoactivity of iSMC

TEBVs compared to TEBVs fabricated from MSCs on a weekly basis (Fig7). MSCs were

chosen as the control primary cell source for comparison of functionality due to their

ability to terminally differentiate into the smooth muscle lineage . TEBVs fabricated

with iISMC s showed overall larger diameters that did not show any statistically

significant decline in diameter over time due to differentiation towards a contractile

SMC phenotype, unlike MSC TEBVSs as we previously observed (Fig. 8A)3.. MSC TEBVs
EOQUOwWUT Ol EwEwWUDT OPI PEEOUWPOEUI EUI wbOWYEUOBEOOU
phenylephrine over four weeks unlike iISMCs TEBVs whose response remained changed

by a much smaller amount over this period (Fig . 8B). All conditions showed a trend in

PT PET wYEUOEDOEUDOOwWDPOwWUI UxOOUI wUOwhws, weET UaOE
perfusion time (Fig . 8C). This vasoactive response, however, was reduced in iSMC

TEBVs compared to MSC TEBVSs; most significantly vasoconstriction in response to 1

4, wx [ lépBriae at week four was much less than that observed with MSC TEBVs.

Initially at week one, however, vasoactivity and diameters are not significantly different

between normal iISMC TEBVs and MSC TEBVs, further indicating the ability of MSC

TEBVs to continuously mature to a very contractile phenotype over time. TEBVs

fabricated from iISMCs of HGPS patients showed the most reduced vasoactivity and the

largest overall diameters in comparison to normal iISMC and MSC TEBVs at all time

points, but this reduced r esponse is only significantly different at earlier time points.
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Figure 7: Schematic diagram of the procedure to produce iPSC -derived SMC TEBVs
from healthy and HGPS patients.

(A) A fibroblast biopsy from either healthy (young o r old) or HGPS individuals (B) is
converted to induced pluripotent stem cell (iPSC) cultures. (C) iPSCs are then
differentiated into induced smooth muscle cells (iISMCs) using a 31 -day process as
previously described by Xie et al. 44 (D) iSMCs are then incorporated into a dense
collagen gel construct that is seeded with human cord blood -derived endothelial cells
from a separate, healthy donor on the luminal surface to create iISMC TEBVs using

the process previously described by Fernandez et al. 3L (E) iSMC TEBVSs are then
incorporated into a flow loop and perfused with steady laminar flow at a shear stress
of 6.8 dynes/cm?for 1 to 4 weeks for maturation and functional characterization
studies. (F) Photographic images of HGPS iSMC TEBVs in the custom perfusion
chambers under perfusion conditions.
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Figure 8: Functio nal characterization of MSC or iPSC -derived SMC TEBVSs from
healthy and Progeria patients.

(A) Weekly outer diameter measurements of TEBVs fabricated with either MSCs,

normal iISMCs, or HGPS iSMCs and seeded with hCB -ECs. (B) Weekly response to 1

4, wx 1 | pbhran®©df TEBVs fabricated with either MSCs, normal iSMCs, or HGPS

iISMCs and seeded with hCB -$ " U8 wep" Aw61 1 O0a wUl UxOOUT wOOwhiws , t
TEBVs fabricated with either MSCs, normal iISMCs, or HGPS iSMCs and seeded with

hCB-ECs. Data are represented asmean + S.E.M. n=3 TEBVSs. n.s.=not significant,

***P< 001, #P<0.0001 at week 4.
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2.3.2 Phenotypic Characterization of iISMC TEBVs

To validate the differentiation of the iISMC TEBV platform, we further probed the
protein and gene expression of healthy and HGPSTEBVs. The lower functional
response to phenylephrine seen in iISMC TEBVS is consistent with the reduced
I BxUl UUDPOOwWOi wEOOUUEEUDOI wxUOUI POUWEOXxT EwWUOOOU
comparison to MSC TEBVs at week four (Fig. 9A). We also observeda reduction in the
expression of the endothelial cell marker vWF in TEBVs fabricated from HGPS TEBVs
compared to normal and MSC TEBVs (Fig. 9A). This is consistent with the reduced
vasodilation in response to acetylcholine seen in the HGPS TEBVSs (Fig8C).
Immunostaining and hematoxylin and eosin (H&E) staining also indicate lower overall
cellularity at four weeks in healthy and HGPS iSMC TEBVs compared to MSC TEBVs
(Fig.9A/9B). H&E staining also shows a more crumpled nature of iISMC TEBV
constructs in comparison to MSC TEBVs, with HGPS iSMC TEBVs showing the most
extensive amount of vessel wall crumpling. This may be due to the decreased
mechanical stability of TEBVs fabricated from iPSC-derived SMCs compared to MSC
TEBVs, which decreases their ability to withstand immunohistochemical processing.
The increased extent of this vessel wall crumpling in HGPS iSMC TEBVs may also
indicate a more fragile state of these HGPS iSMC TEBVs (Fig13E). Quantification of

nuclei in immunostained samples shows a signifi cant reduction of cell density in iISMC

TEBVs compared to MSC TEBVs, with HGPS iSMC TEBVSs having the lowest overall cell
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density after four weeks of perfusion (Fig . 9B). Immunostaining shows that cell density
appears greater at week one compared to week fair in both normal and iISMC TEBVS,
however, HGPS iISMC TEBVs still show lower cell counts compared to normal iSMC
TEBVs even at week one (Fig9B/10). Ki67 staining of TEBV samples after one week of
perfusion also shows reduced ki67 positive cells in iISMC TEBVs compared to MSC
TEBVs (Fig 9D). These results suggest increased cell loss in TEBVs fabricated from
HGPS iSMCs as well as decreased proliferation potential of iISMCs overall compared to
MSCs in our TEBV constructs.

Gene expression analysis by gRFPCR of TEBVSs indicates little or no expression
of progerin in MSC and normal iISMC TEBV samples compared to HGPS iSMC TEBVs at
day one and after one week of perfusion consistent with reports in 2D cultures (Fig .
9C)#. If HGPS samples are normalized to Day 1, there is no change in the progerin
expression level over the one weekof perfusion (data not shown). LMNA mRNA
expression is also increased in normal iISMC TEBVs compared to HGPS iISMC TEBVs at
both day one and after one week of perfusion (Fig. 11C). Expression of mRNA for
contractile proteins, alpha-U O OO UT wOUUEOI wEEUPOwpY2, AwEOEWEEO
after one week of perfusion in MSC TEBVs indicating a maturation of these cells under
perfusion culture to a more mature and contractile phenotype as we have previously
seen. iISMC TEBVs do not show a significant upregulation of either gene after culture,

indicating that they did not undergo further differentiation after fabrication (Fig . 9C).
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These results are consistent with the improved functional response seen in MSC TEBVs
over time versus the consistent functional response seen in iISMC TEBVSs.

To estimate the stress in the vessel wall, we applied the Law of Laplace using the
flow rate, diameter (Fig . 8A) and thickness measured at 1 and 4 weeks (Figurel3F).
These results indicate that the larger HGPS TEBVs can support a 50% higher stress than
the smaller normal and MSC TEBVs. While we cannot directly estimate the elastic
modulus, these results suggest that the larger diameters and thicker walls at 4 weeks of
the HGPS TEBVs compensates for a weaker vessel modulus.

Supporting this, we observed that HGPS iSMC TEBVs had a higher porosity than
the MSC TEBVs. In measuring the pressure drop in the TEBVs, we found significant
leakage of fluid across the vesselb EOOwi OUw' &/ 2wb2, " w3$! 5U8 ww6l wE
to estimate the hydraulic permeability . Since we did not measure appreciable flow
across Normal iSMC TEBVS or MSC TEBVSs, we assumed the fluid flow rate across these
vessels was within the measured error of flow rate (0.2 ml/min). With this assumption,
we determined that the porosity of the HGPS iSMC TEBVSs was at least 684 times
larger than the values for the Normal iISMC TEBVS or MSC TEBVs. This greater
porosity of the HGPS iSMCs suggests that they are mechanically weaker than the
Normal iISMC TEBVs and MSC TEBVs and the larger size isa compensatory mechanism

to resist the fluid pressure.
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We attempted a variety of methods to improve the function of the iISMC TEBVs
including mechanical factors, such as pulsatile flow and higher pressures, as well as
modulating culture conditions such as addition of doxycycline and ascorbic acid.
Perfusion with 10 ug/ml doxycycline had the most profound effect by decreasing the
degradation of collagen | and increasing iISMC differentiation in 3D as well as improving
vasoactivity of TEBVs made with HGPS iSMCs (Fig. 12). Since doxycycline inhibits
matrix metalloproteinase two and nine, these results suggest that the thickening of the

vessels is mediated, in part, by matrix metalloproteinases?.7%,
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Figure 9: Structural characterization of TEBVs fabricated from MSC or iPSC -derived
SMC TEBVs from healthy and Progeria patients.
(A) RepresentEUD YT wbDOET T UwOi wbOOUOOI O Biodth dusdleOET wUUEDC
actin, calponin, and vVWF antibodies at week 4 of perfusion on TEBVs fabricated from
HGPS iSMCs, normal iISMCs, and MSCs and seeded with hCB -ECs in the lumen.
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nuclei per field area. (C) gRT -PCR of Progerin, alpha -smooth muscle actin and
calponin gene expression on MSC, HGPS iSMC and normal iSMC TEBVs. Progerin
expression was set at 100% for HGPS iSMC TEBV sampl es at day 1 and day 7.
Alpha -smooth muscle actin and calponin gene expression in TEBVs at day 7 of
perfusion culture were normalized to TEBVs on day 1 of perfusion culture. Data
normalized to GAPDH expression. (D) Histochemical analysis of HGPS iSMC,
normal iISMC, and MSC TEBVs at week 1 with ki67. Red arrows indicate ki67

TEBVs for each TEBV cell type. *P<.05, *P<.01, #P<.001, n.s.=not significant.
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Figure 10: Protein characterization of iISMC TEBVs at Day 7.

Representative images of immunofluorescent stains with (A) anti  -alpha smooth
muscle actin, (B) calponin, (C) collagen IV and (D) laminin on both normal and HGPS
iSMC TEBVs after 1 week of perfus ion (scale bar, 100cM)
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Figure 11: HGPS iSMC TEBV disease characterization

(A) Representative immunofluorescent images with anti  -lamin A/C and progerin

~ s N oA

(B) Representative immunofluorescent images of HGPS iSMC TEBVs after 28 days of
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perfusion with anti -progerin, anti -collagen IV, and anti -laminin antibodies and

Calcein AM and EthD -vwepb | PUT WUEEOT WEEU wl wk Yws OOwal O0OP wl
PCR of Lamin A/C g ene expression on HGPS and normal iSMC TEBVs at D1 and D7

of perfusion culture normalized to HGPS iSMC TEBVs; n=3 TEBVSs, *P<.05, **P<.01.

(D) Representative immunofluorescent images in 2D culture, prior to formation of

TEBVs, of HGPS and normal iSMCs with  anti-alpha smooth muscle actin, anti -

calponinand anti -U OO OUT wOUUEOI wOaodUPOwl Il EYawET EPOwhhiwml

A Untreated Dox

B ‘o Normal iSMC TEBV 5o HGPS iSMC TEBV
E 40 E‘d.o .—§_‘_§
% 30 | & 5 =30 0
5 — s 2,
g 2.0 / I S ~8-0 ug/mL Dox
g —8—0 ug/mL Dox k5 10 ve/mL D
a l0 10 ug/mL Dox alo0 ug/mL Dox
0.0 . . 0.0 . .
week 1 week2 week3 week4 week 1 week2 week3 week4
C g Normal ISMC TEBV Vasoactivity . HGPS iSMC TEBV Vasoactivity
g‘] : =5 2
g3 ] ! ' L4t g
g2 | 1 y3 - .
21 I 2 Y 2
=} s
2 1 » 0
[T} [
-1 _
g2 - v_ | 2
3 £2
a3 I 83 2 )
4 Q74 B o -
5 s _

week 1

week 2 week 3 week 4

week 1 week 2 week 3 week 4

10 ug/mL Dox + 1 uM PE
0ug/mL Dox + 1 uM PE

10 ug/mL Dox +1 uM Ach
0 ug/mL Dox + 1 uM Ach

Figure 12 Effects of Doxycycline on iSMC TEBYV structure and function
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(A) Representative immunofluorescent images o f normal iISMC TEBVs after four

weeks of perfusion with 10 pg/mL doxycycline or untreated and stained with anti -

calponinandanti -EOOOET | Ow( wpUEEOI WEEUAYY ws OAS wwaop! A61 I
measurements of normal iISMC TEBVs seeded with hCB -EPCs or HGPS iSMC TEBVs

or HGPS iSMC TEBVs seeded with hCB -EPCs for four weeks. n=3 TEBVS, #P<.0001 at
each week.

2.3.3 HGPS Disease Characterization of iSMC TEBVs

To determine whether TEBVSs fabricated from HGPS iSMCs can develop a
disease statein vitro, we probed our TEBVs for markers of the HGPS cardiovascular
phenotype. Histology of HGPS iSMC TEBVs after four weeks of perfusion culture
showed increased amounts of calcification (Alizarin Red, Fig. 13A) and apoptotic cells
(TUNEL, Fig. 13D) in comparison to TEBVs fabricated from normal donor cells or MSCs.
Quantification of Alizarin Red staining shows significantly increa sed stained area of
Alizarin Red in HGPS TEBVs compared to normal iSMC or MSC TEBVs (Fig. 13B).
Histology also shows a significantly thicker medial wall in vessels fabricated from HGPS
iISMCs compared to normal iISMC or MSC TEBVs after four weeks of perfusion (Fig.
13E/13F). HGPS iSMC TEBVs perfused for one week, however, are not significantly
thicker and do not express the same high levels of Alizarin Red or show the same
amount of TUNEL positive cells (Fig . 14). HGPS iSMC TEBVs also show increased
levels of fibronectin deposition compared to MSC or normal iISMC TEBVSs, consistent

with previous reports of progeroid cells which exhibited a deregulation of key ECM
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proteins (Figure 13C)2 HGPS patient fibroblasts have shown increased levels of
fibronectin gene expression which could subsequently lead to the vascular stiffening
seen in HGPS patient vasculature?®. These staining results and reduced cell numbers are
consistent with previous reports of the HGPS disease phenotype indicating the potential
for these vessels to display various HGPS disease characteristics after four weeks of

perfusion culture 2073
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Figure 13: Progeria disease characterization of TEBVs fabricated from MSC s or iPSC-
derived SMCs from healthy and Progeria patients

(A) Histochemical analysis of HGPS iSMC, normal iSMC, and MSC TEBVs at week 4

PPUT w OPAEUPOQwW1l EWUUEDPODPOT wp2 EEOI totéd EéAO wl Y Y ws O K
positive for Alizarin Red. (C) Representative images of immunofluorescence staining

with fibronectin antibodies at week 4 of perfusion on TEBVs fabricated from HGPS

iISMCs, normal iSMCs, and MSCs and seeded with hCB -ECs in the lumen (Scale bar,

KYws OKSG wp# Aw' DPUUOET 1 OPEEOWEOEOCaAUPU WOl w, 2" OwdboOU
week 4 with TUNEL staining. Red arrows indicate TUNEL positive cells and black
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EUUOPUWPOEPEEUI w34-3$+wlOITEUDYI wEl OOUwm2EEOI WEE
of HGPS iSMC , normal iSMC, and MSC TEBVs at week 4 with H&E (Scale bar, 200
0K wwp%Aw3l T wEYT UETT wUOlI PEOOT UUWOI w, 2"
week 1 and week 4 based H&E images in E. n=3 TEBVs for each TEBV cell type.
*P<.05, *P<.01, #P<.0001.

OwOOUOED

Alizarin Red

A
HGPS Normal
B
HGPS Normal
C Tunel
HGPS Normal

Figure 14: Histochemical analysis of iISMC or MSC TEBVs at Day 7.
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(A) Alizarin Red stain (B) H&E stain and (C) T UNEL stain of HGPS iSMC, normal
P2, "wOUw, 2" w3$! 50wEI Ul Uwhwbi 1T Owdi wxI Ui UUPOOWEU

2.3.4 Effect of Rapamycin Treatment on HGPS iSMC TEBVs
Once a disease phenotype was established in HGPS TEBVs, we tested the effects
of the rapamycin analog RADOO1 (Everolimus) on the functional capacity of TEBVs
fabricated from HGPS iSMC TEBVs. TEBVs were fabricated using HGPS iSMCs and
hCB-ECs and perfused for three weeks to develop disease attributes within the TEBVS.
At week three, 100 nM of RAD001 was added to the culture media and perfusion
continued for one week with the media being changed twice during the one week
peUPDOEd ww( OWEOOXxEUPUOOwWUOWUOUUT EUI EWEOOUUOOUOWE
xT 1 0al0l xT UPOI WwEOGEWEPOEUDPOOWPOwWUI UxOOUTI wlOwhiwy ,
HGPS iSMC TEBVs treated with 100 nM RADOO1 for one week (Fig 15A). This
increased functional response correlated with increased expression of the contractile
xUOUI POUwWY2, wE.QiBukdiEaing &abiftyitodfi@dve vessel function
and iISMC maturation with HGPS therapeutics. When compared to untreated MSC
TEBVs prior to week four, HGPS iSMC TEBVs treated with 100 nM RADQO1 for one
PI T OwUlI UxOOEWEUWEOOXxEUEEOI woOl YI OUwUOwhws, wxT 1 0
Interestingly, histology at week four post -treatment with Everolimus did not show a
reduction in calcification or apopto sis as indicated by histological staining for Alizarin

Red and TUNEL, respectively (Fig. 16). This indicates that these processes were already

underway and further treatment or altered drug concentrations may be needed to
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reverse the developed disease stée. Most importantly though, immunostaining did
show a reduction in expression of progerin and restoration of the normal nuclear shape
(Figure 15B). This is consistent with previous reports in 2D that indicate the ability of

rapamycin to help solubilize progerin and clear it through autophagy ©7.74
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Figure 15: Effect of Everolimus (RAD0OO1) treatment on HGPS iSMC TEBVs structure
and function.
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iISMC TEBVs seeded with hCB -ECs after 3 weeks of normal perfusion and 1 week of

treatment with 100 nM Everolimus (RAD001) compared to untreated MSC TEBVs

(From Figure 2). (B) Representative images of immunofluorescence staining with

/ UOT 1 sidddid miscle actin, and calponin on H GPS iSMC TEBVs at week 4

untreated or treated with 100nM EYT UOODPOUU w2 EEOI WEEUOwWK Yws OAB w
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o . . .
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Figure 16: Histochemical analysis of HGPS TEBVs treated with Everolimus vs.
untreated controls.

(A) Alizarin Red stain, ( B) TUNEL stain and (C) H&E stain of HGPS iSMC TEBVs

after 3 weeks of normal perfusion and 1 week of treatment with 100 nM RADOO1 or
HGPS iSMC TEBVs without treatment. Red arrows indicate TUNEL positive cells and
black arrows indicate TUNEL negative cells ( 2 EE Ol wEEUOw!l YY w4 OK B

3.4 Discussion

The development of an in vitro 3D blood vessel model that recapitulates the

biological structure and function of those found in vivo is of great interest for modeling
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HGPS and other rare diseases affecting the cardiovasalar systemz°. A limited number
of animal models are available for HGP S and currently only two exist that recapitulate
the symptoms of the HGPS cardiovascular phenotype (the BAC G608G model and the
G609G knockin model) 7375.7¢  Despite displaying many of the symptoms associated with
the LMNA mutation, neither model develops fibrotic atherosclerotic lesions, which is

the primary cause of death in HGPS. This indicates a key limitation of these models for
drug screening purposes. The need still exists, however, to discover therapeutics and
conduct clinical trials even with limited patient populations °. In order to overcome
these limited test populations, personalized medicine efforts have focused on creating
patient-specific in vitro models using iPS-derived cell sources in order to tailor drug
testing efforts to that particular patient 4177, This would allow for therapeutic discovery
for a wide variety of diseases, both common and rare. In conjunction with animal
models, this could increase accuracy of drug screening prior to clinical trials.

Our studies show that we can produce functional, tissue engineered blood
vessels from iPSGderived patient cells from both healthy and HGPS donor cells and
perfuse them at physiological flow rates for multi -week time periods. Dash et al.
previously created a functional disease model from iPS-derived SMCs in 3D vascular
rings that display a cardiovascular disease phenotype?s. These SMCs were differentiated
and exhibited contractile activity. Our work, however, demonstrates endothelial -

mediated vasodilation of the iPS-derived healthy and HGPS SMCs and assesses
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pathology using cells from an individual with progeria. This model, therefore, shows

the potential to examine patient specific variability to various therapeutics by utilizing

the assays that we have validated (vasoactivity, protein characterization, pathology, etc.)
to probe for variations in patient response since iPSCs allow for the conservation of
genetic background post-differentiation. Although TEBVSs fabricated from iSMCs of a
healthy individual did not show the same level of function or cell proliferation and
maturation as TEBVs produced from primary MSC cultures over long term culture
periods, they can respond to known vascular stimulants and maintain these responses at
a stable level for up to a month.

A known challenge with iPSCs is that the resulting cell sources do not always
display a mature phenotype or comparable function to primary cell sources 7°. This
reduced function and decreased proliferation could explain why MSC TEBVs show
stronger responses to vasoagonists that significantly increase as the MSCs differentiate
and mature. Also under perfusion conditions and in the presence of ascorbic acid, MSCs
prolifer ate and differentiate into a very contractile state!88 Qur current conditions may
not induce the same level of contractile state or proliferative potential for the iISMCs to
allow them to show such strong functional responses as MSCs even though normal
iISMC TEBVs and MSC TEBVs show no significant functional differences at week one.
Importantly, our studies show a reduction in function from TEBVs fabricated from

HGPS iSMCs in comparison to normal iSMC control TEBVS, although the difference is
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not significant at later time points when disease pathology has developed. Therefore,
future w ork involving the improvement of the functional capabilities of these cells in
TEBVs may show a more significant difference in the function of healthy and diseased
donor cells in TEBVs. This increased function will be necessary to enhance the
sensitivity of our system as a disease model and as a drug testing platform for future
therapeutic analysis. Nonetheless,the stable response seen in these iISMC TEBVs can be
useful for monitoring any changes that occur in response to drug candidates introduced
into the system since changes in response to drugs can be assumed to be due to the drug
compound itself rather than cell or TEBV construct changes. Other cell sources
previously implemented in our TEBV system, such as MSCs and fibroblasts, have not
shown such stable responses over long term perfusion culture, which is likely due to
progressive maturation of these cells into a contractile state 3. Therefore, iISMCs may be
an advantageous cell source in TEBVs for drug modeling and disease testing based on
their ability to carry a specific disease phenotype and maintain consistent structure and
function over long -term culture periods if we can induce the same level of contractility
in the ISMC TEBVs that we have seen at later time points in the MSC TEBVSs.

Our model also shows key differences in structure, function and tissue pathology
between TEBVs fabricated from healthy and HGPS cells suggesting the ability to model
a human disease state in an in vitro 3D MPS platform. In particular, we observed

increased calcification, decreased cellularity, and reduced vasoactivity which are known
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aspects of the HGPS phenotypetl. We also observed an increase in medial wall
thickening over the four -week time course of perfusion in TEBVSs fabricated from HGPS
iISMCs, which was not seen in healthy iSMC TEBVs or MSC TEBVs. A biomechanical
analysis suggests that this wall thickening by secretion of the extracellular matrix may
serve as a compensatory mechanism for the weaker vessel wall. Although the exact
mechanism is not known as to how this occurs in vivo, mouse models of the HGPS
cardiovascular phenotype display similar structural changes despite the progressive
cellular loss in the vasculature4. Due to the increasein extracellular matrix proteins in
HGPS iSMC TEBVs, we hypothesize that this excessive ECM deposition is the potential
cause of the medial wall thickening we have observed, however, further studies will be
necessary to validate this hypothesis. We alsoobserved a reduction in endothelial cell
presence and reduced acetylcholine response in TEBVs fabricated from HGPS iSMCs.
Although little is known about the effects of HGPS on the endothelium, previous reports
have indicated that endothelial cells with L amin A defects showed premature
senescence and increased inflammatory respons&s3 Our current system utilizes hCB-
ECs from a healthy donor, however, incubating healthy ECs with conditioned media
from ECs overexpressing progerin can induce similar dysf unction®. Therefore, our
system may indicate the effect of dysfunctional Progeria SMCs on the endothelium that
could not have been observed in 2D monocultures of either cell type. Since our intention

with this model was to isolate the effects of iISMCs on TEBV structural development and

61



functional response, we chose to use hCBECs from a healthy donor unrelated to either
iSMC donor. To fully understand the effects of HGPS on the endothelium, howe ver,
future work will involve incorporating iPSC -derived ECs from the same donor as the
iPSC-derived SMCs into the TEBV constructs to create a more relevant personalized
medicine platform for disease studies and drug testing.

The rapamycin analog, Everolimus, has recently been proposed as a treatment
for HGPS patients, however, previous reports on this compound have only been tested
in 2D cell cultures 7.74and did not evaluate functional responses. A recent clinical trial
to test the utility of this compound was impleme nted in April 2016, however, the limited
patient pool creates a bottleneck in determining the safety and efficacy of this trial.
Phase | studies only involve slowly and incrementally testing increasing dosages of the
drug on three patients at a time and then observing the effects to determine the safest
maximal dose (SMD). Phase Il will then involve the co-treatment of Everolimus and the
farnesyltransferase inhibitor Lonafarnib, which has previously been shown to increase
HGPS patient lifespan and reduce the cardiovascular defects associated with the disease
3585 This trial is predicted to take 3.5-4 years and cost around $2.5 million dollars. The
small test group size may not be able to accurately predict wide spread use of the drug if
it receives FDA approval and eventually reaches the market. Our TEBV system has the
potential to expedite this testing process and create a platform that can be used to test

the specific effects of the drug on any patient. Although human clinical trials will still be
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necessary for verifying drug efficacy prior to FDA approval, an in vitro platform
involving human cells that replicates a 3D tissue structure will help bridge the gap
between 2D cell culture studies and in vivo animal models during preclinical trials. By
better replicating the microenvironment of human vasculature, a TEBV model of HGPS
and other cardiovascular related diseases will aid in verifying results seen in other
preclinical models and provide improved confidence in drug efficacy and toxicity for
clinical testing.

Treatment with Everolimus on TEBVs fabricated from cells of patients with
HGPS show improvement in function as well as increased expression of smooth muscle
contractile proteins. This may indicate that the removal of progerin by rapamycin
restores the function of the HGPS smooth muscle cells. Since dysfunction and loss of
smooth muscle cels in the vasculature of HGPS patients is a potential cause of many of
the atherosclerotic symptoms known to the HGPS phenotype such as calcification and
fibrosis, these results could indicate the potential of rapamycin to reverse this cellular
malfunction . We did see a reduction in the expression of the progerin protein in TEBVs
treated with RADOO1 as well as an increase in overall cellularity. This could indicate that
the functional improvement we see in the TEBVs is due to this decrease in progerin
toxi city and suggests the need for further study into the mechanism with which this

functional improvement occurs in the 3D engineered tissue.
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Although we did see improvement in TEBV function after exposure to
rapamycin the presence of calcification was not ameliorated by this treatment (Figure 6).
This could indicate the need to treat diseased TEBVs for longer time periods to remedy
disease pathology that has already developed within the vasculature. Another
possibility is that rapamycin may be necessary asa pre-emptive measure to prevent the
development of cardiovascular disease symptoms before they occur. If the main benefit
of rapamycin is the ability to solubilize progerin and improve SMC function, rather than
to reduce the vascular defects that developfrom the disease state, it may be necessary to
apply the drug early on to prevent the development of the disease in the first place.
Future studies will be necessary to parse out these details and determine how
rapamycin can effectively be used to treat the symptoms of HGPS and potentially treat
those at risk for cardiovascular disease. In either case, our system has shown the
EEXEEPOPUaAwWUOwWxUOYDPET wi RUI OETI EwbOUDPT T OwbOUOwWUIT
and animal studies in an expedited manner.

Since little patient data is available on how cardiovascular disease develops in
HGPS, it has been hard to make clear conclusions on the connection between normal
cardiovascular aging and HGPS. Although it is currently proposed that the two disease
states may be related, there are still key differences that lead to uncertainty about
directly relating the two conditions. For example, it has been observed that there is

increased fibrosis and less lipid accumulation in HGPS patient vasculature compared to
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those suffering from normal cardiovascular disease, which makes it difficult to

definitively relate the two disease states for drug development purposes 72 Therefore, by
creating a platform that can develop a vascular disease phendype may allow future
studies to compare the progression of both disease statesn vitro.

Another key advantage of our system is the rate at which we can develop these
disease characteristics within our TEBVs fabricated from human HGPS cell sources.
Samples at week one do not show significant disease pathology (Figure 6), however, by
week four many disease characteristics were evident, including reduced cell density,
medial wall thickness, calcification and apoptosis. This four -week development of
cardiov ascular disease pathology in TEBVs with cells from HGPS patients is greatly
accelerated compared to mouse models of HGPS, which can take up to 12 months to
develop relevant HGPS cardiovascular symptoms. The cost of running our system is
also much less thanmouse models and we can nondestructively monitor the vessel
function at any time during the study. In addition, using human cells sources provides
a more relevant understanding of how HGPS progressesin vivo in humans and could
help elucidate further me chanisms controlling HGPS cardiovascular disease
development.

There are, however, still limitations to this model due to its structural simplicity
and isolation from other tissue types. In particular, this TEBV model does not develop

all the pathologies associated with cardiovascular disease seen in larger arteries
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including lipid accumulation which has previously been associated with the HGPS
phenotype202¢ This aspect of cardiovascular disease has been difficult to replicate in
previous in vitro TEBV models as well and should be further optimized in order to fully
recapitulate a cardiovascular diseasestate in vitro. Nonetheless, the ability of our system
to develop multiple disease characteristics that can be studied for drug efficacy shows its
potential as a useful drug testing platform.

This study shows that our iISMC TEBV platform has the potential to predict
functional and pathological disease characteristics that may allow for the development
of more efficacious drugs to treat HGPS. Our model may also be able to extend to other
disease states including normal cardiovascular aging to expedite pre-clinical studies and

reduce drug toxicity in the general patient population.
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3. Improved Differentiation of iPSC-derived Smooth
Muscle Cells and Endothelial Cells to Assess the Effects
of the Endothelium on the HGPS Cardiovascular
Phenotype.

The text and figures in Chapter 3 have been submitted to Stem Cell Reports. This

manuscript i s still under review and does not have a publication date yet.

3.1 Introduction

HGPS is a rare, genetic condition that is caused by a mutation in the Lamin A
gene (LMNA) that produces a farnesylated form of the protein known as progerin. The
disease predominantly manifests as a variety of aging symptoms in affected individuals
at a very young age, including hair loss, wrinkled skin, subcutaneous fat loss and joint
instability 8. The most devastating and life -threatening disease characteristic, however, is
the development of atherosclerosis in the early teenage years. Patients usually die of
heart attack or stroke between age 1020 due to accumulation of the progerin protein in
the nucleus?. Pathological analysis of the arteries of HGPS patients shows a noticeable
presence of progerin in primarily the medial vascular smooth muscle cells, but also the
intimal fibroblasts, smooth muscle cells and endothelial cells (ECs)2.

Cells of the mesenchymal lineage, including vascular smooth muscle cells (SMC),
are heavily affected by nuclear accumulation of progerin protein. SMC loss or
malfunction in HGPS patient arteries is a key cause of the development of

atherosclerosis that is eventually fatal to HGPS individuals 2224 Two-dimensional studies
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of iPSC-derived SMCs from Progeria patients show defective proliferation and increased
cell death due to down -regulation of poly(ADP -ribose) polymerase 1 (PARR1), which
helps explain the mechanism behind progerin toxicity in vascular SMCs 2. Despite
extensive evidence that progerin toxicity in vascular SMCs is linked the atherosclerotic
defects associated with HGPS, the presence of progeririn other vascular cell types
including ECs suggests that toxicity to these cells may also play a role in the
development of cardiovascular defects associated with the condition, therefore further
analysis is needed to elucidate the full cause of cardiovasular decline in Progeriaz-.

EC dysfunction is a key contributor to t he pathobiology of atherosclerosis due to
the importance of the endothelium in maintaining vascular homeostasis and vascular
tone*s. The critical role of the endothelium in atherosclerosis and the presence of
progerin in both intimal ECs and atherosclerotic plaque of HGPS patients would suggest
that progerin toxicity may not only affect vascular smooth muscle cells, but also the
endothelium 2023 Therefore, theremay be a role for the endothelium in the development
of atherosclerotic symptoms in HGPS patients® 8’ |In support of this, h uman endothelial
cells overexpressing progerin decreased expression of key homeostatic transcription
factors, KLF2 and eNOS, expressed proinflammatory markers and released
proinflammatory cytokines which caused dysfunction in healthy ECs when cultured
together®4. In addition, lamin A defects induced by the protease inhibitor, Atazanavir, in

healthy endothelial progenitor cells showed increased expression of ICAM -1 and
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monocyte adhesiong, This evidence is similar to the effects of endothelial dysfunction in
normal cardiovascular disease development and suggests that lamin A defects and
progerin may also be toxic to endothelial cells. This may cause a dysfunctional state in
affected ECs and possibly the surrounding cells of the vasculature®,

Despite this evidence, little is known about the endothelial contribution to blood
vesselpathology in HGPS. Most HGPS studies focuson the effects of the cells most
heavily affected by progerin toxicity such as mesenchymal stem cells, fibroblasts and
SMCs and bypass the study of cell types that express this protein at lower levels
including ECs24 This may in part be due to the overall lower levels of LMNA present in
ECs which leads to less progerin production as well. This does not mean that these cells
EEOz Owi Rx1 UPI OET wUORPEwWI I 11T EOUUWEU]l wOOwxUOT1 UDPO
patient pool to study such a rare disease, previous models of HGPS have primarily
included primary cells, mouse m odels or progerin overexpression in established cell
lines. There are a multitude of issues with these models, however, that make it difficult
to accurately derive conclusions about the effect of progerin on human vasculature.
Primary cells are difficult to acquire from human vasculature due to the invasive nature
to derive them and progerin overexpression in cells does not necessarily maintain
protein and gene expression at the same level as cells found in vivé®. A key functional
aspect of ECs is based on their response to shear stressed under flow conditiorfs.

Previous 2D models have focused on static culture to assess health and functior®. The
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development of atherosclerosis due to endothelial dysfunction, however, is often caused
by endothelial response to flow conditions 2384 Therefore, it is critical to evaluate EC
response to physiological shear stresses to fully to assess their functionality and utility in
disease models of the vasculature. In addition, mouse models fail to replicate the full
disease phenotypeseen in humans, making it difficult to get the full picture of human
disease development®. For example, the commonly used mouse model for studying the
cardiovascular defects associated with progeria, the G608G transgenic mouse model,
shows progressive SMC loss in the vasculature, but fails to develop any of the external
characteristics associatel with the disease. This is most likely due to the short life -span
of these animals, further emphasizing their inability to model human disease
progression accurately*.

We have previously developed a 3D tissue engineered blood vessel (TEBV)
model of HGPS using iPSC-derived SMCs (iISMCs) from Progeria patients and blood-
derived endothelium from healthy individuals 38. This model was capable of replicating
the structure and function of small diameter arterioles using healthy patient cells as well
as exhibit known disease characteristics previously cited in HGPS when TEBVs were
fabricated from HGPS iSMCs3.. This model improved upon 2D cell culture models by
creating an accurate 3D microenvironment for cell development and was superior to
animal models through the use of human derived cell sources. A key limitation of this

model, however, was the mismatch of iISMCs in the medial wall of the TEBVs and

71



human cord-blood derived e ndothelial progenitor cells (hCB -EPCs) from a separate
donor lining the inner lumen. In addition, these iISMCs did not express markers of
terminal differentiation such as myosin heavy chain 11 (MHC11) as is seen in native
vascular SMCs. Although this model provided useful information about the SMC
effects on the cardiovascular disease development in HGPS, it fails to fully model
human vasculature or show the effects of endothelium on the Progeria phenotype. An
ideal iPSC-derived TEBV model of HGPS would i ncorporate fully differentiated iPS C-
derived vascular SMCs and iPSC-derived vascular ECs from the same donor iPSC line
that function like native human vessels. This would allow for an accurate test bed to
evaluate drug efficacy and toxicity as well as serve as a model of disease development.
To assess the effect of the vascular endothelium, we fabricated TEBVs with iP€-
derived ECs and SMCs from healthy and HGPS individuals. To quickly and more
efficiently acquire both iPS C-derived cell types for donor sp ecific TEBVs, we adopted a
modified protocol from Patsch et al. to develop iPS C-derived smooth muscle cells
(viSMCs) and endothelial cells (viECs) that function similar to mature vascular versions
of both cell types*. Healthy donors viSMCs and viECs show key structural and
functional characteristics of vascular smooth muscle cells and vascular endothelial cells,
while HGPS viSMCs and VviECs show reduced function and express various disease
characteristics. Additionally, HGPS viTEBVs maintain many of the disease

characteristics associated with Progeria previously seen in HGPS iISMC TEBVs vith
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hCB-EPCs including reduced function, excess ECM deposition, and progerin expression.
Healthy donor ViTEBVS, however, show improved functional response to vasoagonists
and increased expression of markers of terminal differentiation compared to iSMC
TEBVs indicating a more mature vascular structure. In addition, we found that , after
multiple weeks of perfusion, ViECs in HGPS viTEBVs express key inflammatory
markers such as E-selectin and VCAM-1. TEBVs fabricated with HGPS viECs also show
reduced response to acetylcholine independent of the medial wall cell source. This work
shows the utility of a ViTEBV platform for HGPS disease modeling and suggests a

potential role of the endothelium in HGPS cardiovascular disease development.

3.2 Methods
3.2.1 Cell Isolation and Culture

Primary skin fibroblasts with the classic G608G HGPS mutation (HGADFN167)
and control primary skin fibroblasts (HGFDFN168) were provided by the Progeria
Research Foundation and converted to iPSCs by the Duke iPSC Shared Resource
Facility. hiPSCs with the classic G608G HGPS mutation (HGADFNOO3 iPS1B) were
provided by the Progeria Research Foundation. hiPSCs were maintained in feeder-free
conditions on hESC-qualified Matrigel (BD biosciences) in mTeSR1 (StemCell
Technologies). Cells were passaged at 8890% confluency with Accutase (StemCell

Technologies) and 10uM ROCK inhibitor Y -27632 (Tocris Bioscience).
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hCB-ECs were derived from human umbilical cord blood obtained from the
Carolina Cord Blood Bank, and all patient identifiers were r emoved prior to receipt.
Isolation and culture protocols for hCB -ECs were approved by the Duke University
Institutional Review Board and hCB -ECs were derived as previously describedé4. hCB-
ECs were cultured in EBM-2 (Lonza, Basel, CH) supplemented with EGM-2 Single Quots
Kit (Lonza), 1% Pen/Strep (Gibco Life Technologies, Grand Island, NY'), and 10% fetal
bovine serum (HI -FBS, Gibco). Media was changed every other day. hCBECs at

passage4-9 were used for all experiments.

3.2.2 Karyotyping

G-banded karyotyping was performed on live iPS cell cultures which were
expanded in house and shipped to WiCell Research Institute Inc. (Madison, WI) for

analysis.

3.2.3 viSMC and VviEC Differentiation

ViSMCs and viECs were differentiated using a modified protocol as previously
described*. Briefly for all differentiations, hiPSCs were dissociated on day 0 with
Accutase and re-plated on Matrigel coated plates at a density of 37,00847,000 cells/cr.
It was found that viSMCs differentiated well at lower densities (37,000 cells/cm 2) while
ViECs required higher (47,000 cells/cn®) densities for efficient differentiation for all
hiPSC lines. This should be optimized for each specific HPSC or ESC cell lines as this

protocol was optimized for the HGPS (HGADFN167 and HGADFNO0O031B) and Normal
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(HGFDFN168) iPSC lines. On day 1, the medium was replaced with mesoderm
induction medium containing N2B27 medium (1:1 mix of Neurobasal and DMEM/F12
with Glutamax and supplemented with N2 and B27 ( -) vitamin A, all Life Technologies)
with 25 ng/mL BMP4 (Peprotech) and 8 uM CHIR99021 (Cayman Chemical, Ann Arbor,
MI). The media was not changed for 3 days to induce a mesoderm state.

For viSMC differentia tion, on day 4 the media was changed to viSMC induction
medium consisting of N2B27 medium supplemented with 10 ng/mL PDGF -BB
(Peprotech) and 2 ng/mL Activin A (Peprotech). The viSMC induction medium was
changed daily. On day 6, cells were dissociated with Accutase and re-plated on collagen
coated plates in viSMC media containing 2 ng/mL Activin A and 2 pg/mL heparin
(Sigma) to induce a contractile SMC phenotype. Media was changed every other day
and viSMCs were routinely passaged at 80-90% confluency using Accutase onto collagen
coated plates. HGPS viSMCs were used between passage-4 and normal viSMCs were
used at passage 5.

For viEC differentiation, on day 4 the media was changed to viEC induction
media consisting of Stempro-34 SFM medium (Life Technologies) supplemented with
200 ng/mL VEGF165 Genescript) and 2 uM forskolin (Sigma). The viEC induction
medium was changed daily and conditioned medium was collected on day 5, 6, and 7 to

create ViEC conditioned medium consisting of 1:1 fresh Stempro-34 SFM and
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conditioned medium. On day 7, ViECs were dissociated with Accutase and FACS

separated for CD31-CD144+, CD31+CD144 and CD31+CD144+ cells.

3.2.4 viEC Flow Assisted Cell Sorting

On day 7 of the ViEC differentiation, cells were dissociated with Ac cutase and
neutralized with cold Stempro -34 SFM medium. Cells were spun at 1000 rpm for 5
minutes and then washed with MACS buffer containing DPBS with 0.5% BSA and 2 mM
EDTA. Cells were resuspended in 200uL MACS buffer and co-stained for 30 minutes
on ice with 10 pL pre-conjugated FITC CD31 (Biolegend) antibody and PE CD144
(Biolegend) antibody. Cells were rinsed once with MACS buffer and sorted on a
Beckman Coulter Astrios Sorter at the Duke Flow Cytometry Shared Resource Facility.
Cells were then re-plated on collagen coated plates and cultured in vViEC conditioned
media during passage 0 directly after sorting. Media was changed every other day.
ViIECs were routinely passaged at 80-:90% confluency using Accutase onto collagen
coated plates and continuously cultured in ViEC media consisting of Stempro-34 SFM
medium with 10% HI -FBS, 50 ng/mL VEGF165, and 21g/mL heparin after passage 1

HGPS and normal viECs were used between passage 4.

3.2.5 VviTEBV Fabrication and Functional Testing

ViTEBVs were fabricated as previously described3'34 Briefly, 1.5 x 18 normal or
HGPS viSMCs were dissociated with Accutase and resuspended in 300 pL of viSMC

media and incorporated in a 2.05 mg/mL rat tail collagen type 1 solution (Corning,
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Corning, NY) in 0.6% acetic acid. Serumfree 10x DMEM (Sigma Aldrich, Raleigh, NC)
was added at a 1:10 ratio to the collagen solution. The pH of the solution was raised to
8.5 by adding 5M NaOH, causing gelation. Prior to complete gelation, the solution was
placed in a 3 mL syringe mold (BD Biosciences, San Jose, QAwith the stopper completely
removed and a two-way luer -lock stopcock attached to the luer-lock end of the syringe.

| UwU
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syringe and held in the center with parafilm wrapped ov er the syringe opening. The
solution gelled for 30 minutes at room temperature prior to compression. After gelation,
Maidstone, UK) on 10 KimWipes. Plastic compression was applied to the construct by
suspension in the filter paper for seven minutes to remove over 90% of the water
content. Once compressed, the TEBVs were placed in custom perfusion chambers and
sutured onto grips at both ends.

After gelation and mounting, TEBV s were endothelialized by dissociating
adherent hCB-ECs, normal viECs, or HGPS viECs with 0.05% Trypsin/EDTA (Lonza) or
Accutase respectively. The ECs were resuspended at 0.5 x 2@ells in 0.5 mL respective
media (EGM2 or viEC media). hCB-ECs or viECs were perfused through the lumen
using 1 mL luer-lock syringes (BD) connected to the grips of the custom chambers. The

TEBVs were evenly endothelialized by rotating the chambers at 10 revolutions per hour

for 30 minutes at 37°C on arotator. Chambers wereattached to a flow circuit containing
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a 25 mL media reservoir connected by tubing. Continuous, steady, laminar flow at 2
mL/min was applied to the TEBVs by attaching the perfusion circuit to a peristaltic
pump that applied a physiological shear stress of 6.8 dynes/cnt (Masterflex,
Gelsenkirchen, DE). The TEBVs were matured for up to six weeks and media was
changed three times per week. All TEBVs were perfused in viSMC medium.
Vessel vasoactivity was calculated as the change in diameter of the TEBVs a#ir
I BRxOUUUI wOOwhws, wxi 1 620l xT UPOT wp2b1 OEAWEOE whiwy
was measured in the same perfusion circuit that TEBVs were cultured in at room
temperature and imaged using a stereoscope (AmScope) while being recorded with
ISCapture UOT UPEUI dww [ Ol Uwt YwUlI EOCOEUWOI wOOUOEOwxI1 U
EEETI EwOOwWEwWUaAaUDPOT 1 wxOUUwp( EPEPAwWDOUI TUEUI EwbOuw
acetylcholine was added. This process was performed weekly for all studies. Screen
shots were taken at 30 seconds (prior to phenylephrine addition) to establish baseline, at
five minutes (after phenylephrine addition) and at 10 minutes (after acetylcholine
addition). The diameter at each time point was determined by averaging four random
widths alo ng the length of the vessel using ImageJ. Vessel diameter measurements were
defined at the 30 second time point. Vasoconstriction in response to phenylephrine was
calculated as the percent change in diameter from the initial diameter at 30 seconds

before addition of phenylephrine to the diameter at 5 minutes after addition of

phenylephrine. The vasodilation in response to acetylcholine was calculated as the
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percent change in diameter from the constricted state at 5 minutes to the diameter at 10

minutes.

3.2.6 Immunofluorescence Staining

IHC to detect OCT4 and TRA1-81 protein was performed as follows: cells were
grown in Corning 12 well TC plates (Cat# 3513) which had been coated with Corning
hES qualified matrigel (Cat#354277). Cells were allowed to expard for 3 days in mTeSR1
(StemCell Technologies, Vancouver, BC). Fixation and permeabilization was done using
the Image-iT/Fix-/ 1 UOw* PUwp" EVUs w1t At YI Ow( OYPUUOT T OAwi 6O
instructions. Cells were then blocked in 3% goat serum (Cat# 005000-001, Jakson
ImmunoResearch) for 30 minutes at room temperature (RT) followed by the application
of the primary antibody (anti -OCT4 or anti-TRA1-81; diluted 1:500; Stemgent) at 4°C for
12 hours. Cells were then washed 3x 5 minutes in PBS at RT. Secondaimgntibody
(Stemgent) as follows: CY3 goat antirabbit 1:1000 (OCT4), CY3 goat antrmouse 1:1000
(TRA1-81) was then applied for 1 hour at RT. Cells were washed 3x 5 minutes in PBS at
RT. As a final step, DAPI staining was performed during the final wash us ing the
-UE! OUl wOPUwp" EUs w1t At YKOw( OYPUUOT I OAwWi 6O00O6PDO
Control cells were treated identically except for the omission of the primary antibody.
IHC -stained cells were visualized and photographed on a Zeiss Axiovert microsco pe at

a magnification of 10x unless noted otherwise.
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For 2D viSMC and viEC immunostaining analysis, cells were fixed with 4%
paraformaldehyde for 20 min and then washed three times with DPBS. Cells were
permeabilized with 0.1% Triton -X for 10 minutes at room temperature and then rinsed
with DPBS three times. Cells were blocked in 10% goat serum in DPBS for two hours at
room temperature. Cells were incubated with primary antibody at 1:250 in 10% goat
serum overnight at 4°C. Cells were then washed with DPBS three times and incubated
with secondary antibody at 1:500 in 10% goat serum for one hour at room temperature.
Cells were washed three times with DPBS and incubated with Hoechst 33342 at 1:1000 in
DPBS for 5 minutes at room temperature. Samples were washed three times with DPBS
and imaged on a Nikon Eclipse TE200GU microscope at 10x magnification using the NIS
Elements software and analyzed using ImageJ.

For 3D viTEBV immunostaining analysis, TEBVs were fixed in 10% formalin for
10 minutes while still attached to the chamber grips for structural integrity. TEBVs were
then placed in a well-plate and further fixed in 10% formalin for an additional 50
minutes. TEBVs were washed with DPBS three times and cut en face to expose the inner
and VWF) were permeabilized with 0.1% Triton -X for 10 minutes and then washed three
times with DPBS. All samples were blocked in 10% goat serum in DPBS for 8 hours at
room temperature. Samples were incubated with primary antibody at 1:100 in 10% goat

serum overnight at 4°C. Samples were washed three times with DPBS and then
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incubated with secondary antibody at 1:500 in 10% goat serum for one hour at room
temperature. Samples were washedthree times and incubated with Hoech st 33342 at
1:1000 in DPBS for 5 minutes at room temperature. Samples were washed three times
with DPBS and mounted onto glass slides with Fluor Save (Calbiochem, Billerica, MA).
TEBVs were imaged using a Zeiss 510 inerted confocal microscope at 20x magnification
and analyzed using Zeiss LSM image browser.

Primary antibodies used were rabbit anti -calponin (Abcam, Cambridge, MA),
rabbitanti-Y2, wop E EE O A dyHCHEIHAbBath)uriakbitabti -vWF (Abcam),
mouse anti-fibronectin (Abcam), rabbit anti -collagen IV (Abcam), mouse anti-CD31 (BD
biosciences), mouseanti VE-cadherin (Santa Cruz), mouse anttVEGFR2 (Abcam), rabbit
anti-E-selectin (Santa Cruz), rabbit anti-VCAM -1, mouse antiHICAM -1 (Santa Cruz),
rabbit anti -N F-f B (Santa Cruz) and rabbit anti-progerin ¢7. Secondary antibodies used
were Alexa Fluor 594 goat anti-rabbit and Al exa Fluor 488 goat antirmouse (Life

Technologies). Each condition was imaged by immunostaining with 3 -4 TEBVSs.

3.2.7 Alkaline Phosphatase Live Stain

Cells were grown in Corning 12 well TC plates (Cat# 3513) which had been
coated with Corning hES qualified matrigel (Cat#354277). Cells were allowed to expand
for 3 days in mTeSR1 (StemCell Technologies, Vancouver, BC) before initiating the
staining protocol. Following the manufacturers protocol (Alkaline Phosphatase Live

Stain Cat#A14353, Invitrogen) media was removed and the cells were washed with pre-
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warmed DMEM/F -12 for 2t 3 minutes 2 times. A 1X AP Live Stain working solution was
prepared by diluting the 500X stock solution in DMEM/F -12. The 1X AP Live Stain
solution was applied directly on to the adherent cell culture and Incubated for 30
minutes at 37C in a humidified incubator. Cells were then washed twice with DMEM/F -
12 for 5 minutes per wash and visualized on a Zeiss Axiovert microscope (Carl Zeiss) at
a magnification of 10x unless noted otherwise. Cels were then returned to the incubator

after replenishing the mTeSR1 media for further growth.

3.2.8 Flow Cytometry Analysis

ViISMC purity was characterized using flow cytometry. Cells were dissociated
using Accutase and washed once with DPBS. Cells werdixed with 4%
paraformaldehyde for 20 minutes and permeabilized with 0.1% Triton -X for 5 min. Cells
were incubated with 10% goat serum for 1 hour at room temperature and then primary
antibody was directly added to the cell suspension overnight at 4C. Unstained cells
were used as a control. Cells were washed two times with DPBS and then incubated
with secondary antibodies in 10% goat serum for 1 hour at room temperature. Cells
were washed two times with DPBS and flow cytometry was run by collecting 10,00 0

events per sample.

3.2.9 Burst Pressure Testing

TEBYV burst pressure was measured as previously described!. Briefly, TEBVs

were sealed off at the outlet grip while attached to their respective perfusion chamber.
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The inlet grip was attached to a differential pressure gauge connected to tubing that was
hooked to an air pump and filled with water. TEBVs were filled with water until failure

and the maximum pressure at failure was recorded.

3.2.10 RT-Quantitative PCR and Primers

Total RNA was extracted from normal and HGPS viECs and viTEBVs using the
Aurum Total RNA Mini Kit (BioRad, Hercules, CA) and Qiagen RNeasy Mini Kit
(Qiagen, Hilden, Germany). For assessment of TEBV gene expression, TEBV medial
wall viSMCs and lumen viECs were not separated during RNA extraction in order to
increase RNA yield. RNA was reverse transcribed into cDNA using the iScript cDNA
Synthesis Kit (Bio-Rad). RT-PCR was performed in triplicate using the iQ SYBR Green
Supermix (Bio-Rad) and the CFX Connect RealTime PCR Detection System (BieRad).
As an internal control, human GAPDH was p urchased from real-time primers (VHPS -
3541, Elkins Park, PA). Primer sequences for amplifying human progerin, KLF2, NRF2,

NQO1, HO-1, TXNRD1, GCLC, GCLM, and eNOS are listed in Supp. Table 1.

3.2.11 Nitric Oxide Assay

After one week of perfusion and 48 hours after media change, 5 mL of media was
removed from the flow circuit and frozen at -20C. Proteins were removed from the
samples and media used for the standard curve prior to testing with a 10,000 MWCO
spin column (Corning) spun at 10,000 rpm for 7 minutes. Total nitrate and nitrite were

measured using a Colorimetric Assay kit (Cayman Chemical) per the kit instructions.
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Standard curves were measured in media rather than the provided assay buffer due to
the effects of media components (2mercaptoethanol) on the measured absorbance.
Absorbance was measured at 540 nm using g1Quant microplate reader (Bio-Tek).

Samples and standards were normalized to pure media.

3.2.12 Tube Formation Assay

50 microliters of Matrigel (BD Matrigel Basement Membrane Matr ix Growth
Factor Reduced, Phenol Red Free) was aliquoted to 98vell plate and incubated for 30
minutes at 37°C to allow the gel to solidify. Then, 25,000 viECs were seeded onto the
Matrigel matrix and cultured for 24 hours at 37 °C and images were acquired using Zeiss

Observer Al inverted microscope.

3.2.13 viEC Flow Alignment Assay

The effect of physiological shear stresses on HGPS and normal viECs was
evaluated as previously described®2%, Briefly, VIECs were seeded at a confluent density
onto slide flasks (Nunc) and allowed to attach and develop a confluent monolayer in the
flasks. Once, fully confluent, flasks were incorporated in a previously designed parallel -
plate flow chamber connected to a circular flow loop. Steady laminar flow was applied
using a pre-conditioning treatment as previously described 9 to maintain cell
attachment. Once 12 dynes/cnmiwas reached cells were maintained in the flow circuit

for 24 hrs. Alignment was determined by measuring the angle of the cell relative to the
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direction of flow in ImageJ. An angle of 0° indicated complete alignment and 45°

indicates no alignment. Roundness was determined using the following equation:

44
Roundness = —
T

where A is the cell area and L is the chord length. A roundness of 1 indicates a perfect

circle and a roundness of O indicates a straight line.

3.2.14 Effectof TNF-U on ECs

To evaluate the response of endothelial cells to proinflammatory cytokines,
hCB-EPCs, normal viECs and HGPS viECs were exposed to tumor necrosis factoralpha
(TNF-Y) (Sigma) for 6 hours at a concentration of 10 ng/mL in static culture. ECs were

then evaluated for expression of ICAM -1 and NF-f B by immunostaining.

3.2.15 Western Blotting

Whole cell lysates for immunoblotting were prepared by dissolving cells in
Laemmli Sample Buffer containing 5% of 2-mercaptoethanol (Bio-Rad). Antibodies used
for immunoblotting include: anti -lamin A/C (Mab 3211; Millipore), mouse anti -actin a-
smooth muscle cell (A2547; Sigma), rabbit anticalponin (04-589; Millipore), mouse anti-
GAPDH (sc-47724; Santa Cruz), goat antVE-cadherin (AF938; R &D systems), and

sheep arti-PECAM1 (AF806, R &D systems).
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3.2.16 viSMC Contraction Assay

50,000 viSMCs were seeded on collagertype | coated glass bottom dish (627860;
Greiner Bio-One) and incubated for 24 hours at 3?C. To test the contraction property of
ViISMCs, a vasoconstrictor agent, 1 micromolar of U-46619 (538944, Millipore) was added
to the cell media and Spinning disk confocal images were acquired for 10 min using an
UltraVIEW VoX system (PerkinElmer, Waltham, MA) attached to an inverted
microscope (Eclipse Ti; Nikon Instruments, Melville, NY) with a 40 x NA 1.3 objective

(Nikon) and a CCD camera (C910@ 50; Hamamatsu Photonics, Bridgewater, NJ).

3.2.17 Statistical Analysis

Statistical analysis was done using JMP Pro 13 (SAS). Data was analyzed using a
one-way or two -way ANOVA and post -hoc Tukey test to compare means. A oneway
ANOVA was used to compare fold change between static and flow conditions for gRT -
PCR gene expression, and atweU E D O1 E w 2-tBsthvias 8ddl folJpaiticomparisons in
each cell type. Repeated masures ANOVA was used for time -dependent assays. All

data is represented as meant S.E.M. pA0.05 was considered significant.

3.3 Results

3.3.1 Phenotypic Characterization of viSMCs Derived from Normal
and HGPS iPSCs

To validate the use of a modified protocol to derive viSMCs and viECs from
healthy and HGPS donor iPSC lines, we differentiated and characterized each cell line

for key structural and functional markers pre - and post-differentiation 4. iPSCs from
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both HGPS (HGADFN167 and HGADFN0031B) and Normal (HGFDFN168) cell lines
showed key pluripotency markers Oct4 and Tra -1-81 prior to differentiation, indicating
their differentiation potential. They also stained positive for alkaline phosphatase and
had normal karyotypes with no clonal abnormalities (Fig. 17).

To derive SMCs with comparable structure and function to those found in the
vasculature, normal and HGPS viSMCs were differentiated from iPSCs according to the
protocol by Patsch et al4é and after 6 days plated under contractile conditions consisting
of collagen coated plates and Activin A and heparin supplemented serum free media
MyHC11 indicating terminally differentiated smooth muscle cells (Fig. 19B, Fig. 20A).
Flow cytometry analysis also indicated a pure population of SMCs with greater than
NYUwx OUDPUDYIT wli Bx Ul UUD OO uibdrentiétdn (Figu B0 Frig 2B x OO P O wx
Treatment with the vasoconstrictor U44619 also indicates that the viSMCs are ontractile
(Fig. 21C).

To validate this differentiation protocol for HGPS studies, viSMCs were
characterized for progerin expression after multiple passages. HGPS viSMCs at all
passages showed progerin positive cells as indicated by immunofluorescent staining
(Fig. 19D) and Western Blot analysis (Fig. 21A). Since viSMCs beyond passage 5 showed
a majority progerin expressing cells, HGPS viSMCs passage 5 and older were used for

all subsequent TEBV studies (Fig.19E). viSMCs derived from HGPS iPSCs at older
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passages also showed various disease characteristics such as increased senescence

UT U O Udalaamsidase staining (Fig 21B) and abnormal nuclear shape compared to

ViSMCs derived from normal iPSCs (Figs. 22A, 22B).

HGADFN167 HGADFNO031B

Figure 17: Characterization of iPSCs from HGPS donors HGADFN167,
HGADFNO0031B, and normal donor HGFDFN168

(A) Representative brightfield image of undifferentiated HGADFN167,

HGADFNO0031B, and HGFDFN168 iPSCs (B) Representative alkaline phosphatase

live staining of und ifferentiated HGADFN167, HGADFNO0031B, and HGFDFN168
iPSCs (C) HGADFN167 and HGFDFN168 iPSCs exhibit normal karyotype (D)
Representative staining of Tra -1-81, DAPI and merged in undifferentiated
HGADFN167, HGADFN0031B, and HGFDFN168 iPSCs (E) Representativ e staining of
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Oct4, DAPI and merged in undifferentiated HGADFN167, HGADFNOO0O31B, and
HGFDFN168 iPSCs (scale bar, 200 pm).

B pa:n2B27+ D6: N2B27 +
2 ng/mL ActivinA + 2 ng/mL ActivinA +
10 ng/mL PDGF-BB 2 pg/mL heparin
Feeder-Free Mesoderm

A iPsC Induction " ﬁ | D  viTEBY
vi
N CD31+CD144+ poO viEC >pl viEC Week 1-4: N2B27 +

viEC 2 ng/ml ActivinA +
DO: mTeSR + D1: N2827 + Cc - » > {@ 2 pg/ml heparin

10 M ¥-27632 8 pM CHIR 99021
+25 ng/mL BMP4 D4: Stempro3a + D7: 50% D9: 50% D13: Stempro + 50

200 ng/mL VEGF165 conditioned conditioned ng/mL VEGF165 +
+ 2 uM forskolin Stempro + Stempro + 50% 2 pg/mL heparin +
50% Stempro Stempro 10% FBS

Figure 18 Schematic diagram of the procedure to produce iPSC -derived TEBVs from
healthy and HGPS patient s.

iPSCs are differentiated into (A) smooth muscle cells (viSMCs) or (B) endothelial cells
(VIECs) using a 7 day process as previously described by Patsch et al“¢. (C) viSMCs are
then incorporated into a dense collagen gel construct that is seeded with viECs on the
luminal surface to create ViTEBVs using the process previously describ ed by
Fernandez et al*4. VITEBVs are then incorporated into a flow loop and perfused with
steady laminar flow at a shear stress of 6.8 dynes/cm 2 for 1 to 4 weeks for further
maturation and fun ctional characterization studies .
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Figure 19: Characterization of viSMCs from normal and HGPS donors.

(A) Brightfield images of cells at each stage of differentiation from iPSCs at day 0 to
mesoderm induction at day 1 to viSMC i nduction on day 4 to contractile viSMC
induction on day 6. (B) Representative images of immunofluorescence staining with
Y-smooth muscle actin, calponin, and myosin heavy chain 11 on viSMCs from HGPS
and normal donors after differentiation and plating in contractile conditions (scale
bar, 50uO A8 wp" AwHOOPwWEAUOOI UUa wkndarOndusce Botindi wEEOx OOD
positive cells in HGPS and normal viSMCs post -differentiation. (D) Representative
images of immunofluorescence staining with progerin on viSMCs fro  m HGPS and
normal donors after differentiation and five passages (scale bar, 50 pm). (E)
Quantification of the fraction of progerin positive cells of HGPS viSMCs at various
passages normalized to the total number of nuclei.
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Figure 20: Phenotypic characterization of viSMCs and viECs from HGPS donor
HGADFNO0031B

@ Awll xUI Ul OUEUDYI wbOET T UwlOi wb Ctabth @is@d) OUT UET OE
actin, calponin, and myosin heavy chain 11 on viSMCs from HGPS 0031B donor after

differentiation and plating in contractile conditions (scale bar, 50 um). (B) Flow

cytometry anala UP U wO i wE E &Gmddid BuBcetadif podftive cells in HGPS

0031B viSMCs post-differentiation. (C) Representative images of

immunofluorescence staining with PECAM, VE -cadherin, vVWF, and VEGFR2 on

VIECs derived from HGPS 0031B donor after differentiat ion and sorting (scale bar, 50
pm).
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Normal viSMC
Normal visMC +1 puM U46619

HGPS viSMC
+ 1M U46619

Figure 21: Characterization of HGPS phenotype in viSMCs

(A) Western Blot of progerin, Lamin A/C, alpha smooth muscle actin, and calponin in
ViSMCs differentiated from iPSCs from normaland ' &/ 2 wE O O O-galhctasitladew ¢
staining in normal and HGPS viSMCs at passage 1, 3 and 5 where red arrows indicate
¢-gal positive cells (scale bar, 100 um) (C) Normal and HGPS viSMCs contractile

property in response to vasoconstrictor drug (U46619, 1uM) tr eatment after 10

minutes. White lines indicate the change in contraction from O min to 10 min after

addition of U46619.
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Figure 22 Nuclear characterization of HGPS and normal viSMCs and ViECs

(A) Representative DAPI image of HGPS and normal viSMCs (scale bar, 50 um). (B)
Quantification of misshapen nuclei in HGPS and normal viSMCs and quantification
of misshapen nuclei by passage in normal and HGPS viSMCs (C) Representative
DAPI image of HGPS and normal viECs (E) Quantificati on of misshapen nuclei in
HGPS and normal viECs. Data are represented as mean = S.E.M. n= 3 replicates for
each cell type. *P<.05, n.s.=not significant.

3.3.2 Phenotypic Characterization of viECs Derived from Normal and
HGPS iPSCs

ViECs were differentiat ed from both the normal and HGPS iPSC lines using a
modified version of the Patsch et al.*¢ protocol to obtain large numbers of vascular
endothelial cells. viECs were differentiated for 6 days instead of 5 days, with one
additional day during the endothelial cell induction phase, which produced larger
populations of viECs with improved structural and functional characteristics. After 7
days, VIECs were sorted for CD31+CD144, CD31-CD144+, and CD31+CD144+ cell

populations to increase yield. Only CD31-CD144- cells were rejected during sorting.
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VIECs were plated on collagen rather than fibronectin in Stempro conditioned media
consisting of 1:1 fresh Stempra34 SFM and conditioned Stempro media collected during
differentiation. These conditions improved the viability and expandability of sorted cell
populations. VIiECs were later switche d to VIEC media containing VEGF165, heparin
and 10% HI-FBS to induce a more vascular phenotype (Figs. 8, 23A). Postsorting,
ViIECs from all cell lines showed expression of endothelial markers PECAM, VE -
cadherin, VEGFR2 and VWF (Fig.23B, Fig 24A). These proteins are necessary for
endothelial cells to function and respond to shear stress®s.
We then tested the ability of ViECs to respond to physiological shear stresses by
applying 12 dynes/cmzfor 24 hrs. viECs from both cell lines elongated and aligned in
the direction of flow (Fig. 23C, Fig.24D). Compared to their static counterpart, normal
ViIECs showed a more significant increase in alignment and elongation compared to
HGPS ViECs (Fig.23D). Treatment with TNF-Y wi OU wt wi OV U U wkeOUOwUx Ul T UC
adhesion molecule ICAM -1 and increased NFf ! WOOEEOPAEUDPOOwWUOwWUT 1T wOUT
the ability of these ViECs to respond appropriately to inflammatory cytokines like those
in native vasculature (Fig. 24B). In addition, HGPS viECs showed majority pro gerin
positive cell populations at comparable levels to HGPS viSMCs as indicated by
immunofluorescence staining and Western blot (Fig. 23E, Figs 24A, 24C). The majority
of VIECs expressed progerin once passaged and cultured in viEC media, similar to

viSMCs. VIECs did not express progerin at significant levels prior to culture in viEC
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media or directly after sorting (data not shown). Normal and HGPS viECs showed
intrinsic characteristics of healthy endothelial cells through tube formation in matrigel,
(Fig. 24E). HGPS ViECs also showed a larger fraction of misshapen nuclei compared to

normal ViECs (Fig. 22C, 22D)
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Figure 23: Characterization of vViECs from normal and HGPS donors.

(A) Brightfield images of cells at each stage of differentiation from iPSCs at day O to
mesoderm induction at day 1 to viEC induction on day 4 to viEC sorting on day 7 to
VIEC expansion. (B) Representative images of immunofluorescence staining with
PECAM, VE -cadherin, vVWF, and VEGFR2 on VviECs from HGPS and normal donors
after differentiation and sorting (scale bar, 50 pm). (C) Representative images of
immunofluorescence staining with PECAM on VviECs from HGPS and normal donors
after either static culture or exposure to physiological shear stress of 12 dy nes/cm? for
24 hours. Red arrow indicates direction of flow (scale bar, 50 um). (D) Quantification

of alignment and roundness of normal and HGPS ViECs from C after 24 hours of
statics culture or exposure to 12 dynes/cm?2. (E) Quantification of the fraction  of
progerin positive ViECs compared to the fraction of progerin positive HGPS viSMCs
Data are represented as mean + S.E.M. n=3 independent experiments for each cell type
under each condition. *P<.05, **P<.01, #P<.0001, n.s.=not significant.
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Figure 24: Characterization of HGPS phenotype in VIECs

HGPS viEC

Normal viEC

(A) Western Blot of progerin, Lamin A/C, PECAM and VE -cadherin in ViECs
differentiated from iPSCs from normal and HGPS donors (C) Representative image of
immunofluorescence staining of progerin in HGPS and normal ViECs (scale bar, 50
pm). (D) Representative brightfield images of HGPS and normal viECs and hCB -
EPCs after flow (red arrow indicates flow direction and scale bar, 50 um) (E).

Matrigel -based tube formation assay of normal and HG PS iPSC-derived endothelial
cells (F) Representative images of immunofluorescence staining with VCAM -1,

ICAM -1, and E-selectin on static HGPS and normal viECs in culture (scale bar, 200
UM).
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VIECs exposed to 12 dynestmzfor 24 h showed upregulation of t he flow
associated genes, Kruppetlike factor (KLF2) and nuclear erythroid -2 related factor 2
(NRF2) compared to static controls (Fig. 25A, 25B), similar to hCB-EPCs that were used
in previous TEBV studies?!57%8 HGPS viECs showed a decreased upregulation of these
two atheroprotective genes compared to normal ViECs (Fig. 25A). Due to previous
implications of NRF2 transcription and nuclear location being affected by p rogerin
expressing cells, we further evaluated the downstream targets of NRF2, heme
oxygenase-1l (HO-1), NAD(P)H -quinone oxidoreductase 1 (NQOL1), thioredoxin
reductase 1 (TXNRD1), glutamate-cysteine ligase catalytic subunit (GCLC), and
glutamate -cysteine ligase modifier subunit (GCLM) . hCB-EPCs showed a significant
increase in mMRNA expression for NRF2 (Fig. 25B) and all NRF2 downstream target
genes after exposure to shear stress except for TXNRD1. Normal viECs followed the
same trend in gene expression as hCBEPCs after shear stress exposure, but aa slightly
diminished response. Interestingly, HGPS VviECs showed an altered trend in
downstream NRF2 target gene expression compared to hCBEPCs and normal ViECs.
While hCB-EPCs and normal viECs showed a very significant increase in NQO1
expression, HGPS viECs showed no significant increase. Conversely, HGPS VviECs
showed a very significant increase in TXNRD1 expression, while hCB-EPCs and normal
ViECs did not (Fig. 25D-25F, Fig 26). In addition, expression of the endothelial nitric

oxide synthase (eNOS§ gene, an essentiategulator for generation of nitric oxide by

97



vascular endothelium to control vascular tone, increased after flow exposure in hCB -
EPCs and normal ViECs, but was significantly downregulated in HGPS ViECs (Fig. 25C).
Variations in gene expression of ViECs compared to hCB-EPCs may reflect a slightly
different EC phenotype. However, HGPS ViECs overall showed altered smaller
increases in flow associated genes, further indicating an alteration in endothelial

function in the HGPS viECs.
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Figure 25: Gene expression of hCB-EPCs and ViECs after shear stress exposure.

gRT-PCR of (A) KLF2, (B) eNOS, (C) NRF2, (D) NQO1, and (E) TXNRD1 gene
expression on hCB-EPCs, HGPS viECs and normal viECs after either static culture or
exposure to physiological shear stress of 12 dynes/cm 2for 24 hours. Gene expression
was set at 100% for hCB-EPC, HGPS ViECs and normal ViECs after 24 hours of static
culture. Gene expression in hCB -EPCs and ViECs exposed to 12 dynes/cn? for 24
hours were normalized to respective hCB -EPCs or ViECs under static culture. Data
normalized to GAPDH expression. Data are represented as mean = S.E.M. n=3
independent experiments for each cell type. *P<.05, **P<.01, ***P<.001, #P<.0001.
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Figure 26: Gene expression of hCB-EPCs and ViECs after shear stress exposure.

gRT-PCR of (A) GCLC, (B) HO -1 and (C) GCLM on hCB -EPCs, HGPS viECs and
normal ViECs after either static culture or exposure to physiological shear stress of 12
dynes/cmz2for 24 hours. Gene expression was set at 100% for hCB-EPC, HGPS VIECs
and normal ViECs after 24 hours of static culture. Gene expression in hCB -EPCs and
VIECs exposed to 12 dynes/cm? for 24 hours were normalized to respective hCB -EPCs
or ViECs under static cultur e. Data normalized to GAPDH expression. Data are
represented as mean + S.E.M. n=3 independent experiments for each cell type. *P<.05,
**p< .01, **P<.001, #P<.0001.

3.3.3 Structural and Functional Characterization of Normal and HGPS
VITEBVs

To study the effects of viSMCs and VviECs on the cardiovascular phenotype of
HGPS, we tested the structural and functional effects of these cells in tissueengineered
blood vessels. In accordance with increased contractile protein expression in 2D, TEBVs
fabricated from viSMCs from either normal or HGPS donors and perfused for multiple

weeks showed increased contractile response after exposure to £M phenylephrine
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compared to TEBVs fabricated from normal or HGPS iSMCs as seen in our previous
TEBV model 8. In addition, vasoactivity of TEBVs with normal viSMCs and viECs
responded at comparable levels to primary MSC derived TEBVs indicating a more
functional model. Similar to our previous model, functional responses and trends were
fairly stable for multiple weeks of perfusion. TEBVs fabricated from healthy donor cells
showed significantly higher vasoactive responses than those fabricated from HGPS
donor cells (Fig. 27A, Fig. 28A). Additionally, vViTEBVs fabricated from normal viECs
showed comparable dilation in response to 1 UM acetylcholine as TEBVs fabricated from
primary hCB -EPCs. ViTEBVs with HGPS ViECs however, showed a significant decrease
in dilation compared to TEBVs containing hCB -EPCs or normal ViECs (Fig.27B, Fig.
28B).

After 4 weeks of perfusion, viSMCs in VITEBVs expressed not only the contractile
xUOUI POUwWY2, wEOE wWEE OdAré&vipBIynth theli MG ITEBRstOHt 1 U Y |
also MYHC11, which was not present in iISMC TEBVSs, indicating a more accurate
vascular phenotype. HGPS viTEBVs showed reduced expression of all contractile
proteins compared to healthy VviTEBV controls as well as increased expression of
progerin and extracellular matrix proteins, collagen IV and fibronectin, compared to
normal VITEBVs (Fig. 27C, 27D, Fig. 28C). Progerin gene expression is also significantly
upregulated in HGP S viTEBVs compared to normal viTEBVs and primary cell -derived

TEBVs (Fig.27E). viTEBVs from both donors exhibited physiological burst pressures
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after one week of perfusion, however, they were not significantly different than TEBVs
without cells (Fig. 27F). HGPS viTEBVs also showed larger outer diameter and medial
wall thickness compared to controls (Fig. 28D, 28E). These results are consistent with the
HGPS cardiovascular disease phenotype as well as results from our previous HGPS
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Figure 27: Characterization of ViTEBVSs fabricated from viSMCs and viECs from
HGPS and normal donors.

(A) Week 1 and week 4 response to 1 uM phenylephrine of TEBVs fabricated from

either H GPS viSMCs or iSMCs, normal viSMCs or iSMCs and seeded with either

HGPS viECs, normal vViECs or hCB -EPCs. (B) Week 1 and week 4 response to 1uM

acetylcholine of TEBVs fabricated from either HGPS viSMCs or iISMCs, normal

VISMCs or iSMCs and seeded with eithe r HGPS viECs, normal ViECs or hCB -EPCs.

@" Awll xUI Ul OUEUDYI wbOET I UwlOi wb Gt dis®ed OUT UET OE
actin, myosin heavy chain 11, collagen IV and fibronectin, progerin or vVWF antibodies

at week 4 of perfusion on normal 168 and HGPS 167 vi TEBVs (scale bar, 50um). (D)
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Quantification of protein expression in C. (E) gRT -PCR of Progerin gene expression

on MSC TEBV, HGPS viTEBV and normal viTEBVs after one week of perfusion.

Progerin expression was set at 100% for HGPS viTEBVs. Data normaliz ed to

GAPDH expression. (F) Burst pressure of normal and HGPS viTEBVs after one week

of perfusion compared to collagen constructs without cells. Data are represented as

mean £ S.E.M. n=3 TEBVs for each TEBV cell type. *P<.05, *P<.01, ***P<.001, #P<.0001,
n.s.=not significant.
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Figure 28: Characterization of HGPS phenotype in VITEBVS.

(A) Week 1 and week 4 response to 1 uM phenylephrine of TEBVs fabricated from
HGPS 0031B viSMCs and VIECs. (B) Week 1 and week 4 response to 1 pM
acetylcholine of TEBVs fabricated from HGPS 0031B viSMCs and ViECs (C)

11 xUI Ul OUEUDYI wbOET T UwOi wb OO0 U&nddthdnuigels acttheE | OET wU U
myosin heavy chain 11, collagen IV and fibronectin, VCAM -1, progerin and vVWF
antibodies at week 4 of p erfusion on HGPS 0031B viTEBVs (scale bar, 50 uM). (D)
Outer diameter measurements of TEBVs at one and four weeks of perfusion. (E)

Medial wall thickness measurements of TEBVs after four weeks of perfusion. (F)
Representative images of immunofluorescence s taining with VCAM -1, E-selectin, and
FN in TEBVs fabricated with normal viSMCs and HGPS viECs or HGPS viSMCs and
normal VIECs after one week of perfusion culture (scale bar, 50 uM). Data are
represented as mean + S.E.M. n= 3 TEBVs for each TEBV type. *P<05, **P<.01,

***pP< 001, #P<.0001.

3.3.4 HGPS ViEC Effects on Disease Development in HGPS viTEBVs

As previously mentioned, TEBVs containing HGPS VviECs showed a significantly
reduced response to acetylcholine. To further evaluate if viECs from HGPS donors

influenced vascular structure and function, we tested the response of TEBVSs fabricated
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from different combinations of healthy and HGPS viSMCs and ViECs after one week of
perfusion. In response to 1¢M phenylephrine, we saw a significant difference in
contractility between TEBVs fabricated from normal viSMCs and HGPS viECs and
TEBVs fabricated from HGPS viSMCs and HGPS viECs. Most interestingly though,
TEBVs fabricated from healthy hCB-EPCs or normal viECs showed comparable dilation
responses to 1leM acetylcholine while TEBVs fabricated from HGPS viECs, showed a
reduced response to acetylcholine for either viSMC donor (normal or HGPS) used.
ViTEBVs fabricated from HGPS derived viSMCs and ViECs not only showed a
significantly reduced contractile response after exposure to phenylephrine, but a
significantly reduced response to acetylcholine compared to TEBVs fabricated from
healthy donor viECs or hCB-EPCs (Fig.29A).

To further explore these effects,we evaluated inflammatory adhesion molecule
expression in normal and HGPS viTEBVs. After one and four weeks of perfusion, E-
selectin and VCAM -1 were strongly expressed in HGPS viTEBVSs, but not present in
healthy donor viTEBVs (Fig. 29B, Fig.28C). Normal and HGPS ViECs in static
conditions did not express any of the adhesion molecules (Fig. 24F). This is consistent
with previous studies of iPS C-derived HGPS ECs in 2D studies. Additionally, TEB Vs
fabricated with HGPS viSMCs and normal ViECs showed little inflammatory protein

expression, while TEBVs fabricated from normal viSMCs and HGPS viECs showed
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expression of both VCAM -1 and E-selectin after one week of perfusion (Fig. 28P
indicating the sp ecific role of ViECs in this inflammatory response.

A decreased responsiveness to acetylcholine and increased inflammatory
adhesion molecule expression is associated with reduced nitric oxide production in
endothelial cells®?, therefore we measured the total nitrate and nitrite level s in our TEBV
media to evaluate nitric oxide production by normal and HGPS VviECs. There was little
difference in levels of total nitrate and nitrite in media collected from HGPS VviTEBVs
after one week of perfusion compared to normal ViTEBVs (Fig. 29C). However, HGPS
VIECs did show downregulation of eNOS mRNA expression after exposure to shear
stress, therefore we tested the nitric oxide inhibitor N(G)-nitro -L-arginine methyl ester
(L-NAME) on viTEBVs fabricated from normal viSMCs and viECs to determine if the
dilation response of ViTEBVs is regulated by nitric oxide . Normal viTEBVs perfused for
one week and then exposed to 3.22M L-NAME for 10 min prior to acetylcholine
exposure showed a significantly reduced dilation response compared to normal
VITEBVs without L -NAME similar to HGPS viTEBVs (Fig. 29D). These results indicate

an effect of HGPS viEC on TEBYV function and therefore, an effect on vascular tone.
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Figure 29: Effects of HGPS VviECs on TEBV structure and function.

(A) Response to 1 uM phenylephrine and 1 pM acetylcholine of TEBVs fabricated

from various combinations of HGPS or normal viSMCs  and either hCB -EPCs, normal
or HGPS viECs. (B) Representative images of immunofluorescence staining with

VCAM -1 and E-selectin antibodies at week 1 and week 4 of perfusion on normal and
HGPS ViTEBVs (scale bar, 50 um). (C) Total nitrite and nitrate in med ia collected from
HGPS or normal ViTEBVSs after 1 week of perfusion and 48 hours after media change.
(D) Response to 1 uM acetylcholine of untreated MSC TEBVs, normal vViTEBVS,

HGPS VviTEBVs and normal vViTEBVSs treated with 3.2 M L -name. Data are
represented as mean + S.E.M. n= at least 3 TEBVs for each TEBV type. *P<.05, **P<.01,
***P<,001, n.s.=not significant.

3.4 Discussion

Despite the vast knowledge of endothelial dysfunction and its role in
atherosclerosis, there is still little evidence of how these cels play a role in the
development of atherosclerosis in HGPS. Since the patient population is so small for

this extremely rare condition, it has been difficult to directly study the vasculature of
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these patients to parse out the true causes of or cell tygs responsible for atherosclerotic
development. In addition, due to the possible differences in the development of
atherosclerosis in the general aging population and HGPS patients, it is difficult to make
direct comparisons between the two disease stategust yet. Therefore, it is essential that
a better cardiovascular model be developed that can directly compare the effects of these
cells on vascular structure and function.

Using an improved differentiation protocol for iPS cells that produced vascular
ECs and SMCs, we improved TEBYV structure and function and produced viTEBVs with
cells from the same donor that respond to vasoagonists at comparable levels to TEBVs
fabricated with healthy donor primary cells. These ViTEBVs also exhibit improved
contractile function through the expression of the terminal differentiation marker,
MyHC11, and demonstrate strong mechanical strength through physiological burst
pressures. This improved iPSC-derived TEBV provides a more sensitive platform that
allows for better evaluation off differences in the HGPS disease state at not only the 2D
level, but the 3D tissue level as well.

Here, we have extended our TEBV model to incorporate iPSC-derived ECs and
isolate their role in TEBV structure and function by controlling the cell sources
incorporated into our tissue constructs. Most importantly, we have shown that there is a
decrease in vasodilation of ViTEBVs when HGPS VviECs are incorporated into these

constructs, no matter the viSMC donor. This indicates a potential role of these cells in
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HGPS disease development and not just a ceculture effect from the HGPS iPSC-derived
SMCs, as was likely the case in previous studies with HGPS iSMC TEBVSs.

Previous studies to evaluate the ECs derived from HGPS iPSCs only focused on
the basic function of these cells in 2D static culture. These studies are very limited in
their scope of endothelial function, particularly in terms of their role in the
cardiovascular system. This may explain why there is more emphasis on the role of
SMCs in HGPS, which have shown a greater defect in structure and function due to the
strong presence of progerin. We further evaluated the specific structural and functional
role of vascular endothelial cells in 2D, such as response to shear stress. Additionally
our VIECs are capable of maintaining expression of VEGFR2, PECAM and VEcadherin
over multiple passages once switched to ViEC media which helps maintain their flow
responsive capabilities over long-term cultures. This also allows us to culture them for
longer periods of time which is essential for developing the disease phenotype seen in
HGPS. Previous work has shown that iPSC-derived ECs from HGPS patients show
reduced mRNA levels of Lamin proteins overall and therefore reduced progerin
expression compaed to iPSC-derived SMCs, MSCs and fibroblasts. This could explain
the smaller effects seen in iP€-derived ECs in 2D compared to these other cell types
expressing higher levels of Lamin proteins?%. Nonetheless, our 2D and 3D flow assays
show specific abnormalities present in HGPS viECs compared to primary hCB-EPCs and

normal viEC controls. This reduced responsiveness of HGPS ViECs to flow and altered
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gene expression may explain profound effects in the vasculature long-term. Also, our
HGPS viECs show comparable levels of progerin positive nuclei compared to the HGPS
ViSMCs. This may be due to donor variability, differentiation to a more vascular
phenotype, our ability to maintain vascular function in our viECs over long -term culture
or any combination of these factors.

Additionally, 2D cell culture does not fully replicate an in vivo
microenvironment and therefore is not a true depiction of how certain cells or tissues
will react in a specific disease state. Our TEBV studies show the importance of a 3D
microenvironment for parsing out differences in cell structure and func tion. Although
HGPS ViECs, display the basic characteristics of endothelial function in 2D culture, once
incorporated into our TEBV constructs, they exhibit many signs of endothelial
dysfunction and activation normally present in general atherosclerosis. These defects in
vascular function seen in our 3D tissue constructs are detected in many of our 2D
studies. For example, HGPS ViECs reduce the dilation response after exposure to
acetylcholine in TEBVSs fabricated with these cells is in accordance with their
downregulation of eNOS after exposure to physiological shear stresses in 2D culture.
Interestingly enough, the levels of nitrates and nitrites present in the media were similar
between normal and HGPS viTEBVs. However, ViTEBV treatment with the nitri ¢ oxide
inhibitor, L -NAME, reversed the dilation seen in normal viTEBVSs indicating that the

dilation in ViTEBVs was in fact induced by nitric oxide release from TEBVSs in response
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to acetylcholine exposure. This further indicates the altered vasoactive reponse of
HGPS viECs, which may be in part due to inactivation of or reduced NRF2 activity or
other antioxidant genes that cause reactive oxygen species to block the effects of nitric
oxide produced by the HGPS VviECs. This would be consistent with previous reports of
the effects of progerin on the repression of NRF2 activity®, however, the oxidative state
of HGPS ViECs within VITEBVs needs to be examined further in order to determine the
exact mechanisms behind this altered vasoactive function.

EC activation of adhesion molecules, VCAM -1 and E-selectin, iscommon in
various inflammatory conditions and cardiovascular disease development. HGPS
VITEBVs show an increase in expression of both VCAM-1 and E-selectin after one and
four weeks of perfusion compared to normal ViTEBVS, indicating a chronic activation of
the endothelium in this disease state. ICAM-1 expression, however, was not present at
either time point. Various factors play a role in which adhesion molecule will be
expressed. For instance, Il=4 is known to induce VCAM -1 expression and not ICAM-1 or
E-selectin, while TNF-Y induces the expression of all three. This difference shows how
various disease states can have different effects on the same pathological processes.
Further studies are needed to parse out the exact mechanism behind this activaton in
HGPS viTEBVs. Nonetheless, this work indicates that the endothelium may play a role
in atherosclerotic development in HGPS and emphasizes the need to further evaluate

the role of these cells in this complex disease state.
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4. Effect of Progeria Therapeutics on an iPSC-derived
TEBV MPS Model of HGPS

4.1 Introduction

iPSCs provide an ideal cell source for microphysiological systems due to their
ability to maintain the genetic background of the patient from which they were derived
post-diff erentiation to any desired cell type®1% This is particularly valuable for not
only modeling a specific disease manifestationinvito EU wb 1 wi EYIT wUT OpOwb Ouw
2, but is also useful for creating a patient specific testbed to determine the efficacy or

toxicity of currently proposed therapeutics for many different disease states 1°L. An in
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vitro platform tailored to a specific patient or disease state is very important in the case
of rare diseases such as HGPS, where the clinical trial groups can consist of as few as 3
patients due to the extreme difficulty in gathering enough test subjects 12 Additional
preclinical test-beds that more accurately predict drug modes of action can help better
design clinical trials and predict patient responses prior to FDA approval.

Although HGPS is an extremely rare disease, a fiking amount of evidence link s
the cardiovascular defects associated with this disease to general cardiovascular
aging3.104 |n addition , the detectable presence of progerin in the arteries of elderly
patients with cardiovascular disease strongly suggests that the two disease states are
linked. This has raised much interest in the pharmaceutical industry to determine if
current or proposed HGPS therapeutics may have a positive effect on patients at risk for
cardiovascular diseasel%s. The short lifespan of progeria patients has made it difficult to
compare the two disease states as well as determine longterm side effects of Progeria
therapeutcs??®, It would therefore be beneficial to develop a less invasive and more high-
throughput bench-top platform that could detect toxic and therapeutic doses and side
effects of compounds proposed for treating the cardiovascular defects associated with
HGPS and atherosclerosis. This platform would also ideally be used to elucidate the
mechanisms with which these drugs act and help determine the specific therapeutic
benefits of each drug prior to clinical trials in order to better design trial dos ing

regimens. ldeally, this could help expedite the initial phase of clinical trials that aim to
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determine the maximum tolerated dose (MTD) and potentially avoid toxicities that
commonly occur during the initial stages of clinical trials.

There are currently two major drug candidates under clinical trial to treat HGPS
and the cardiovascular symptoms associated with the disease. The first drug candidate,
Lonafarnib, a farnesyl-transferase inhibitor, has been shown to decrease mortality rate
by almost 30% over the first two years of treatment and significantly increase the life-
span of progeria patients35107 Lonafarnib works by inhibiting the farneslyation of the
LMNA protein, thereby preventing the production of the mutant version , progerin 108,
During the 2012 clinical trial, t his drug showed improvement in all children in weight
gain, bone structure, hearing and most importantly blood vessel flexibility 35. This
suggests that Lonafarnib affects many aspects of the disease including the
cardiovasaular phenotype , however, the exact mechanism of action andspecific effects
on the vasculature are still largely unknown .

The second drug candidate, Everolimus, is a rapamycin analog that clears
progerin from affected cells in two -dimensional culture thr ough autophagy?®7.74.109
Rapamycin has been suggested for the treatment of many aging syndromes such as

Oal 1 bddd tdJits &bility to rescue a pro-senescent state in affectectell typest<e,
Rapamycin blocks the mTOR pathway, thereby activating autophagy and subsequent
clearance of progerin and other toxic proteins. This reduces replicative senescere of the

progerin expressing cells and helps maintain their viability and proliferative potential
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for long -term growth and survival 111, This suggests that Rapamycin could help clear
progerin from the body and reduce the negative side effects associated with its buildup ,
particularly in the vasculature . Everolimus is a safer and already clinically approved
EOEOOT woOi wUEXxEQAaEPOBww( Uz UwETI O1 Il PEPEOQwWUUI wbOwE
promising reputation as a treatment for HGPS!12

Although Lonafarnib has been previously implemented in clinical trials for
patients with HGPS, its known cytotoxic effects are concerning for prolonged or high
dose exposure!’s Additional studies have looked at combining Lonafarnib with other
therapeutics to see if there is an improvement in life span or an increase in symptom
relief. Combinatorial treatment of Lonafarnib with pravastatin and zoledronic acid,
however, showed no improvement in patient outcome despite strong preclinical data
that suggestedimproved inhibition of progerin p renylation by combined treatment with
pravastatin and zoledronic acid 113 Combined treatment showed an improvement in
bone mineral density, but no cardiovascular benefit. This explains why patient lifespan
was not improved since the primary cause of death is cardiovascular disease. All three
compounds work at various stages of the protein prenylation pathway. Prevastatin, like
most statins, works to inhibit HMG -CoA reductase and zoledronic acid is a
bisphosphonate that inhibits farnesyl -pyrophosphate synthesis. It was thought that by
combining compounds that work to inhibit progerin production at various stages of its

synthesis would help further improve patient outcome. Unknown toxicity of combining

114



all three drugs during clinical trials suggested that this was not the case, however 113,
These clinical results suggest the limitations of current preclinical tests and emphasize
the need to design more relevant preclinical test beds in order to save time, money and
improve patient outcom e.

The most recent clinical trial for progeria therapeutics is a Phase I/1l clinical trial
involving the combinatorial treatment of Lonafarnib and Everolimus in patients with
HGPS. The trial began in December 2015 and is expected to be completed in Dexnber
2021 with an estimated enrollment of 80 patrticipants and an anticipated cost of over one
million dollars . The trial will begin by determining toxic limiting dos es and the safest
maximum tolerated dose (MTD) of Everolimus. The MTD will then be combi ned with
previously used concentrations of Lonafarnib to determine effective combined dosing
regimens?®. This trial is very limited, however, due to the rarity of th e disease and
gaining enough participants to make strong conclusions about safe or toxic dosing is
difficult. The vast limitation s of this drug trial also would not warrant FDA approval for
a broader patient population such as those at risk for cardiovascular disease. Rare
disease states, also known as orphan diseases, have an adjusted regulatory review
process with less strict clinical trial regulations due to the limited patient population 1°,
Clinical trials for these orphan diseases are often not randomized or controlled in the
same manner as those for more common disease states.This means that drug trial data

used for these orphan conditions cannot be extended to a larger disease population and
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the clinical trial process would need to be repeated under normal FDA approval
guidelines. More relevant preclinical data comparing e fficacy and toxicity of various
drug compounds on human cells and tissues from a variety of patient populations
would help predict clinical trial outcomes for both rare and common disease states.

An in vitro microphysiological system that represents the basic structure and
function of the organ system of interest related to drug testing would be a useful
supplement to preclinical and clinical trials in order to provide a safer and more high
throughput system with which to determine drug safety and toxicity 3114 This system
could be used quickly and effectively to test the response of various patient cells affected
by a certain disease state to compare dose response variations across multiple test
groupsti In terms of the currently proposed therapeutics for HGPS, a vascular model
containing the cell types primarily affected by the cardiova scular phenotype of HGP S
and derived from affected patients would be an ideal platform to more efficiently
determine safe dosing ranges as well as predict toxic side effects and mechanisms of
action of each drug candidate prior to implementation in humans. This platform would
also have the potential to compare the effect of chosen drug canddates on HGPS
derived cells and cells derived from patients with cardiovascular disease to determine

efficacy in both disease states
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4.2 Methods

4.2.1 Cell Culture and Isolation

Primary skin fibroblasts with the classic G608G HGPS mutation (HGADFN167)
and control primary skin fibroblasts (HGFDFN168) were provided by the Progeria
Research Foundation and converted to iPSCs by the Duke iPSC Shared Resource
Facility. hiPSCs with the classic G608G HGPS mutation (HGADFNOO03 iPS1B) were
provided by the Progeria Research Foundation. hiPSCs were maintained in feederfree
conditions on hESC-qualified Matrigel (BD biosciences) in mTeSR1 (StemCell
Technologies). Cells were passaged at 8®0% confluency with Accutase (StemCell

Technologies) and 10uM ROCK inhibitor Y -27632 (Tocris Bioscience).

4.2.2 viSMC and viEC Differentiation

ViSMCs and viECs were differentiated using a modified protocol as previously
described*. Briefly for all differentiations, hiPSCs were dissociated on day 0 with
Accutase and re-plated on Matrigel coated plates at a density of 37,00847,000 cells/cr.
It was found that vi SMCs differentiated well at lower densities (37,000 cells/cnm?) while
VIECs required higher (47,000 cells/cn®) densities for efficient differentiation for all
hiPSC lines. This should be optimized for each specific hiPSC or ESC cell lines as this
protocol was optimized for the HGPS (HGADFN167 and HGADFNO0031B) and Normal
(HGFDFN168) iPSC lines. On day 1, the medium was replaced with mesoderm

induction medium containing N2B27 medium (1:1 mix of Neurobasal and DMEM/F12
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with Glutamax and supplemented with N2 a nd B27 () vitamin A, all Life Technologies)
with 25 ng/mL BMP4 (Peprotech) and 8 uM CHIR99021 (Cayman Chemical, Ann Arbor,
MI). The media was not changed for 3 days to induce a mesoderm state.

For viSMC differentiation, on day 4 the media was changed to viSMC induction
medium consisting of N2B27 medium supplemented with 10 ng/mL PDGF -BB
(Peprotech) and 2 ng/mL Activin A (Peprotech). The viSMC induction medium was
changed daily. On day 6, cells were dissociated with Accutase and re-plated on collagen
coated plates in viSMC media containing 2 ng/mL Activin A and 2 pg/mL heparin
(Sigma) to induce a contractile SMC phenotype. Media was changed every other day
and viSMCs were routinely passaged at 80-90% confluency using Accutase onto collagen
coated plates. HGPS viSMCs were used between passage 4 and normal viSMCs were
used at passage 5.

For viEC differentiation, on day 4 the media was changed to viEC induction
media consisting of Stempro-34 SFM medium (LifeTechnologies) supplemented with
200 ng/mL VEGF165 Genescript) and 2 uM forskolin (Sigma). The viEC induction
medium was changed daily and conditioned medium was collected on day 5, 6, and 7 to
create ViEC conditioned medium consisting of 1:1 fresh Stempro-34 SFM and
conditioned medium. On day 7, vi ECs were dissociated with Accutase andMACS

separated for CD31+CD144+CD31-CD144+ and CD31+CD144cells.
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4.2.3 vViEC Magnetic Activated Cell Sorting (MACS)

On day 7 of the viEC differentiation, cells were dissociated with Accutase and
neutralized with cold Stempro-34 SFM medium. Cells were spun at 1000 rpm for 5
minutes and then washed with MACS buffer containing DPBS with 0.5% BSA and 2 mM
EDTA. Cells were resuspended in 80uL buffer/10e6 cells and co-stained for 15 minutes
on ice with 20 pL FCR blocking reagent, 20 uL CD31 microbeads (Biolegend) antibody
and 20ul CD144 microbeads (Biolegend) antibody. Cells were rinsed once with MACS

buffer and run through a MACS sorter (Miltenyi Biotech).

4.2.4 viTEBV Fabrication and Testing

VITEBVs were fabricated as previously described 3134 Briefly, 1.5 x 16 normal or
HGPS viSMCs were dissociated with Accutase and resuspended in 300 pL of viSMC
media and incorporated in a 2.05 mg/mL rat tail collagen type 1 solution (Cor ning,
Corning, NY) in 0.6% acetic acid. Serumfree 10x DMEM (Sigma Aldrich, Raleigh, NC)
was added at a 1:10 ratio to the collagen solution. The pH of the solution was raised to
8.5 by adding 5M NaOH, causing gelation. Prior to complete gelation, the solution was
placed in a 3 mL syringe mold (BD Biosciences, San Jose, QAwith the stopper
completely removed and a two -way luer -lock stopcock attached to the luer-lock end of
Uil wl0aupOT il ww OQwwWyYYws OWEPEOI Ul UwUUI 1T OWOEOBEUI O
solution in the syringe and held in the center with parafilm wrapped over the syringe

opening. The solution gelled for 30 minutes at room temperature prior to com pression.
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(Whatman, Maidstone, UK) on 10 KimWipes. Plastic compression was applied to the
construct by suspension in the filter paper for seven minutes to remove over 90% of the
water content. Once compressed, the TEBVs were placed in custom perfusion chambers
and sutured onto grips at both ends.

After gelation and mounting, TEBVs were endothelialized by dissociating
adherent normal ViECs or HGPS ViECs with 0.05% Trypsin/EDTA (Lonza) or Accutase
respectively. The viECs were resuspended at 0.5 x 18cells in 0.5 mL of viEC media.
VIECs were perfused through the lumen using 1 mL luer -lock syringes (BD) connected
to the grips of the custom chambers. The TEBVs were evenlyendothelialized by
rotating the chambers at 10 revolutions per hour for 30 minutes at 37°C on arotator .
Chambers were attached to a flow circuit containing a 25 mL media reservoir connected
by tubing. Continuous, steady, laminar flow at 2 mL/min was ap plied to the TEBVs by
attaching the perfusion circuit to a peristaltic pump that applied a physiological shear
stress of 6.8 dynes/cni (Masterflex, Gelsenkirchen, DE). The TEBVs were matured for
up to six weeks and media was changed three times per week. All TEBVs were perfused
in viSMC medium.

Vessel vasoactivity was calculated as the change in diameter of the TEBVs after
I BRxOUUUI wOOwhws, wxi 1 0a0l xT UPOT wp2bT OEAWEOE whiwy
was measured in the same perfusion circuit that TEBVs were cultured in at room
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temperature and imaged using a stereoscope (AmScope) while being recorded with

(2" ExUUUIl wUOI UPEUTI ww | Ul Uwt YwUT EOOEUwWOT wbOOUODE
added to a syringe port (Ibidi) integrated in the flow circuit EOE wET Ul Uwk wOBOUUIT UL
acetylcholine was added. This process was performed weekly for all studies. Screen

shots were taken at 30 seconds (prior to phenylephrine addition) to establish baseline, at

five minutes (after phenylephrine addition) and at 10 m inutes (after acetylcholine

addition). The diameter at each time point was determined by averaging four random

widths along the length of the vessel using ImageJ. Vessel diameter measurements were

defined at the 30 second time point. Vasoconstriction in response to phenylephrine was

calculated as the percent change in diameter from the initial diameter at 30 seconds

before addition of phenylephrine to the diameter at 5 minutes after addition of

phenylephrine. The vasodilation in response to acetylcholine was calculated as the

percent change in diameter from the constricted state at 5 minutes to the diameter at 10

minutes.

4.2.5 Immunofluorescence Staining

For 3D viTEBY immunostaining analysis, TEBVs were fixed in 10% formalin for
10 minutes while still at tached to the chamber grips for structural integrity. TEBVs were
then placed in a well-plate and further fixed in 10% formalin for an additional 50
minutes. TEBVs were washed with DPBS three times and cut en face to expose the inner

lumen. Sections staned for intracellular , adhesion or junction x UOUT POUwpY2, Ow
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calponin, progerin, MHC11 , vWF, PECAM, VE-cadherin, ICAM -1, VCAM-1, and E
selectin) were permeabilized with 0.1% Triton -X for 10 minutes and then washed three
times with DPBS. All samples were blocked in 10% goat serum in DPBS for 8 hours at
room temperature. Samples were incubated with primary antibody at 1:100 in 10% goat
serum overnight at 4°C. Samples were washed three times with DPBS and then
incubated with secondary antibody at 1:500 in 10% goat serum for one hour at room
temperature. Samples were washed three times and incubated with Hoechst 33342 at
1:1000 in DPBS for 5 minutes at room temperature. Samples were washed three times
with DPBS and mounted onto glass slides with Fluor Save (Calbiochem, Billerica, MA).
TEBVs were imaged using a Zeiss 510 inverted confocal microscope at 200r 40x
magnification and analyzed using Z eiss LSM image browser.

Primary antibodies used were rabbit anti -calponin (Abcam, Cambridge, MA),
rabbit anti-YSMA (Abcam), rabbit anti -MyHC11 (Abcam), rabbit anti -vWF (Abcam),
mouse anti-fibronectin (Abcam), rabbit anti -collagen IV (Abcam), mouse anti-CD31 (BD
biosciences), mouseanti VE-cadherin (Santa Cruz), rabbit anti-VCAM -1 (Abcam), mouse
anti-E-selectin (Sarta Cruz), rabbit anti -progerin ¢7. Secondary antibodies used were
Alexa Fluor 594 goat anti-rabbit and Alexa Fluor 488 goat antrmouse (Life

Technologies). Each condition was imaged by immunostaining with at least 3TEBVSs.
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4.2.6 Live/Dead Staining

Ethidium homodimer -1 (Life Technologies) for 1 hour at room temperature . viSMCs
were then imaged on a fluorescent microscope at 10x magnification and analyzed using
ImageJd Live cells were quantified by determini ng the maxima of the FITC (green)
channel and dead cell counts were quantified by determining the maxima of the TXRED
(red) channel. The percent of live and dead cells was determined by dividing the live or

dead cell count by the total number of live and dead cells.

4.2.7 Treatment of TEBVs with Progeria Therapeutics

Two drugs currently under clinical trial for HGPS treatment were evaluated for
the effects on HGPS TEBYV structure and function. The rapamycin analog, Everolimus
(RADO001), was generously supplied by Dr. Kan Cao at the University of Maryland. The
farnesyltransferase inhibitor, Lonafarnib, was supplied by the Progeria Research
Foundation and resuspended in DMSO. The drugs were tested alone at therapeutic
levels and in combination at both ther apeutic and toxic doses based on live/dead
analysis and previous reports of drug pharmacokinetics 15, The effect of each drug dose
was tested by culturing HGPS ViTEBVSs for 3 weeks without treatment and then dosing
twice a week for 1-2 weeks with the drug treatment. Therapeutic doses were
determined as 100 nM Everolimus alone, 1 uM Lonafarnib alone, and 50 nM Everolimus

and 1 pM Lonafarnib in combination. Toxic doses were considered 100 nM Everolimus

123

E

t



and 2 uM Lonafarnib in combination. Vasoactivity was tested weekly to determine

function before and after treatment.

4.2.8 DAF-FM Nitric Oxide Assay

ViIECs were maintained in static culture in either viEC media or VIEC media
containing 1 pM Lonafarnib for 6 days. Media was changed twice duri ng the 6-day
period. On day 6, media was changed on static samples. Other samples were exposed
to 12 dynes/cn? for 24 hours following a pre -conditioning treatment as previously
described®2. On day 7, sampleswere exposed to 1uM DAF -FM diacetate (Thermo
Fisher) in serum free viEC media for 30 min. at 37°C. Cells were rinsed oncewith PBS
and then maintained in fresh media for 15min. to allow for de -esterification of the
intracellular diacetates. Images were taken on a Nikon Eclipse TE2000U microscope at
10x magnification using the NIS Elements software and analyzed using ImageJas the

VIECs positively expressing FITC per unit area.

4.2.9 Immunohistochemistry Imaging and Analysis

TEBVs were fixed in 10% formalin for 10 minutes attached to the chamber grips
to maintain structural integrity. TEBVs were then placed in a well -plate and fixed in
10% formalin for an additional 50 minutes for a total of one hour of fixation. TEBVs
were maintained in DPBS or 70% ethanoluntil paraffin embedded. Paraffin embedded
cross-sections were then stained with hematoxylin/eosin, Alizarin Red, LCS3, p62, ATG7

and TUNEL as previously described!¢. Human bone was used as a positive Alizarin
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Red control and mouse liver was used as a positive TUNEL control. Images were taken
on a Nikon Eclipse TE200GU microscope at 20xmagnification using the NIS Elements

software and analyzed using ImageJfor H&E, TUNEL and Alizarin Red stains . Images
were taken on a Zeiss Axio Imager microscope a 40x magnification and analyzed using

ImageJfor LC3, ATG7 and p62 antibodies.

4.3 Results
4.3.1 Toxicity of Lonafarnib and Everolimus on viSMCs

To determine the appropriate therapeutic and toxic dosing regimen for treating
VITEBVS, we first tested the toxicity of both Lonafarnib and Everolimus alone and in
combination at various doseson viSMCs. Live dead analysis shows thattreatment for 1
week with 100 nM Everolimus alone or 1 uM Lonafarnib alone leads to minimal cell
death and high cell viability. Cell death at these concentrationsis comparable to or
decreasedcompared to untreated or vehicle controls indicating a therapeutic potential at
these doses when used alone.DMSO shows little cytotoxicity compared to untreated
controls making it a safe vehicle control (Fig. 30). Quantification of live/dead staining
shows at least 80% viability at the specified single dose of eachdrug compound;
therefore, these doses were determined to be therapeutic single doses for each of these
drug (Fig. 31). Live dead analysis shows that combined treatment with 50 nM
Everolimus and 1 pM Lonafarnib has comparable or evendecreasel cell death

compared to controls, while doubling the dose to 100 nM Everolimus and 2 pM
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Lonafarnib dramatically increase d cytotoxicity (Fig. 30). Quantification of live and dead
cells indicates a greater han 85% viability with 50 nM Everolimus and 1 uM Lonafarnib
treatment and only about 60% viability with 100 nM Everolimus and 2 pM Lonafarnib
(Fig. 31). Therefore, these two dosing comhnations were determined to be the
therapeutic and toxic concentration s for future viTEBYV drug studies. In addition, these
concentrations are consistent with previous reports of Everolimus use in vitro and
Lonafarnib use in clinical trials 3567.115 Everolimus clinical trials are currently underway,

but little data exists on the pharmacokinetics of this drug in HGPS patients.

100 nM E li 20

nM Everolimus :
Everolimus + 1

100 nM luM +2 UM Lonafarnib

untreated Everolimus Lonafarnib (Toxic)

UM Lonafarnib
(Therapeutic)

Merge
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Figure 30: Live and Dead Staining of HGPS viSMCs after treatment with  Everolimus
and Lonafarnib.

Live/Dead staini ng with Calcein -AM and Ethidium homodimer 1 on HGPS viSMCs 1
week after either no treatment, 100 nM Everolimus, 1 €M Lonafarnib, 100 nM
Everolimus and 2 €M Lonafarnib, or 50 nM Everolimus and 1 &M Lonafarnib (scale
bar 200 M).
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Figure 31: viSMC viability after Lonafarnib and Everolimus treatment

Quantification of | ive/dead staining with Cal cein-AM and Ethidium homodimer 1
represented as the percent of live HGPS viSMCs after 1 week of either no treatment,
100 nM Everolimus, 1 €M Lonafarnib, 100 nM Everolimus and 2 &M Lonafarnib
(toxic), or 50 nM Everolimus and 1 ¢M Lonafarnib (therapeutic) . Data are represented
as mean = S.E.M. n= 3ndependent experiments for each treatment. **P<0.01,
***P<0.001 compared to toxic treatment.

4.3.2 Effects of Everolimus and Lonafarnib on viTEBV Function

Once an appropriate dosing regimen was determined, we tested the effects of
each dose (single or combired) at therapeutic and toxic levels on the vasoactivity of
HGPS viTEBVs. HGPS viTEBVs were perfused for three weeks without treatment to
develop a disease phenotypebased on Aim 1 studies with Everolimus on HGPSiSMC
TEBVs. HGPS viTEBVs were then treated with either 100 nM Everolimus, 1 uM

Lonafarnib, 50 nM Everolimus and 1 uM Lonafarnib (therapeutic), or 100 nM
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Everolimus and 2 uM Lonafarnib (toxic) for one week with a media change twice
throughout the week. Vasoactivity was assessed weekly pre and posttreatment.
Treatment with DMSO for one week was used as a vehicle control, however, it showed
no effect on vasoactivity compared to untreated controls. HGPS viTEBVSs treated with
100 nM Everolimus alone showed a significant increasein response to phenylephrine,
but only a minor increase in response to acetylcholine compared to untreated and
vehicle controls. HGPS viTEBVs treated with 1 uM Lonafarnib show ed a slight increase
in response to phenylephrine, but a significant increase in response to acetylcholine
compared to untreated and vehicle controls. Therapeutic treatment with 50 nM
Everolimus and 1 uM Lonafarnib showed a n increase in response to both acetylcholine
and phenylephrin e, although this increasewas only significant for the acetylcholine
response. This increased response brought HGPS viTEBV vasodivity to comparable
levels to normal ViTEBV vasoactivity at week 4. This suggests a benefit from combined
treatment over single treatment alone. Toxic treatment with 100 nM Everolimus and 2
MM Lonafarnib on the other hand eliminated vasoactivity in terms of response to both
phenylephrine and acetylcholine (Fig. 32). We alsoinvestigated each singledrug
treatment regimen for an additional week which in volved three weeks of no treatment
followed by two weeks of drug treatment with either 100 nM Everolimus or 1 uM
Lonafarnib. Vasoactivity trends remained increasedcompared to controls and stable

between one and two weeks of treatment. This indicatesthat one week of treatment is
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sufficient for evaluating drug eff icacy and additional treatment time neither increases
nor decreases ViTEBYV function (Fig. 33). This data shows the utility of the ViTEBV
platform to predict drug efficacy and toxicity as well as the benefits of Everolimus and

Lonafarnib as a combinatorial treatment for improving HGPS vascular function .

HGPS viTEBV Week 4 Vasoactivity

M no treatment

4 I mDMSO control

| @1 uM Lonafarnib

M 100 nM Everolimus

2+ 100 nM Everolimus + 2 uM Lonafarnib
W 50 nM Everolimus + 1 uM Lonafarnib

Diameter Change (%)

1 uM Phenylephrine 1 uM Acetylcholine

Figure 32 HGPS ViTEBV vasoactivity after 1 week of drug treatment

HGPS viTEBV response to 1 ¢M phenylephrine and 1 €M acetylcholine after 3 weeks
of no treatment and 1 week of either no treatment, treatment with DMSO (vehicle
control), 100 nM Everolimus, 1 €M Lonafarnib , 50 nM Everolimus and 1 €M
Lonafarnib (therapy), or 100 nM Everolimus and 2 ¢M Lonafarnib (toxic). Data are
represented as mean + S.E.M. n= 3 TEBVs for eachtreatment . *P<0.05, ***P<0.001,
n.s.=not significant.
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Figure 33 HGPS ViTEBV vasoactivity after either 1 or 2 weeks of drug treatment

HGPS viTEBV response to (A) 1 €M phen ylephrine or (B) 1 €M acetylcholine after 3
weeks of no treatment and either 1 week or 2 weeks of treatment with 100 nM

Everolimus or 1 ¢M Lonafarnib. Data are represented as mean = S.E.M. n=3 TEBVs
for each treatment. n.s.=not significant.
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4.3.3 Effects of Everolimus and Lonafarnib on viTEBV Structure

In addition to assessing drug effects on viTEBV function, we also evaluated the
changes in protein expression after one week of each of the various dosing regimens. In
accordance with response to phenylephrine, HGPS ViTEBVs treated with therapeutic
levels of either drug alone or in combination showed an increase in contractile protein
expression. Alpha smooth muscle actin, calponin and myosin heavy chain 11 expression
showed significant improvement in all three cases and alignment perpendicular to flow
of viSMCs within the vViTEBVs also showed visual improvement after drug treatment.
Toxic treatment with both drugs in combination, however, showed decreased expression
of all three contractile proteins (Fig. 34). These results are confirmed through
quantification of staining of all three contractile proteins which shows a significant
increaseinY2, OwEE O0x 00 b éxrEsSidharter treatatent with one drug, but
an even more significant increase in expression after therapeutic treatment compared to
untreated controls. In contrast, toxic combined treatment shows a significant decrease in

contractile protein expression compared to therapeutic combined treatment (Fig. 37A).
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Figure 34: SMC contractile protein expression in HGPS viTEBVs after Everolimus and
Lonafarnib treatment

aSMA

calponin

MHC11

Representative images of immunofluorescence s taining on HGPS viTEBVs with Y-
SMA, calponin and MHC11 after 3 weeks of normal perfusion and 1 week of either

no treatment, 100 nM Everolimus, 1 €M Lonafarnib, 100 nM Everolimus and 2 €M
Lonafarnib (toxic), or 50 nM Everolimus and 1 €M Lonafa rnib (therapeutic) (scale bar,
50 pm).

In accordance with acetylcholine response, treatment of HGPS viTEBVs for one
week with Lonafarnib alone improved expression of endothelial cell protein sincluding
vVWE, PECAM and VE-cadherin. Treatment with Everolimus alone , however, showed
only a minor improv ement in endothelial protein expression comparedto untreated
controls. Therapeutic treatment with both drugs together showed improvement in
expression of all three endothelial proteins , while toxic treatment drastically reduced

endothelial protein expres sion (Fig. 35). Quantification of VWF, PECAM and VE-
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cadherin staining confirms these results by showing an increase in vVWF, PECAM and
VE-cadherin after treatment with Lonafarnib or therapeutic concentrations of Lonafarnib
and Everolimus combined compared to untreated controls. These results were only
significant for vWF expression, however. This is most likely due to the difficulty in
creating a monolayer of VIECs in the VITEBVs, which is necessary for effective VE-

cadherin and PECAM staining since they are both cell junction proteins (Fig. 37B).
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Figure 35 Endothelial protein expression in HGPS viTEBVs after Everolimus and
Lonafarnib treatment

Representative images of immunofluorescence staining on HGPS viTEBVs with vWF,
PECAM and VE -cadherin after 3 weeks of normal perfusion and 1 week of either no
treatment, 100 nM Everolimus, 1 €M Lonafarnib, 100 nM Everolimus and 2 &M
Lonafarnib (toxic), or 50 nM Everolimus and 1 €M Lonafanib (therapeutic) (scale bar,
50 pm).



To asses the effects of each drug on disease attributes, we also evaluated
expression of HGPS disease related proteirs previously identified in our viTEBV model
including the adhesion molecule VCAM -1, the extracellular matrix proteins fibronectin
and collagen IV, and progerin. Treatment with Everolimus alone showed little effect on
VCAM -1 expression, while Lonafarnib treatment or combined therapeutic treatment
completely diminished expression of this inflammatory protein. Toxic treatment,
however, still showed significant expression of VCAM -1. Expression of fibronectin and
collagen IV showed a similar expression pattern as VCAM-1 with decreased expression
after combined therapeutic treatment or treatment with Lonafarnib alone and
comparable or increased expression with Everolimus treatment alone or toxic combined
treatment. Progerin expression, however, was eliminated after Everolimus treatment
alone or combined therapeutic and toxic treatment, but still present at slightly reduced

levels after treatment with Lonafarnib (Fig 36).
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Figure 36: HGPS disease protein expression in HGPS ViTEBVs afte r Everolimus and
Lonafarnib treatment

Representative images of immunofluorescence staining on HGPS viTEBVs with
VCAM -1, fibronectin and collagen 1V, and progerin  after 3 weeks of normal
perfusion and 1 week of either no treatment, 100 nM Everolimus, 1 &M L onafarnib,
100 nM Everolimus and 2 €M Lonafarnib (toxic), or 50 nM Everolimusand1 €M
Lonafarnib (therapeutic) (scale bar, 50 um).
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Figure 37: TEBV protein expression and cell density after Everolimus and Lonafarnib
Treatment

Quantification of A) contractile protein expression, B) endothelial protein expression
and C) cell density in VITEBVs after 3 weeks of normal perfusion and 1 week of either
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no treatment, 100 nM Everolimus, 1 €M Lonafarnib, 100 nM Everolimus and 2 &M
Lonafarnib (toxic), or 50 nM Everolimus and 1 &M Lonafa rnib (therapeutic) . Data are
represented as mean + S.E.M. n= 3 TEBVsections for each treatment. *P<0.05, *P<.01,
***P<(0.001,n.s.=not significant.

These results indicate an improvement in smooth muscle cdl health and function
after Everolimus treatment and an improvement in endothelial cell health and function
after Lonafarnib treatment. Additionally, combined treatment shows the greatest
benefit in healthy protein expression and reduction in disease rel ated proteins, while
toxic treatment indicates a detrimental effect on healthy protein expression and increase
in inflammatory and ECM protein expression . Analysis of cell density also indicates a
significant improvement in cell number in ViTEBVS treated with both Lonafarnib and
therapeutic concentrations of Lonafarnib and Everolimus combined (Fig. 37C). This

result suggests that these treatmentregimens potentially reduce the SMC loss normally

seen in HGPS.

4.3.4 Effects of Everolimus and Lonafarnib on viTEBV Disease
Pathology

In addition to assessing protein structure post -treatment with each drug, we also
evaluated previously identified pathologies that developed in our HGPSTEBYV model.
First, we needed to assesghe ability of the viTEBV model to prod uce the same
pathological features identified in the HGPS iISMC TEBV model from Aim 1. H&E
staining shows an increased wall thickness, reduced cell count, and increased collagen

deposition in both HGPS 167 and HGPS 0031B viTEBVs after four weeks of perfuson
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culture compared to normal 168 viTEBVs. In addition, Alizarin Red staining shows

increased calcification and TUNEL staining indicates increased apoptosis in both HGPS

167 and HGPS 0031B viTEBVs after four weeks of perfusion culture compared to normal

168 viTEBVs (Fig. 38). These results are consistent with the iISMC TEBV model, further

validating the ViTEBV model for HGPS disease modeling and drug testing.

H&E Alizarin Red TUNEL
o : > g . qf,i"\\.,
@ SR Tumen
— lumen g
© / _“‘,,,'.
£ GRRE
o S8
- . A
~
(Co]
— |
(Vo]
(=¥
G
T
o
i
o™
o
o
v
(a
G
b i

Figure 38 Normal and HGPS viTEBV pathology

Representative images of im munohistological staining on Normal, HGPS 167 and
HGPS 0031BViTEBVs with Hematoxylin and Eosin, Alizarin Red and TUNEL after 4
weeks of perfusion culture (scale bar, 200 um).Red arrows indicate TUNEL positive

cells.
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After validating the development of a relevant pathological phenotype in our
HGPS viTEBV model, we wanted to asses how our proposed Progeria therapeutics
affected this pathology for further understanding of their modes of action. Treatment
with 100 nM Everolimus alone showed little improv ement in calcification (Alizarin Red)
or apoptosis (TUNEL), which is in accordance with our results with Everolimus
treatment of HGPS iSMC TEBVs in Aim 1. H&E staining, however, indicates a reduced
wall thickness, but also a strong presence of collagen. On the other hand, treatment with
1 ¢M Lonafarnib alone shows a reduction in calcification, but still a significant amount
of apoptosis. Alizarin Red staining shows a decrease in calcification in HGPS viTEBVs
after both combined therapeutic or toxic treat ment. TUNEL staining indicates an
increase in cell apoptosis after toxic treatment with both drugs combined, but a decrease
in cell apoptosis after therapeutic combined treatment (Fig. 39). These results suggest a

benefit to combined treatment with Lonafa rnib and Everolimus at safe doses.
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Figure 39: Effect of Lonafarnib and Everolimus on HGPS viTEBY  diseasepathology

(A) Representative images of immunohistological staining on HGPS VviTEBVs with

Hematoxylin and Eosin, Al izarin Red and TUNEL and (B) quantification of Alizarin

Red stained area after 3 weeks of normal perfusion and 1 week of either no treatment,

hYYwd, ws YT UOOPOUUOwhws, w+ OOETI EUOPEOwWhY Y wO, w$ YI
PUORPEAOWOU WK Ywd, w$ vafarbdiBebagelltld) (sEale ban, 1200 um)w + O

Red arrows indicate TUNEL positive cells. Data are represented as mean £ S.E.M. n=3

TEBV cross-sections for each treatment. *P<0.05, n.s.=not significant.

To elucidate the mechanismsby which Everolimus improves TEBV health and
increase progerin clearance, we also evaluated expression of key autophagic markers in
pathological samples of HGPS viTEBVs treated with Everolimus either alone or in
combination with Lonafarnib. We assessed expression of ATG7, LC3I/LC3-Il and p62
which are all associated with autophagy and known to be upregulated after Everolimus
treatment in progerin expressing cells to help clear progerin 7. Immunohistochemical

staining shows that HGPS viTEBVs treated with Everolimus alone or in combination
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with Lonafarnib at both therapeutic and toxic doses express all three autophagy proteins
at more abundant levels compared to untreated controls (Fig. 40). These results are
consistent with studies of progerin clearance in 2D fibroblast cultures from HGPS
patients?s. The presence of these autophagy associated proteins along with reduced
level of progerin after Everolimus treatment in HGPS viTEBVs suggests that Everolimus

helps clear progerin through autophagy.
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Figure 40: Effects of Everolimus on autophagy in HGPS ViTEBV s

Representative images of immuno histological staining on HGPS VviTEBVs
with autophagy proteins LC3 -I/LC3-Il, p62 and ATG7 after 3 weeks of normal
perfusion and 1 week of either no treatment, 100 nM Everolimus, 100 nM Everolimus
and 2 ¢eM Lonafarnib (toxic), or 50 nM Everolimus and 1 €M Lonafa rnib (therapeutic)
(scale bar, 50 um). Red arrows indicate LC3, p62 and ATG7 positive cells.
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