
 

i

v 

 

 

An Induced Pluripotent Stem Cell -derived Tissue Engineered Blood Vessel Model of 

Hutchinson -Gilford Progeria Syndrome for Disease Modeling and Drug Testing  

by 

Leigh Joan Atchison 

Department of Biomedical Engineering  

Duke University  

 

Date:_______________________ 

Approved:  

 

___________________________ 

George A. Truskey, Supervisor 

 

___________________________ 

Brenton Hoffman  

 

___________________________ 

Kan Cao 

 

___________________________ 

Jennifer West 

 

___________________________ 

Christopher Kontos  

 

Dissertation  submitted in partial fulfillment of  

the requirements for the degree of Doctor 

of Philosophy  in the Department of  

Biomedical Engineering in the Graduate School 

of Duke University  

 

2018 

 

 



 

i

v 

 

ABSTRACT 

An I nduced Pluripotent Stem Cell -derived Tissue Engineered Blood Vessel Model of 

Hutchinson -Gilford Progeria Syndrome for Disease Modeling and Drug Testing  

by 

Leigh Joan Atchison 

Department of Biomedical Engineering  

Duke University  

 

Date:_______________________ 

Approved:  

 

___________________________ 

George A. Truskey, Supervisor 

 

___________________________ 

Brenton Hoffman  

 

___________________________ 

Kan Cao 

 

___________________________ 

Jennifer West 

 

___________________________ 

Christopher Kontos  

 

An abstract of a dissertation submitted in partial  

fulfillment of the requirements for the degree  

of Doctor of Philosophy  in the Department of  

Biomedical Engineering in the Graduate School of 

Duke University  

 

2018 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright by  

Leigh Joan Atchison 

2018 

 



 

 

i 

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 disease at an 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 these limitations , 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 HGPS SMCs, we initially used human cord blood -derived 

endothelial progenitor cells (hCB -EPCs) from a separate, healthy donor and iPSC-

deriv ed SMCs (iSMCs).  TEBVs fabricated from HGPS patient iSMCs and hCB-EPCs 

(HGPS iSMC TEBVs) showed disease attributes such as reduced vasoactivity, increased 

medial wall thickness, increased calcification, excessive extracellular matrix protein 
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deposition , and cell apoptosis relative to TEBVs fabricated from primary  mesenchymal 

stem cells (MSCs) and hCB-EPCs or normal patient iSMCs with hCB -EPCs.  Treatment 

of HGPS iSMC TEBVs for one week with the rapamycin analog Everolimus  (RAD001), 

increased HGPS iSMC TEBV 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 ECs in 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 altered 

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 
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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 viTEBV 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 decreasing calcification 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 an in 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 viTEBV 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 s the process 

to be very costly1.  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 

×ÈÙÛɯËÜÌɯÛÖɯÚÔÈÓÓɯ×Ö×ÜÓÈÛÐÖÕɯÚÐáÌÚɯÍÖÙɯÛÏÌÚÌɯÚÛÜËÐÌÚɯÛÏÈÛɯËÖÕɀÛɯÈÊÊÜÙÈÛÌÓàɯ×ÙÌËÐÊÛɯÖÜÛÓÐÌÙɯ

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 recapitulate the 3D microenvironment  of a living 
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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 4.  

Maintaining animal models is also a costly  and difficult  endeavor in and of itself5.  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 an improved and more  effective pre-clinal platform that better 

replicates a human disease state and better predicts the human response to new 

pharmaceuticals. 

In addition to the difficulties involved in gaining accurate insight into a drug ɀs 

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 6.  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.  
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Although screening processes can 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 basis to 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 therapies8.  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 9.  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 been developed for less 

common diseases, however, this does not increase the safety or efficacy of rare disease 

drugs8,10.  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 . 
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In order to improve the screening 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 diseases have a genetic basis, this platform would not only help 

determine the safety or efficacy of a drug 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.  

 

 

Figure 1: Drug Development Pipeline 1 
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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) 

Project in 2012 to 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. 3ÏÌɯÜÓÛÐÔÈÛÌɯÎÖÈÓɯÖÍɯÛÏÌɯ×ÙÖÑÌÊÛɯÞÈÚɯÛÖɯÊÙÌÈÛÌɯÈɯɁÏÜÔÈÕ-on-a-

ÊÏÐ×ɂɯÛÏÈÛɯÞÖÜÓËɯÊÖÔÉÐÕÌɯÛÏÌɯÝÈÙÐÖÜÚɯÖÙÎÈÕɯÚàÚÛÌÔÚɯÍÙÖÔɯÌÈÊÏɯÎÙÖÜ×ɯÈÕËɯÚÌÙÝÌɯÈÚɯƗ-

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 earlier in the drug development process  and subsequently reduce drug 

development costs3. 

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 11ȭɯɯ3ÏÐÚɯɁÖÙÎÈÕ-on-a-ÊÏÐ×ɂɯ×ÓÈÛÍÖÙÔɯÞÖÜÓËɯÕÖÛɯÖÕÓàɯÈÓÓÖÞɯÙÌÚÌÈÙÊÏÌÙÚɯÛÖɯ

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 and in 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 

ɁÓÐÝÐÕÎɯÏÐÚÛÖÓÖÎÐÊÈÓɯÚÌÊÛÐÖÕÚɂɯ×ÖÚÚÐÉÓÌɯÍÖÙɯÛÏÌɯÍÐÙÚÛɯÛÐÔÌɯÐÕɯ×ÏÈÙÔÈÊÖÓÖÎÐÊÈÓɯÈÕËɯËÐÚÌÈÚÌɯ

studies11.   

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 woul d further 

advance knowledge on how a disease progresses in vivo and how to better treat its 

underlying causes13. 

1.3 Hutchinson-Gilford Progeria Syndrome 

HGPS is a rare genetic 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 
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physical signs of old age.  This aging 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 14.  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)15.  This disruption of nuclear structure subsequently leads to a variety 

of downstream functional defects in DNA repair, cell proliferation, and accelerated cell 

senescence; all of which are associated with nuclear function 16.  The progerin protein 

primarily affects cells of the mesenchymal line age including fibroblasts, mesenchymal 

stem cells and vascular smooth muscle cells (SMCs)17.  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 system18,19.  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 loss20.   
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Figure 2: Membrane defects associated with Progeria 21 

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

are known to be significantly affected by the progerin protein.  The apoptosis of SMCs 

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

a significant factor in atherosclerotic develop ment in HGPS22.  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 death 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 23.  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 cells were 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 progerin is present in 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 25.  Progerin is 

thought to be present in non-HGPS cells at very small levels and as cell senescence 

occurs over a normal human  lifespan, 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 
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similar to those seen in the cells and vasculature of progeria patients, but at a much 

more advanced age in 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 

effects27.  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 28. 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 states.  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.   

 

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) states and 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 29. 
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In order to create such an efficacious vascular MPS platform for 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 purposes30.   

Previously, our group has developed a TEBV model that replicates the basic 

structure and function of small diameter arterioles  with a n inner diameter of less than 

800 µm (Figure 3).  These vessels are an improvement upon previous tissue engineered 

vessels because they can be fabricated in less than three hours, immediately perfused 

with physiological flow rates, and function can be assessed in as little as one week31.  

Previous TEBVs required lengthy fabrication processes and culture times in order to 

develop vessels with enough strength to withstand high shear 29,32.  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 response and 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 31,33,34.  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 health in 

vitro35. TEBVs also 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 TEBVs to serve as effective models of human 

vasculature as well as drug testing platforms for cardiovascular therapeutics.  

Although these TEBVs function physiologically  and serve as an appropriate  

model of human vasculature, the cell sources for the medial wall layer are not true 
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smooth muscle cells as is seen in vivo36.  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 

quiescence in the TEBV constructs.  We have previously seen that MSCs continuously 

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  includ ing arterioles.  Primary sources have 

proven difficult to acquire, and isolated SMCs tend to have a reduced contractile 

function compared to their in vivo counterparts37.  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 31 

1.4 Induced Pluripotent Stem Cells for MPS Models 

Induced pluripotent stem cells  (iPSCs) hold great promise as a cell source for many 

biomedical purposes.  From regenerative medicine to disease modeling  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 reprogrammed to an 

embryonic stem cell (ESC)-like state using 4 key transcription  factors (Oct4, Sox2, Klf4, l-

Myc) , also known as the Yamanaka factors, named after their creator Shinya 

Yamanaka38.  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 

patientɀs 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 associated with embryonic stem cells  since 

they are derived merely from a skin biopsy  rather than an embryo as is the case with 

embryonic stem cells39. Therefore, these cells provide an i mpr oved 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, iPSC-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 iPSC-derived 

cell.  For example, endothelial cells can exhibit a venous or arterial phenotype based on 

their location in the body.  This phenotype, however, can be difficult to precisely 

replicate in iPSC-derived cells post-differentiation 40. 

iPSCs are a very useful cell source for MPS systems based 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 41.  3ÏÐÚɯÈÓÓÖÞÚɯÍÖÙɯÛÏÌɯËÌÝÌÓÖ×ÔÌÕÛɯÖÍɯÈɯɁ×ÌÙÚÖÕÈÓÐáÌËɯÔÌËÐÊÐÕÌɂɯ

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 diseases or 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 assess certain 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 model that 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 l 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 apopotosis42.  Many regenerative 

therapies have focused on deriving functional SMCs to replace their dysfunctional 

counterparts as well as study disease development43.  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 44,45.  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 sources has led to an increase in the potential 

to derive large numbers of these cells for  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 37,46. 

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-ϕϕɯpost-differentiation allow for induction of a contractile phenotype.  Plating on 

collagen also induces a contractile state46,47. 
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Figure 4: iPSC-derived SMC uses in modeling vascular disease 37 

1.4.2 iPSC-derived Endothelial Cells 

Endothelial cells line the inner lumen o f the human vasculature and are 

regulators of vascular homeostasis48.  Their primary roles include regulating vascular 

permeability, regulating thrombosis, initiating inflammatory responses, and regul ating 

vasoactivity 49.  Vascular endothelial cells are also key players in a variety of 

cardiovascular diseases (CVD) when they begin to malfunction.   CVD is one of the 

leading causes of death 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 

diseases50.  Therefore, studying this disease process 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 comes with 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 differen t 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 desired51.  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 found 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 HGPS which primarily effects arteries .  It is 

therefore necessary for 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 with the 

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, etc.)52.  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 i ssues 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.  

 

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 size53.  

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 

EB54.   For these reasons, efficiency of this method can be as low as 1-5% 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, t he sensitivity and variation  in 

efficiency that occurs with EB culture makes it very difficult to effectively and 

reproducibly derive large populations of  a specific cell type with high purity for large 

scale applications in 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 cell type (i.e. SMC or EC).  Post-differentiation 
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plating conditions can further stimulate specific phenotypes of the resulting cell 

populations to derive the idea l 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 55.  Recent efforts to remedy 

these issues have focused on creating defined media formulations with specific growth 

factor cocktails to more reproducibly differentiate iPSCs in a monolayer format  (Figure 

6)46.   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 iPSCs for tissue engineering purposes56.  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. 

 

Figure 6: Monolayer Differentiation of iPSCs to vasc ular SMCs and  ECs46 
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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 model of HGPS using well characterized iPSC-derived smooth 

muscle cells (iSMCs) 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 source in our TEBV 

model22,44.  We used previously characterized human cord-blood derived endothelial 
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progenitor cells 57 as the luminal cell source in order to isolate the effects of iSMCs 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 iSMC 

TEBVs over multiple weeks in order to assess long-term 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 iSMCs compared to those fabricated from normal iSMCs 

or MSCs.   

 Specific Aim 2: Improve the differentiation of iPS C-derived SMCs (viSMCs) 

and ECs (viECs) to better model primary vascular SMCs and ECs in structure and 

function for a personalized medicine platform.  Assess the  direct  effects of HGPS 

viSMCs and viECs on TEBV structure and function .  This aim evaluates the use of an 

improved differentiation protocol to derive iPSC-deriv ed smooth muscle cells and 

endothelial cells from healthy and HGPS donors.  We adopted an alternate protocol to 

quickly and efficiently derive  both vascular smooth muscle cells and endothelial cells 

from iPSCs in about a week that function  at comparable levels to primary cells and 

maintain HGPS disease characteristics.  We evaluated the efficiency of differentiation to 

the correct SMC or EC phenotype in 2D in healthy and  HGPS donors and optimized 

culture conditions to maintain  function in n ormal cell lines and a disease phenotype in 



 

29 

HGPS cell lines.  We also evaluated TEBVs 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 TEBV 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 assess their 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 

assess efficacy 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 viTEBVs 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 drugɀs 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 iPSC-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 Reports 7:8168 (2017)58.  

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 

shape15.  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 16.  The progerin protein primarily affects cells 

of the mesenchymal lineage including vascular smooth muscle cells (SMCs)17.  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 system18,19.  Moreover, the vasculature of HGPS patients 
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presents excessive calcification, lipid accumulation, vessel wall thickening and fibrosis 

due to SMC malfunction 20. 

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 the LMNA  gene that is constitutively active 

in HGPS25.  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, has sparked interest in study ing HGPS in order to better understand 

the normal aging process27.  Treatment of HGPS may ultimately help determine 

therapeutic targets to reduce the effects of aging28.   

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 available4,24,59.  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 disease60.   

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 culture61.  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 29.  Since the primary cause of death for HGPS 

patients is cardiovascular disease, a 3D tissue 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 62.  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 sources63.  iPSCs also 

provide the ability to create patient specific disease models due to their capability to 

maintain a disease phenotype post-differentiation 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 provides 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 (iSMCs) derived from a previously well -characterized healthy and HGPS 

donor in TEBV constructs22.  We fabricated these TEBVs with either normal or HGPS 

iSMCs 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 iSMC 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 iSMC TEBVs 

through short term treatment with the rapamycin analog, RAD001 (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 described64.  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.  hCB-ECs 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 Medicine65.   hMSCs were cultured in MSC 

ÔÌËÐÜÔɯȹϔ-minimum essential medium (Gibco) supplemented with 20% fetal bovine 

serum (Gibco), 1% l-glutamine (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 described66. iSMCs were 

generated from iPSCs as previously described22,44.  Briefly, pre-SMCs were plated on 

Matrigel (BD) coated plates and cultured to 90% confluence in SMGM (Lonza) for one 

week.  Pre-SMCs 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.  iSMCs were passaged 1:2 with trypLE Express onto gelatin-

coated plates and maintained in iSMC medium (DMEM supplemented with 5% FBS 

(Gibco) and 1% Pen/Strep (Life Technologies). iSMCs were passaged 1:2 when 90% 
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confluence was reached.  Media was changed every two days.  All iSMCs were used 

after passage 1 and normal iSMCs 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 described31,34.  Briefly, 1.5 x 106 MSCs, 

normal iSMCs, or HGPS iSMCs were dissociated and resuspended in 300 ɛL 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 8.5 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, CA) with the pump removed 

and a two-way luer -ÓÖÊÒɯÚÛÖ×ÊÖÊÒɯÈÛÛÈÊÏÌËȭɯɯ ÕɯƜƔƔɯϟÔɯËÐÈÔÌÛÌÙɯÚÛÌÌÓɯÔÈÕËÙÌl was 

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 

ÎÌÓÈÛÐÖÕȮɯÛÏÌɯÝÌÚÚÌÓɯÊÖÕÚÛÙÜÊÛɯÞÈÚɯÛÙÈÕÚÍÌÙÙÌËɯÖÕÛÖɯƔȭƖɯϟÔɯÕàÓÖÕɯÍÐÓÛÌÙɯ×È×ÌÙɯȹ6hatman, 

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 106 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 37ºC on a rotation platform.  

Chambers were attached to a flow circuit containing a media reservoir connected by 

tubing.  Continuous, s teady, 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/cm2 to the TEBVs (Masterflex, Gelsenkirchen, 

DE).  The TEBVs were matured 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"ɯ3$!5ÚɯÞÌÙÌɯ×ÌÙÍÜÚÌËɯÐÕɯ,2"ɯÔÌËÐÜÔɯÚÜ××ÓÌÔÌÕÛÌËɯÞÐÛÏɯƜƖȭƙɯϟÎɤÔ+ɯ+-Ascorbic 

Acid (Sigma, St. Louis, MO) for the fi rst 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 

Ìß×ÖÚÜÙÌɯÛÖɯƕɯϟ,ɯ×ÏÌÕàÓÌ×ÏÙÐÕÌɯȹ2ÐÎÔÈȺɯÈÕËɯƕɯϟ,ɯÈÊÌtylcholine (Sigma).  Vasoactivity 

was measured in the same perfusion circuit that TEBVs were cultured in and imaged 

ÜÚÐÕÎɯÈɯÚÛÌÙÌÖÚÊÖ×Ìɯȹ Ô2ÊÖ×ÌȺɯÞÏÐÓÌɯÉÌÐÕÎɯÙÌÊÖÙËÌËɯÞÐÛÏɯ(2"È×ÛÜÙÌɯÚÖÍÛÞÈÙÌȭɯɯƕɯϟ,ɯ

phenylephrine was added to a syringe port (Ibidi) integrat ed in the flow circuit and after 

ƙɯÔÐÕÜÛÌÚɯƕɯϟ,ɯÈÊÌÛàÓÊÏÖÓÐÕÌɯÞÈÚɯÈËËÌËȭɯɯ3ÏÐÚɯ×ÙÖÊÌÚÚɯÞÈÚɯ×ÌÙÍÖÙÔÌËɯÞÌÌÒÓàɯÍÖÙɯ

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.  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 acety lcholine 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 

stained with iÕÛÙÈÊÌÓÓÜÓÈÙɯ×ÙÖÛÌÐÕÚɯȹϔ2, ȮɯÊÈÓ×ÖÕÐÕȮɯÈÕËɯÝ6%ȺɯÞÌÙÌɯ×ÌÙÔÌÈÉÐÓÐáÌËɯÞÐÛÏɯ

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 4ºC.  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 at 20x magnification and analyzed using Z eiss LSM 

image browser.  Primary antibodies used were rabbit anti -calponin (Abcam, Cambridge, 

MA), rabbit anti -ϔ2, ɯȹ ÉÊÈÔȺȮɯÙÈÉÉÐÛɯÈÕÛÐ-vWF (Abcam), rabbit anti -laminin (Abcam), 

mouse anti-fibronectin (Abcam), rabbit anti-collagen IV (Abcam), goat anti-lamin A/C 

(Santa Cruz, Dallas, TX) and rabbit anti-progerin 67.  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 4ºC.  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 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 TE2000-U microscope at 10x magnification using the NIS 

Elements software and analyzed using ImageJ. 
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2.2.4 RNA 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 Real-Time PCR Detection System (Bio-Rad). Primers for amplifying Calponin 

ÈÕËɯϔ-smooth muscle actin were previously described 31. 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.  TEBVs 

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 TE2000-U microscope at 20x magnification using the NIS 

Elements software and analyzed using ImageJ. 

TEBV 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 

TEBV cell type. 

2.2.6 Live/Dead Staining 

TEBVs were incubated in iSMC medÐÈɯÊÖÕÛÈÐÕÐÕÎɯƖɯϟ,ɯ"ÈÓÊÌÐÕɯ ,ɯÈÕËɯƕɯϟ,ɯ

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 -ÏÖÊɯ3ÜÒÌàɀÚɯ'2#ɯÞÈÚɯÜÚÌËɯÛÖɯÊÖÔ×ÈÙÌɯ

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 iSMC 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 described31.  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 iSMCs using a previously 

defined 31 day differentiation protocol 44. Immunofluorescent staining of HGPS and 

normal iSMCs 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 cells were positive for smooth muscle myosin heavy chain, as previously 

reported 44. 

TEBVs were fabricated with either human mesenchymal stem cells (MSCs), 

normal iSMCs, or HGPS iSMCs in the medial wall and seeded with hCB-ECs in the 

lumen 31.  These hCB-ECs function the same as vessel wall derived ECs, allowing us to 

isolate and identify effect s induced by HGPS-derived SMCs in TEBVs57. 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/cm2 (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 (Fig. 7).  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 68.  TEBVs fabricated 

with iSMC 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 TEBVs as we previously observed (Fig. 8A) 31.  MSC TEBVs 

ÈÓÚÖɯÚÏÖÞÌËɯÈɯÚÐÎÕÐÍÐÊÈÕÛɯÐÕÊÙÌÈÚÌɯÐÕɯÝÈÚÖÊÖÕÚÛÙÐÊÛÐÖÕɯÐÕɯÙÌÚ×ÖÕÚÌɯÛÖɯƕɯϟ,ɯ

phenylephrine over four weeks unlike iSMCs TEBVs whose response remained changed 

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

ÞÏÐÊÏɯÝÈÚÖËÐÓÈÛÐÖÕɯÐÕɯÙÌÚ×ÖÕÚÌɯÛÖɯƕɯϟ,ɯÈÊÌÛàÓÊÏÖÓÐÕÌɯÖÝÌÙɯÍÖÜÙɯÞÌÌÒÚɯÐÕÊÙÌÈÚÌËɯÞÐÛÏɯ

perfusion time (Fig . 8C).  This vasoactive response, however, was reduced in iSMC 

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

ϟ,ɯ×ÏÌÕàlephrine 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 iSMC TEBVs and MSC TEBVs, further indicating the ability of MSC 

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

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

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

points, but this reduced r esponse is only significantly different at earlier time points.  



 

43 

 

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 (iSMCs) 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 iSMC TEBVs using 

the process previously described by Fernandez et al. 31. (E) iSMC TEBVs are then 

incorporated into a flow loop and perfused with steady laminar flow at a shear stress 

of 6.8 dynes/cm2 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 TEBVs from 

healthy and Progeria patients.  

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

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

ϟ,ɯ×ÏÌÕàÓÌphrine of TEBVs fabricated with either MSCs, normal iSMCs, or HGPS 

iSMCs and seeded with hCB -$"Úȭɯȹ"Ⱥɯ6ÌÌÒÓàɯÙÌÚ×ÖÕÚÌɯÛÖɯƕɯϟ,ɯÈÊÌÛàÓÊÏÖÓÐÕÌɯÖÍɯ

TEBVs fabricated with either MSCs, normal iSMCs, or HGPS iSMCs and seeded with 

hCB-ECs.  Data are represented as mean ± S.E.M. n=3 TEBVs. n.s.=not significant, 

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

To validate the differentiation of the iSMC TEBV platform, we further probed the 

protein and gene expression of healthy and HGPS TEBVs.  The lower functional 

response to phenylephrine seen in iSMC TEBVs is consistent with the reduced 

Ìß×ÙÌÚÚÐÖÕɯÖÍɯÊÖÕÛÙÈÊÛÐÓÌɯ×ÙÖÛÌÐÕÚɯÈÓ×ÏÈɯÚÔÖÖÛÏɯÔÜÚÊÓÌɯÈÊÛÐÕɯȹϔ2, ȺɯÈÕËɯÊÈÓ×ÖÕÐÕɯÐÕɯ

comparison to MSC TEBVs at week four (Fig. 9A).  We also observed a 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 TEBVs (Fig. 8C).  

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 iSMC 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 (Fig. 13E).  Quantification of 

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

TEBVs compared to MSC TEBVs, with HGPS iSMC TEBVs 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 four in both normal and iSMC TEBVs, 

however, HGPS iSMC TEBVs still show lower cell counts compared to normal iSMC 

TEBVs even at week one (Fig. 9B/10).  Ki67 staining of TEBV samples after one week of 

perfusion also shows reduced ki67 positive cells in iSMC 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 iSMCs overall compared to 

MSCs in our TEBV constructs.   

Gene expression analysis by qRT-PCR of TEBVs indicates little or no expression 

of progerin in MSC and normal iSMC TEBV samples compared to HGPS iSMC TEBVs at 

day one and after one week of perfusion consistent with reports in 2D cultures (Fig . 

9C)24.  If HGPS samples are normalized to Day 1, there is no change in the progerin 

expression level over the one week of perfusion (data not shown).  LMNA mRNA 

expression is also increased in normal iSMC TEBVs compared to HGPS iSMC TEBVs at 

both day one and after one week of perfusion (Fig. 11C).  Expression of mRNA for 

contractile proteins, alpha-ÚÔÖÖÛÏɯÔÜÚÊÓÌɯÈÊÛÐÕɯȹϔ2, ȺɯÈÕËɯÊÈÓ×ÖÕÐÕȮɯÈÙÌɯÜ×ÙÌÎÜÓÈÛÌËɯ

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.  iSMC 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 iSMC TEBVs. 

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 (Figure 13F).  

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 vessel ÞÈÓÓɯÍÖÙɯ'&/2ɯÐ2,"ɯ3$!5Úȭɯɯ6ÌɯÈ××ÓÐÌËɯ#ÈÙÊàɀÚɯÓÈÞɯ

to estimate the hydraulic permeability 69.  Since we did not measure appreciable flow 

across Normal iSMC TEBVS or MSC TEBVs, 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 TEBVs was at least 68-84 times 

larger than the values for the Normal iSMC TEBVS or MSC TEBVs.  This greater 

porosity of the HGPS iSMCs suggests that they are mechanically weaker than the 

Normal iSMC TEBVs and MSC TEBVs and the larger size is a compensatory mechanism 

to resist the fluid pressure. 
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 We attempted a variety of methods to improve the function of the iSMC 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 µg/ml doxycycline had the most profound effect by decreasing the 

degradation of collagen I and increasing iSMC 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 metalloproteinases70,71. 

 

Figure 9: Structural characterization of TEBVs fabricated from MSC or iPSC -derived 

SMC TEBVs from healthy and Progeria patients.  

(A) RepresentÈÛÐÝÌɯÐÔÈÎÌÚɯÖÍɯÐÔÔÜÕÖÍÓÜÖÙÌÚÊÌÕÊÌɯÚÛÈÐÕÐÕÎɯÞÐÛÏɯϔ-smooth muscle 

actin, calponin, and vWF antibodies at week 4 of perfusion on TEBVs fabricated from 

HGPS iSMCs, normal iSMCs, and MSCs and seeded with hCB -ECs in the lumen. 

ȹ2ÊÈÓÌɯÉÈÙȮɯƙƔɯϟÔȺȭɯȹ!Ⱥɯ0ÜÈÕÛÐÍÐÊÈtion of cell density from A based on the number of 
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nuclei per field area. (C) qRT -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 iSMC, and MSC TEBVs at week 1 with ki67.  Red arrows indicate ki67 

×ÖÚÐÛÐÝÌɯÊÌÓÓÚɯÈÕËɯÉÓÈÊÒɯÈÙÙÖÞÚɯÐÕËÐÊÈÛÌɯÒÐƚƛɯÕÌÎÈÛÐÝÌɯÊÌÓÓÚɯȹ2ÊÈÓÌɯÉÈÙȮɯƖƔƔɯϟÔȺȭɯɯÕǻƗɯ

TEBVs for each TEBV cell type. *P<.05, **P<.01, #P<.001, n.s.=not significant. 

 

 

 

Figure 10: Protein characterization of iSMC 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, 100 ɛM)  
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Figure 11: HGPS iSMC TEBV disease characterization  

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

ÈÕÛÐÉÖËÐÌÚɯÖÍɯÕÖÙÔÈÓɯÈÕËɯ'&/2ɯÐ2,"ɯÈÍÛÌÙɯƕƘɯËÈàÚɯÐÕɯƖ#ɯÊÜÓÛÜÙÌɯȹ2ÊÈÓÌɯÉÈÙȮɯƕƔƔɯϟÔȺȭɯɯ

(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 -ƕɯȹÞÏÐÛÌɯÚÊÈÓÌɯÉÈÙɯǻɯƙƔɯϟÔȮɯàÌÓÓÖÞɯÚÊÈÓÌɯÉÈÙɯǻɯƕƔƔɯϟÔȺȭɯȹ"ȺɯØ13-

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 TEBVs, *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 -

calponin and anti -ÚÔÖÖÛÏɯÔÜÚÊÓÌɯÔàÖÚÐÕɯÏÌÈÝàɯÊÏÈÐÕɯƕƕɯȹÚÊÈÓÌɯÉÈÙǻɯƕƔƔɯϟÔȺȭ 

 

 

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

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

calponin and anti -ÊÖÓÓÈÎÌÕɯ(ɯȹÚÊÈÓÌɯÉÈÙǻƕƔƔɯϟÔȺȭɯɯȹ!Ⱥ6ÌÌÒÓàɯÖÜÛÌÙɯËÐÈÔÌÛÌÙɯ

measurements of normal iSMC TEBVs seeded with hCB -EPCs or HGPS iSMC TEBVs 

seeded with hCB -$/"ÚɯÍÖÙɯÍÖÜÙɯÞÌÌÒÚȭɯɯȹ"Ⱥɯ6ÌÌÒÓàɯÝÈÚÖÈÊÛÐÝÌɯÙÌÚ×ÖÕÚÌɯÛÖɯƕɯϟ,ɯ

×ÏÌÕàÓÌ×ÏÙÐÕÌɯÖÙɯƕɯϟ,ɯÈÊÌÛàÊÏÖÓÐÕÌɯÖÍɯÕÖÙÔÈÓɯÐ2,"ɯ3$!5ÚɯÚÌÌËÌËɯÞÐÛÏɯÏ"!-EPCs 

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 TEBVs fabricated from HGPS iSMCs can develop a 

disease state in 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 

iSMCs compared to normal iSMC 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 iSMC TEBVs, consistent 

with previous reports of progeroid cells which exhibited a deregulation of key ECM 
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proteins (Figure 13C)72.  HGPS patient fibroblasts have shown increased levels of 

fibronectin gene expression which could subsequently lead to the vascular stiffening 

seen in HGPS patient vasculature20.  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 20,73. 

 

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 

ÞÐÛÏɯ ÓÐáÈÙÐÕɯ1ÌËɯÚÛÈÐÕÐÕÎɯȹ2ÊÈÓÌɯÉÈÙȮɯƖƔƔɯϟÔȺȭɯȹ!Ⱥɯɯ0ÜÈÕÛÐÍÐÊÈÛÐÖÕɯÖÍɯ , total area 

positive for Alizarin Red.  (C) Representative images of immunofluorescence staining 

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

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

ƙƔɯϟÔȺȭɯȹ#Ⱥɯ'ÐÚÛÖÊÏÌÔÐÊÈÓɯÈÕÈÓàÚÐÚɯÖÍɯ,2"ȮɯÕÖÙÔÈÓɯÐ2,"ɯÈÕËɯ'&/2ɯÐ2,"ɯ3$!5ÚɯÈÛɯ

week 4 with TUNEL  staining. Red arrows indicate TUNEL positive cells and black 
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ÈÙÙÖÞÚɯÐÕËÐÊÈÛÌɯ34-$+ɯÕÌÎÈÛÐÝÌɯÊÌÓÓÚɯȹ2ÊÈÓÌɯÉÈÙȮɯƖƔƔɯϟÔȺȭɯȹ$Ⱥɯ'ÐÚÛÖÊÏÌÔÐÊÈÓɯÈÕÈÓàÚÐÚɯ

of HGPS iSMC , normal iSMC, and MSC TEBVs at week 4 with H&E (Scale bar, 200 

ϟÔȺȭɯɯȹ%Ⱥɯ3ÏÌɯÈÝÌÙÈÎÌɯÛÏÐÊÒÕÌÚÚɯÖÍɯ,2"ȮɯÕÖÙÔÈÓɯÐ2,"ɯÈÕËɯ'&/2ɯÐ2,"ɯ3$!5ÚɯÈÛɯ

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. 

 

 
Figure 14: Histochemical analysis of iSMC 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 

Ð2,"ɯÖÙɯ,2"ɯ3$!5ÚɯÈÍÛÌÙɯƕɯÞÌÌÒɯÖÍɯ×ÌÙÍÜÚÐÖÕɯÊÜÓÛÜÙÌɯȹ2ÊÈÓÌɯÉÈÙȮɯƖƔƔɯϟÔȺȭ 

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 RAD001 (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 

peÙÐÖËȭɯɯ(ÕɯÊÖÔ×ÈÙÐÚÖÕɯÛÖɯÜÕÛÙÌÈÛÌËɯÊÖÕÛÙÖÓÚȮɯÊÖÕÚÛÙÐÊÛÐÖÕɯÐÕɯÙÌÚ×ÖÕÚÌɯÛÖɯƕɯϟ,ɯ

×ÏÌÕàÓÌ×ÏÙÐÕÌɯÈÕËɯËÐÓÈÛÐÖÕɯÐÕɯÙÌÚ×ÖÕÚÌɯÛÖɯƕɯϟ,ɯÈÊÌÛàÓÊÏÖÓÐÕÌɯÐÕÊÙÌÈÚÌËɯÚÐÎÕÐÍÐÊÈÕÛÓàɯÐÕɯ

HGPS iSMC TEBVs treated with 100 nM RAD001 for one week (Fig. 15A).  This 

increased functional response correlated with increased expression of the contractile 

×ÙÖÛÌÐÕÚɯϔ2, ɯÈÕËɯÊÈÓ×ÖÕÐÕɯȹ%ÐÎ. 15B) indicating the ability to improve vessel function 

and iSMC maturation with HGPS therapeutics.  When compared to untreated MSC 

TEBVs prior to week four, HGPS iSMC TEBVs treated with 100 nM RAD001 for one 

ÞÌÌÒɯÙÌÚ×ÖÕËɯÈÛɯÊÖÔ×ÈÙÈÉÓÌɯÓÌÝÌÓÚɯÛÖɯƕɯϟ,ɯ×ÏÌÕàÓÌ×ÏÙÐÕÌɯÈÕËɯƕɯϟ,ɯÈÊÌÛàÓÊÏÖÓÐÕÌȭɯɯɯ

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 state.  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 67,74. 

 

 

Figure 15: Effect of Everolimus (RAD001) treatment on HGPS iSMC TEBVs structure 

and function.  
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ȹ Ⱥɯ%ÜÕÊÛÐÖÕÈÓɯÙÌÚ×ÖÕÚÌɯÛÖɯƕɯϟ,ɯ×ÏÌÕàÓÌ×ÏÙÐÕÌɯÈÕËɯƕɯϟ,ɯÈÊÌÛàÓÊÏÖÓÐÕÌɯÖÍɯ'&/2ɯ

iSMC 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 

/ÙÖÎÌÙÐÕȮɯϔ-smooth muscle actin, and calponin on H GPS iSMC TEBVs at week 4 

untreated or treated with 100 nM EÝÌÙÖÓÐÔÜÚɯȹ2ÊÈÓÌɯÉÈÙȮɯƙƔɯϟÔȺȭɯÕǻƗɯ3$!5Úȭɯɖ/ǾȭƔƙȭ 

 
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 RAD001 or 

HGPS iSMC TEBVs without treatment. Red arrows indicate TUNEL positive cells and 

black arrows indicate TUNEL negative cells ( 2ÊÈÓÌɯÉÈÙȮɯƖƔƔɯϟÔȺȭ 

 

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 cardiovascular system30.  A limited number 

of animal models are available for HGPS and currently only two exist that recapitulate 

the symptoms of the HGPS cardiovascular phenotype (the BAC G608G model and the 

G609G knock-in model) 73,75,76.  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 9.  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 41,77.  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 iPSC-derived 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 phenotype78. 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 TEBVs 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 79.  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 18,80.  Our current conditions ma y 

not induce the same level of contractile state or proliferative potential for the iSMCs to 

allow them to show such strong functional responses as MSCs even though normal 

iSMC 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 iSMC TEBVs can be 

useful for monitoring any changes that occur in response to drug candidates introduced 

into t he 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 31. Therefore, iSMCs 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 TEBVs.   

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 phenotype 81.  We also observed an increase in medial wall 

thickening over the four -week time course of perfusion in TEBVs fabricated from HGPS 

iSMCs, 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 vasculature4,73.  Due to the increase in 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 also observed 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 response82,83. 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 84.  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 iSMCs on TEBV structural development and 
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functional response, we chose to use hCB-ECs 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 67,74 and 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 I 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 II 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 

35,85.  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 testi ng 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 cells 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 RAD001 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 

toxicity and suggests the need for further study into the mechanism with which this 

functional improvement occurs in the 3D engineered tissue.  



 

64 

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 as a 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 develop from 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 

ÊÈ×ÈÉÐÓÐÛàɯÛÖɯ×ÙÖÝÐËÌɯÌßÛÌÕËÌËɯÐÕÚÐÎÏÛɯÐÕÛÖɯÛÏÐÚɯËÙÜÎɀÚɯÌÍÍÐÊÈÊàɯÊÖÔ×ÈÙÌËɯÛÖɯ×ÙÌÝÐÖÜÚɯƖ#ɯ

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 phenotype may allow future 

studies to compare the progression of both disease states in 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 

cardiovascular 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 than mouse models and we can non-destructively monitor the vessel 

function at any time during the study.  In addition, using human cells sources provides 

a more relevant understanding of how HGPS progresses in 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 



 

66 

including lipid accumulation which has previously been associated with the HGPS 

phenotype20,29.  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 disease state 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 iSMC 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 86. 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 10-20 due to accumulation of the progerin protein in 

the nucleus20.  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)20.  

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 22,24. 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 (PARP-1), which 

helps explain the mechanism behind progerin toxicity in vascular SMCs 22.   Despite 

extensive evidence that progerin toxicity in vascular SMCs is linked the atherosclerotic 

defects associated with HGPS, the presence of progerin in 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 cardiovascular decline in Progeria24.   

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 

tone48.  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 20,23.  Therefore, there may be a role for the endothelium in the development 

of atherosclerotic symptoms in HGPS patients83,87.  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 

together84.  In addition, lamin A defects induced by the protease inhibitor, Atazanavir, in 

healthy endothelial progenitor cells showed increased expression of ICAM -1 and 



 

70 

monocyte adhesion88.  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 vasculature84. 

Despite this evidence, little is known about the endothelial contribution to blood 

vessel pathology  in HGPS.  Most HGPS studies focus on 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 ECs 24.  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 

ÊÈÕɀÛɯÌß×ÌÙÐÌÕÊÌɯÛÖßÐÊɯÌÍÍÌÊÛÚɯËÜÌɯÛÖɯ×ÙÖÎÌÙÐÕɯÈÊÊÜÔÜÓÈÛÐÖÕȮɯÏÖÞÌÝÌÙȭɯɯ#ÜÌɯÛÖɯÛÏÌɯÓÐÔÐÛÌËɯ

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 vivo89. A key functional 

aspect of ECs  is based on their response to shear stressed under flow conditions90.  

Previous 2D models have focused on static culture to assess health and function75.  The 
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development of atherosclerosis due to endothelial dysfunction, however, is often caused 

by endothelial response to flow conditions 23,84.  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 phenotype seen in humans, making it difficult to get the full picture of human 

disease development91.  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 associated 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 accurately4.   

We have previously developed a 3D tissue engineered blood vessel (TEBV) 

model of HGPS using iPSC-derived SMCs (iSMCs) from Progeria patients and blood-

derived endothelium from healthy individuals 58.  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 iSMCs31.  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 iSMCs in the medial wall of the TEBVs and 
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human cord-blood derived endothelial progenitor cells (hCB -EPCs) from a separate 

donor lining the inner lumen.  In addition, these iSMCs did not express markers of 

terminal differentiation such as myosin heavy chain 11 (MHC11) as is seen in native 

vascular SMCs.  Although this mode l 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 iPSC-

derived ECs and SMCs from healthy and HGPS individuals. To quickly and more 

efficiently acquire both iPSC-derived cell types for donor sp ecific TEBVs, we adopted a 

modified protocol from Patsch et al. to develop iPSC-derived smooth muscle cells 

(viSMCs) and endothelial cells (viECs) that function similar to mature vascular versions 

of both cell types46. Healthy donors viSMCs and viECs show key structural and 

functional characteristics of vascular smooth muscle cells and vascular endothelial cells, 

while HGPS viSMCs and viECs show reduced function and express various disease 

characteristics. Additionally, HGPS viTEBVs maintain many of the disease 

characteristics associated with Progeria previously seen in HGPS iSMC TEBVs with 
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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 (HGADFN003 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 80-90% confluency with Accutase (StemCell 

Technologies) and 10 µM 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 described64.  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.  hCB-ECs at 

passage 4-9 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 viEC Differentiation 

viSMCs and viECs were differentiated using a modified protocol as previously 

described46. Briefly for all differentiations, hiPSCs were dissociated on day 0 with 

Accutase and re-plated on Matrigel coated plates at a density of 37,000-47,000 cells/cm2.  

It was found that viSMCs differentiated well at lower densities (37,000 cells/cm 2) while 

viECs required higher (47,000 cells/cm2) 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 HGADFN0031B) 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 µM 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 µg/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 4-7 and normal viSMCs were 

used at passage 2-5. 

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 µM 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 200 µL MACS buffer and co-stained for 30 minutes 

on ice with 10 µL 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 viEC conditioned 

media during passage 0 directly after sorting.  Media was changed every other day.  

viECs 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 2 µg/mL  heparin after passage 1.  

HGPS and normal viECs were used between passage 1-4. 

3.2.5 viTEBV Fabrication and Functional Testing 

viTEBVs were fabricated as previously described31,34.  Briefly, 1.5 x 106 normal or 

HGPS viSMCs were dissociated with Accutase and resuspended in 300 µL of viSMC 

media and incorporated in a 2.05 mg/mL rat tail collagen type 1 solu tion (Corning, 
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Corning, NY) in 0.6% acetic acid.  Serum-free 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 gelati on, the solution was 

placed in a 3 mL syringe mold (BD Biosciences, San Jose, CA) with the stopper completely 

removed and a two-way luer -lock stopcock attached to the luer-lock end of the syringe.  

 ÕɯƜƔƔɯϟÔɯËÐÈÔÌÛÌÙɯÚÛÌÌÓɯÔÈÕËÙÌÓɯÞÈÚɯÐÕÚÌÙÛÌËɯÐÕɯÛÏÌɯÔÐËËÓÌɯÖÍɯÛÏÌɯÚÖÓÜÛÐÖÕɯÐÕɯÛÏÌɯ

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, 

ÛÏÌɯÝÌÚÚÌÓɯÊÖÕÚÛÙÜÊÛɯÞÈÚɯÛÙÈÕÚÍÌÙÙÌËɯÖÕÛÖɯƔȭƖɯϟÔɯÕàÓÖÕɯÍÐÓÛÌÙɯ×È×ÌÙɯȹ6ÏÈÛÔÈÕȮɯ

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 106 cells 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 37ºC on a rotator .  Chambers were attached 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/cm2 (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 

Ìß×ÖÚÜÙÌɯÛÖɯƕɯϟ,ɯ×ÏÌÕàÓÌ×ÏÙÐÕÌɯȹ2ÐÎÔÈȺɯÈÕËɯƕɯϟ,ɯÈÊÌÛàÓÊÏÖÓÐÕÌɯȹ2ÐÎÔÈȺȭɯɯ5ÈÚÖÈÊÛÐÝÐÛàɯ

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 ÚÖÍÛÞÈÙÌȭɯɯ ÍÛÌÙɯƗƔɯÚÌÊÖÕËÚɯÖÍɯÕÖÙÔÈÓɯ×ÌÙÍÜÚÐÖÕȮɯƕɯϟ,ɯ×ÏÌÕàÓÌ×ÏÙÐÕÌɯÞÈÚɯ

ÈËËÌËɯÛÖɯÈɯÚàÙÐÕÎÌɯ×ÖÙÛɯȹ(ÉÐËÐȺɯÐÕÛÌÎÙÈÛÌËɯÐÕɯÛÏÌɯÍÓÖÞɯÊÐÙÊÜÐÛɯÈÕËɯÈÍÛÌÙɯƙɯÔÐÕÜÛÌÚɯƕɯϟ,ɯ

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 expand for 3 days in mTeSR1 

(StemCell Technologies, Vancouver, BC). Fixation and permeabilization was done using 

the Image-iT/Fix -/ÌÙÔɯ*ÐÛɯȹ"ÈÛșɯ1ƗƛƚƔƖȮɯ(ÕÝÐÛÙÖÎÌÕȺɯÍÖÓÓÖÞÐÕÎɯÛÏÌɯÔÈÕÜÍÈÊÛÜÙÌÙɀÚɯ

instructions. Cells were then blocked in 3% goat serum (Cat# 005-000-001, Jackson 

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 3× 5 minutes in PBS at RT. Secondary antibody 

(Stemgent) as follows: CY3 goat anti-rabbit 1:1000 (OCT-4), CY3 goat anti-mouse 1:1000 

(TRA1-81) was then applied for 1 hour at RT. Cells were washed 3× 5 minutes in PBS at 

RT. As a final step, DAPI staining was performed during the final wash us ing the 

-ÜÊ!ÓÜÌɯÒÐÛɯȹ"ÈÛșɯ1ƗƛƚƔƙȮɯ(ÕÝÐÛÙÖÎÌÕȺɯÍÖÓÓÖÞÐÕÎɯÛÏÌɯÔÈÕÜÍÈÊÛÜÙÌÙɀÚɯÐÕÚÛÙÜÊÛÐÖÕÚȭɯ

Control cells were treated identically except for the omission of the primary antibody. 

IHC -stained cells were visualized and photographed on a Zeiss Axiovert microscope at 

a magnification of 10× 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 4ºC.  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 TE2000-U 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 

lumen.  Sections sÛÈÐÕÌËɯÍÖÙɯÐÕÛÙÈÊÌÓÓÜÓÈÙɯ×ÙÖÛÌÐÕÚɯȹϔ2, ȮɯÊÈÓ×ÖÕÐÕȮɯ×ÙÖÎÌÙÐÕȮɯ,'"ƕƕɯ

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 4ºC.  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 washed three 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 inverted confocal microscope at 20x magnification 

and analyzed using Zeiss LSM image browser.    

Primary antibodies used were rabbit anti -calponin (Abcam, Cambridge, MA), 

rabbit anti -ϔ2, ɯȹ ÉÊÈÔȺȮɯÙÈÉÉÐÛɯÈÕÛÐ-MyHC11 (Abcam), rabbit anti -vWF (Abcam), 

mouse anti-fibronectin (Abcam), rabbit anti -collagen IV (Abcam), mouse anti-CD31 (BD 

biosciences), mouse-anti VE-cadherin (Santa Cruz), mouse anti-VEGFR2 (Abcam), rabbit 

anti-E-selectin (Santa Cruz), rabbit anti-VCAM -1, mouse anti-ICAM -1 (Santa Cruz), 

rabbit anti -NF-ϝB (Santa Cruz) and rabbit anti-progerin 67.  Secondary antibodies used 

were Alexa Fluor 594 goat anti-rabbit and Al exa Fluor 488 goat anti-mouse (Life 

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

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 2ɬ3 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 10× unless noted otherwise. Cells were then returned to the incubator 

after replenishing the mTeSR1 media for further growth.  

3.2.8 Flow Cytometry Analysis 

viSMC purity was characterized using flow cytometry.  Cells were dissociated 

using Accutase and washed once with DPBS.  Cells were fixed 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.  Uns tained 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 

TEBV burst pressure was measured as previously described31.  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 Real-Time PCR Detection System (Bio-Rad). 

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 (2-mercaptoethanol) on the measured absorbance.  

Absorbance was measured at 540 nm using a µQuant 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 96-well plate and incubated for 30 

minutes at 37oC to allow the gel to solidify. Then, 25,000 viECs were seeded onto the 

Matrigel matrix and cultured for 24 hours at 37 oC and images were acquired using Zeiss 

Observer A1 inverted microscope. 

3.2.13 viEC Flow Alignment Assay 

The effect of physiological shear stresses on HGPS and normal viECs was 

evaluated as previously described92,93.  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 93 to maintain cell 

attachment.  Once 12 dynes/cm2 was 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 º indicated complete alignment and 45º 

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

 

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

circle and a roundness of 0 indicates a straight line. 

3.2.14 Effect of TNF-Ŭ on ECs 

To evaluate the response of endothelial cells to pro-inflammatory cytokines, 

hCB-EPCs, normal viECs and HGPS viECs were exposed to tumor necrosis factor-alpha 

(TNF-ϔ) (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-ϝB 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 anti-calponin (04-589; Millipore), mouse anti -

GAPDH (sc-47724; Santa Cruz), goat anti-VE-cadherin (AF938; R &D systems), and 

sheep anti -PECAM1 (AF806, R &D systems).  



 

86 

3.2.16 viSMC Contraction Assay 

50,000 viSMCs were seeded on collagen-type I coated glass bottom dish (627860; 

Greiner Bio-One) and incubated for 24 hours at 37oC. To test the contraction property of 

viSMCs, 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 × NA 1.3 objective 

(Nikon) and a CCD camera (C9100ɬ50; 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 one-way 

ANOVA was used to compare fold change between static and flow conditions for qRT -

PCR gene expression, and a two-ÛÈÐÓÌËɯ2ÛÜËÌÕÛɀÚɯÛ-test was used for pair comparisons in 

each cell type.  Repeated measures ANOVA was used for time -dependent assays.  All 

data is represented as mean ± S.E.M. p Ȁ 0.05 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 46.  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 al.46 and after 6 days plated under contractile conditions consisting 

of collagen coated plates and Activin A and heparin supplemented serum free media 

(Figs. 18, 19 Ⱥȭɯɯ.ÕɯËÈàɯƚȮɯÝÐ2,"ÚɯÌß×ÙÌÚÚÌËɯÊÖÕÛÙÈÊÛÐÓÌɯ×ÙÖÛÌÐÕÚɯϔ2, ȮɯÊÈÓ×ÖÕÐÕȮɯÈÕËɯ

MyHC11 indicating terminally differentiated smooth muscle cells (Fig. 19B, Fig. 20A).  

Flow cytometry analysis also indicated a pure population of SMCs with greater than 

ƝƔǔɯ×ÖÚÐÛÐÝÌɯÌß×ÙÌÚÚÐÖÕɯÖÍɯϔ2, ɯÈÕËɯÊÈÓ×ÖÕÐÕɯ×ÖÚÛ-differentiation (Fig. 19C, Fig. 20B).  

Treatment with the vasoconstrictor U44619 also indicates that the viSMCs are contractile 

(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 

ÛÏÙÖÜÎÏɯϕ-galactosidase staining (Fig. 21B) and abnormal nuclear shape compared to 

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

 

 

Figure 17: Characterization of iPSCs from HGPS donors HGADFN167, 

HGADFN0031B, and normal donor HGFDFN168  

(A) Representative brightfield image of undifferentiated HGADFN167, 

HGADFN0031B, and HGFDFN168 iPSCs (B) Representative alkaline phosphatase 

live staining of und ifferentiated  HGADFN167, HGADFN0031B, 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, HGADFN0031B, and 

HGFDFN168 iPSCs  (scale bar, 200 µm). 

 

 

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 46.  (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 al94. 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 

ϔ-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, 50 µÔȺȭɯȹ"Ⱥɯ%ÓÖÞɯÊàÛÖÔÌÛÙàɯÈÕÈÓàÚÐÚɯÖÍɯÊÈÓ×ÖÕÐÕɯÈÕËɯϔ-smooth muscle actin 

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 µm). (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 

HGADFN0031B  

ȹ Ⱥɯ1Ì×ÙÌÚÌÕÛÈÛÐÝÌɯÐÔÈÎÌÚɯÖÍɯÐÔÔÜÕÖÍÓÜÖÙÌÚÊÌÕÊÌɯÚÛÈÐÕÐÕÎɯÞÐÛÏɯϔ-smooth muscle 

actin, calponin, and myosin heavy chain 11 on viSMCs from HGPS 0031B donor after 

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

cytometry analàÚÐÚɯÖÍɯÊÈÓ×ÖÕÐÕɯÈÕËɯϔ-smooth muscle actin positive cells in HGPS 

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

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

viECs derived from HGPS 0031B donor after differentiat ion and sorting (scale bar, 50 

µm).  
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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 normal and '&/2ɯËÖÕÖÙÚɯȹ!Ⱥɯϕ-galactosidase 

staining in normal and HGPS viSMCs at passage 1, 3 and 5 where red arrows indicate 

ϕ-gal positive cells (scale bar, 100 µm) (C) Normal and HGPS viSMCs contractile 

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

minutes.  White lines indicate the change in contraction from 0 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 µm). (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.46 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 Stempro-34 SFM and conditioned Stempro media collected during 

differentiation.  These conditions improved the viability and expandability of sorted cell 

populations.  viECs were later switche d to viEC media containing VEGF165, heparin 

and 10% HI-FBS to induce a more vascular phenotype (Figs. 18, 23A).  Post-sorting, 

viECs 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 95.   

We then tested the ability of viECs to respond to physiological shear stresses by 

applying 12 dynes/cm 2 for 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 

viECs showed a more significant increase in alignment and elongation compared to 

HGPS viECs (Fig. 23D).  Treatment with TNF -ϔɯÍÖÙɯƚɯÏÖÜÙÚɯÈÓÚÖɯÜ×ÙÌÎÜÓÈÛÌËɯthe 

adhesion molecule ICAM -1 and increased NF-ϝ!ɯÓÖÊÈÓÐáÈÛÐÖÕɯÛÖɯÛÏÌɯÕÜÊÓÌÜÚȮɯÐÕËÐÊÈÛÐÕÎɯ

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) 

 

Figure 23: Characterization of viECs 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 viEC induction on day 4 to viEC sorting on day 7 to 

viEC expansion.  (B) Representative images of immunofluorescence staining with 

PECAM, VE -cadherin, vWF, and VEGFR2 on viECs from HGPS  and normal donors 

after differentiation and sorting (scale bar, 50 µm). (C) Representative images of 

immunofluorescence staining with PECAM on viECs from HGPS and normal donors 

after either static culture or exposure to physiological shear stress of 12 dy nes/cm2 for 

24 hours. Red arrow indicates direction of flow (scale bar, 50 µm). (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  

(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 

µm). (D) Representative brightfield images of HGPS and normal viECs and hCB -

EPCs after flow (red arrow indicates flow direction and scale bar, 50 µm) (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 

µM).  
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viECs exposed to 12 dynes/cm2 for 24 h showed upregulation of t he flow 

associated genes, Kruppel-like 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 studies31,57,58.  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-1 (HO-1), NAD(P)H -quinone oxidoreductase 1 (NQO1), thioredoxin 

reductase 1 (TXNRD1), glutamate-cysteine ligase catalytic subunit (GCLC), and 

glutamate-cysteine ligase modifier subunit (GCLM) 96.  hCB-EPCs showed a significant 

increase in mRNA 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 hCB-EPCs after shear stress exposure, but at a slightly 

diminished response.   Interestingly, HGPS viECs showed an altered trend in 

downstream NRF2 target gene expression compared to hCB-EPCs 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 viECs 

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 essential regulator for generation of nitric oxide by 
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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. 

 

Figure 25: Gene expression of hCB-EPCs and viECs after shear stress exposure.  

 

qRT-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 2 for 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/cm2 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. 

qRT-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/cm2 for 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/cm2 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 viECs on the cardiovascular phenotype of 

HGPS, we tested the structural and functional effects of these cells in tissue-engineered 

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 1 ɛM phenylephrine 
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compared to TEBVs fabricated from normal or HGPS iSMCs as seen in our previous 

TEBV model 58.  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, viTEBVs fabricated from normal viECs 

showed comparable dilation in response to 1 µM 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 

×ÙÖÛÌÐÕÚɯϔ2, ɯÈÕËɯÊÈÓ×ÖÕÐÕɯÈÚɯÞÌɯÏÈËɯÖÉÚÌÙÝÌd previously with the iSMC TEBVs 58, but 

also MYHC11, which was not present in iSMC TEBVs, indicating a more accurate 

vascular phenotype.  HGPS viTEBVs showed reduced expression of all contractile 

proteins compared to healthy viTEBV 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 

iSMC TEBV model58. 

 

 

Figure 27: Characterization of viTEBVs fabricated from viSMCs and viECs from 

HGPS and normal donors.  

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

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

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

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

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

ȹ"Ⱥɯ1Ì×ÙÌÚÌÕÛÈÛÐÝÌɯÐÔÈÎÌÚɯÖÍɯÐÔÔÜÕÖÍÓÜÖÙÌÚÊÌÕÊÌɯÚÛÈÐÕÐÕÎɯÞÐÛÏɯϔ-smooth muscle 

actin, myosin heavy chain 11, collagen IV and fibronectin, progerin or vWF antibodies 

at week 4 of perfusion on normal 168 and HGPS 167 vi TEBVs (scale bar, 50 µm). (D) 
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Quantification of protein expression in C. (E) qRT -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 µM phenylephrine of TEBVs fabricated from 

HGPS 0031B viSMCs and viECs. (B) Week 1 and week 4 response to 1 µM 

acetylcholine of TEBVs fabricated from HGPS 0031B viSMCs and viECs (C) 

1Ì×ÙÌÚÌÕÛÈÛÐÝÌɯÐÔÈÎÌÚɯÖÍɯÐÔÔÜÕÖÍÓÜÖÙÌÚÊÌÕÊÌɯÚÛÈÐÕÐÕÎɯÞÐÛÏɯϔ-smooth muscle actin, 

myosin heavy chain 11, collagen IV and fibronectin, VCAM -1, progerin and vWF 

antibodies at week 4 of p erfusion on HGPS 0031B viTEBVs (scale bar, 50 µM). (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 µM). Data are 

represented as mean ± S.E.M. n= 3 TEBVs for each TEBV type.  *P<.05, **P<.01, 

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

 

3.3.4 HGPS viEC Effects on Disease Development in HGPS viTEBVs 

As previously mentioned, TEBVs containing HGPS viECs 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 TEBVs fabricated 
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from different combinations of healthy and HGPS viSMCs and viECs after one week of 

perfusion.  In response to 1 ɛM 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 1 ɛM 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 on ly 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 viTEBVs, 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 studies84.  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 



 

105 

expression of both VCAM -1 and E-selectin after one week of perfusion (Fig. 28F) 

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 cells97, therefore we measured the total nitrate and nitrite level s in our TEBV 

media to evaluate nitric oxide production by normal and HGPS viECs.  There was little 

difference in levels of total nitrate and nitrite in media collected from HGPS viTEBVs 

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 3.2 ɛM 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 TEBV function and therefore, an effect on vascular tone.   
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Figure 29: Effects of HGPS viECs on TEBV structure and function.  

(A) Response to 1 µM phenylephrine and 1 µM 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 µm). (C) Total nitrite and nitrate in med ia collected from 

HGPS or normal viTEBVs after 1 week of perfusion and 48 hours after media change. 

(D) Response to 1 µM acetylcholine of untreated MSC TEBVs, normal viTEBVs, 

HGPS viTEBVs and normal viTEBVs treated with 3.2 µM 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 cells 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 types 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 states just 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 TEBV 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 

contracti le 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 viECs 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 co-culture effect from the HGPS iPSC-derived 

SMCs, as was likely the case in previous studies with HGPS iSMC TEBVs. 

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 VE-cadherin 

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 compared to iPSC-derived SMCs, MSCs and fibroblasts. This could explain 

the smaller effects seen in iPSC-derived ECs in 2D compared to these other cell types 

expressing higher levels of Lamin proteins 24.  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 TEBVs 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 c oxide 

inhibitor, L -NAME, reversed the dilation seen in normal viTEBVs indicating that the 

dilation in viTEBVs was in fact induced by nitric oxide release from TEBVs in response 
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to acetylcholine exposure.  This further indicates the altered vasoactive response 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 viECs.  This would be consistent with previous  reports of 

the effects of progerin on the repression of NRF2 activity98, 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, is common 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-ϔ 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 activation 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. 



 

111 

3.5 Chapter Specific Acknowledgements 

We thank members of the Cao Lab (University of Maryland) for advice and 

scholarly discussion, particularly, Dr. Zheng -Mei Xiong for providing the progerin 

antibody  and PCR protocols.  Additionally,  we thank Yantenew Gete for additional 

analysis on viSMC and viEC cell cultures.   We also thank the Duke Cancer Flow 

Cytometry Core Facility for sorting the viEC samples and analyzing the differentiated 

cells.  We thank Thomas Ribar at the Duke Induced Pluripotent Stem Cell Core Facility 

for guidance, differentiation and analysis of iPSC cultures.   This work was supported by 

NIH Grant  1R01HL138252 (GAT) and NSF GRFP Grant #1106401(LA).  iPSCs from 

healthy and HGPS individuals were generously provided by the Progeria Research 

Foundation.    

 

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 type99,100.  This is particularly valuable for not 

only modeling a specific disease manifestation in vitro  ÈÚɯÞÌɯÏÈÝÌɯÚÏÖÞÕɯÐÕɯ ÐÔɀÚɯƕɯÈÕËɯ

2, but is also useful for creating a patient specific test-bed to determine the efficacy or 

toxicity of currently proposed therapeutics for many different disease states 101.  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 102.  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 striking  amount of evidence link s 

the cardiovascular defects associated with this disease to general cardiovascular 

aging103,104.  In 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 disease105.  The short lifespan of progeria patients has made it difficult to 

compare the two disease states as well as determine long-term side effects of Progeria 

therapeutcs106.  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.  Ideally, 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 patients35,107.  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 

cardiovascular phenotype , however, the exact mechanism of action and specific 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 autophagy67,74,109.  

Rapamycin has been suggested for the treatment of many aging syndromes such as 

 ÓáÏÌÐÔÌÙɀÚ due to its ability to rescue a pro-senescent state in affected cell types110.  

Rapamycin blocks the mTOR pathway, thereby activating autophagy and subsequent 

clearance of progerin and other toxic proteins .  This reduces replicative senescence 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 

ÈÕÈÓÖÎɯÖÍɯÙÈ×ÈÔàÊÐÕȭɯɯ(ÛɀÚɯÉÌÕÌÍÐÊÐÈÓɯÜÚÌɯÐÕɯÉÙÌÈÚÛɯÊÈÕÊÌÙɯ×ÈÛÐÌÕÛÚɯÏÈÚɯÎÐÝÌÕɯÐÛɯÈɯ

promising reputation as a treatment for HGPS112.     

Although Lonafarnib has been previously implemented in clinical trials for 

patients with HGPS, its known cytotoxic effects are concerning for prolonged or high 

dose exposure113.  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 suggested improved 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 
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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/II 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 December 

2021 with an estimated enrollment  of 80 participants 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 

regimens9.  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 10.  

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 3,114.  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 

groups11.   In terms of the currently proposed therapeutics for HGPS, a vascular model 

containing the cell types primarily affected by the cardiova scular phenotype of HGPS 

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 candidates 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 (HGADFN003 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 80-90% confluency with Accutase (StemCell 

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

4.2.2 viSMC and viEC Differentiation 

viSMCs and viECs were differentiated using a modified protocol as previously 

described46. Briefly for all differentiations, hiPSCs were dissociated on day 0 with 

Accutase and re-plated on Matrigel coated plates at a density of 37,000-47,000 cells/cm2.  

It was found that vi SMCs differentiated well at lower densities (37,000 cells/cm2) while 

viECs required higher (47,000 cells/cm2) 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 HGADFN0031B) 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 µM 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 µg/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 4-7 and normal viSMCs were 

used at passage 2-5. 

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 µM 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 and MACS 

separated for CD31+CD144+, CD31-CD144+ and CD31+CD144- cells. 
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4.2.3 viEC 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 80 µL buffer/10e6 cells and co-stained for 15 minutes 

on ice with 20 µL FCR blocking reagent, 20 µL CD31 microbeads (Biolegend) antibody 

and 20 µl 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 31,34.  Briefly, 1.5 x 106 normal or 

HGPS viSMCs were dissociated with Accutase and resuspended in 300 µL 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.  Serum-free 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, CA) with the stopper 

completely removed and a two -way luer -lock stopcock attached to the luer-lock end of 

ÛÏÌɯÚàÙÐÕÎÌȭɯɯ ÕɯƜƔƔɯϟÔɯËÐÈÔÌÛÌÙɯÚÛÌÌÓɯÔÈÕËÙÌÓɯÞÈÚɯÐÕÚÌÙÛÌËɯÐÕɯÛÏÌɯÔÐËËÓÌɯÖÍɯÛÏÌɯ

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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 ÍÛÌÙɯÎÌÓÈÛÐÖÕȮɯÛÏÌɯÝÌÚÚÌÓɯÊÖÕÚÛÙÜÊÛɯÞÈÚɯÛÙÈÕÚÍÌÙÙÌËɯÖÕÛÖɯƔȭƖɯϟÔɯÕàÓÖÕɯÍÐÓÛÌÙɯ×È×ÌÙɯ

(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 vi ECs were resuspended at 0.5 x 106 cells 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 evenly endothelialized by 

rotating the chambers at 10 revolutions per hour for 30 minutes at 37ºC on a rotator .  

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/cm2 (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 

Ìß×ÖÚÜÙÌɯÛÖɯƕɯϟ,ɯ×ÏÌÕàÓÌ×ÏÙÐÕÌɯȹ2ÐÎÔÈȺɯÈÕËɯƕɯϟ,ɯÈÊÌÛàÓÊÏÖÓÐÕÌɯȹ2ÐÎÔÈȺȭɯɯ5ÈÚÖÈÊÛÐÝÐÛàɯ

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"È×ÛÜÙÌɯÚÖÍÛÞÈÙÌȭɯɯ ÍÛÌÙɯƗƔɯÚÌÊÖÕËÚɯÖÍɯÕÖÙÔÈÓɯ×ÌÙÍÜÚÐÖÕȮɯƕɯϟ,ɯ×ÏÌÕàÓÌ×ÏÙÐÕÌɯÞÈÚɯ

added to a syringe port (Ibidi) integrated in the flow circuit ÈÕËɯÈÍÛÌÙɯƙɯÔÐÕÜÛÌÚɯƕɯϟ,ɯ

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 viTEBV 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 stained for intracellular , adhesion or junction ×ÙÖÛÌÐÕÚɯȹϔ2, Ȯɯ
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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 4ºC.  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 20x or 40x 

magnification and analyzed using Z eiss LSM image browser.    

Primary antibodies used were rabbit anti -calponin (Abcam, Cambridge, MA), 

rabbit anti -ϔSMA (Abcam), rabbit anti -MyHC11 (Abcam), rabbit anti -vWF (Abcam), 

mouse anti-fibronectin (Abcam), rabbit anti -collagen IV (Abcam), mouse anti-CD31 (BD 

biosciences), mouse-anti VE-cadherin (Santa Cruz), rabbit anti-VCAM -1 (Abcam), mouse 

anti-E-selectin (Santa Cruz), rabbit anti -progerin 67.  Secondary antibodies used were 

Alexa Fluor 594 goat anti-rabbit and Alexa Fluor 488 goat anti-mouse (Life 

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

viSMCs were incubated in viSMC ÔÌËÐÈɯÊÖÕÛÈÐÕÐÕÎɯƖɯϟ,ɯ"ÈÓÊÌÐÕɯ ,ɯÈÕËɯƕɯϟ,ɯ

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 

ImageJ.  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 TEBV structure and function.  The rapamycin analog, Everolimus 

(RAD001), 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 115.  The effect of each drug dose 

was tested by culturing HGPS viTEBVs 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 µM Lonafarnib alone, and 50 nM Everolimus 

and 1 µM Lonafarnib in combination.  Toxic doses were considered 100 nM Everolimus 
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and 2 µM Lonafarnib in combination.  Vasoactivity was tested weekly to determine 

function before and after treatment.  

4.2.8 DAF-FM Nitric Oxide Assay 

viECs were maintained in static culture in either viEC media or viEC media 

containing 1 µM 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/cm2  for 24 hours following a pre -conditioning treatment as previously 

described92.  On day 7, samples were exposed to 1 µM DAF -FM diacetate (Thermo 

Fisher) in serum free viEC media for 30 min. at 37ºC.  Cells were rinsed once with PBS 

and then maintained in fresh media for 15 min. to allow for de -esterification of the 

intracellular diacetates.  Images were taken on a Nikon Eclipse TE2000-U microscope at 

10x magnification using the NIS Elements software and analyzed using ImageJ as 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% ethanol until paraffin embedded.  Paraffin embedded 

cross-sections were then stained with hematoxylin/eosin, Alizarin Red, LC3, p62, ATG7 

and TUNEL  as previously described116.  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 TE2000-U microscope at 20x magnification  using the NIS Elements 

software and analyzed using ImageJ for H&E, TUNEL and Alizarin Red stains .  Images 

were taken on a Zeiss Axio Imager microscope at 40x magnification and analyzed using 

ImageJ for 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 

combinati on at various doses on viSMCs.  Live dead analysis shows that treatment for 1 

week with  100 nM Everolimus alone or 1 µM Lonafarnib alone  leads to minimal cell 

death and high cell viability.  Cell death at these concentrations is comparable to or 

decreased compared 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 each drug 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 µM Lonafarnib has comparable or even decreased cell death 

compared to controls, while doubling the dose to 100 nM Everolimus and 2 µM 
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Lonafarnib dramatically increase d cytotoxicity (Fig. 30).  Quantification of live and dead 

cells indicates a greater than 85% viability with 50 nM Everolimus and 1 µM Lonafarnib 

treatment and only about 60% viability with 100 nM Everolimus and 2 µM Lonafarnib 

(Fig. 31).  Therefore, these two dosing combinations were determined to be the 

therapeutic and toxic concentration s for future viTEBV drug studies. In addition, these 

concentrations are consistent with previous reports of Everolimus use in vitro and 

Lonafarnib use in clinical trials 35,67,115. Everolimus cli nical trials are currently underway, 

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

 

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 ɛM Lonafarnib, 100 nM 

Everolimus and 2 ɛM Lonafarnib, or 50 nM Everolimus and 1 ɛM Lonafarnib (scale 

bar 200 ɛM).  

 



 

127 

 
Figure 31: viSMC viability after Lonafarnib and Everolimus treatment  

Quantification of l 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 ɛM Lonafarnib, 100 nM Everolimus and 2 ɛM Lonafarnib  

(toxic) , or 50 nM Everolimus and 1 ɛM Lonafarnib  (therapeutic) . Data are represented 

as mean ± S.E.M. n= 3 independent 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 combined) at therapeutic and toxic levels on the vasoactivity of 

HGPS viTEBVs.  HGPS viTEBVs were perfused for three weeks without treatment to 

develop a disease phenotype based on Aim 1 studies with Everolimus on HGPS iSMC 

TEBVs.  HGPS viTEBVs were then treated with either 100 nM Everolimus, 1 µM 

Lonafarnib, 50 nM Everolimus and 1 µM Lonafarnib  (therapeutic), or 100 nM 



 

128 

Everolimus and 2 µM Lonafarnib  (toxic) for one week with a media change twice 

throughout the week.  Vasoactivity was assessed weekly pre and post-treatment. 

Treatment with DMSO for one week was used as a vehicle control, however, it showed 

no effect on vasoactivity compared to untreated controls.   HGPS viTEBVs treated with 

100 nM Everolimus alone showed a significant  increase in response to phenylephrine, 

but only a minor increase in response to acetylcholine compared to untreated and 

vehicle controls.  HGPS viTEBVs treated with 1 µM 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 µM Lonafarnib showed a n increase in response to both acetylcholine 

and phenylephrin e, although this increase was only significant for the acetylcholine 

response.  This increased response brought HGPS viTEBV vasoactivity  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 

µM Lonafarnib on the other hand eliminated vasoactivity in terms of response to both 

phenylephrine and acetylcholine (Fig. 32).  We also investigated each single drug  

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 µM 

Lonafarnib.  Vasoactivity trends remained increased compared to controls and stable 

between one and two weeks of treatment.  This indicat es that one week of treatment is 
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sufficient for evaluating drug eff icacy and additional treatment time neither increases 

nor decreases viTEBV 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 . 

 

Figure 32: HGPS viTEBV vasoactivity after 1 week of drug treatment  

HGPS viTEBV response to 1 ɛM phenylephrine and 1 ɛM acetylcholine after 3 weeks 

of no treatment and 1 week of either no treatment, treatment with  DMSO (vehicle 

control),  100 nM Everolimus, 1 ɛM Lonafarnib , 50 nM Everolimus and 1 ɛM 

Lonafarnib  (therapy), or 100 nM Everolimus and 2 ɛM Lonafarnib  (toxic) . Data are 

represented as mean ± S.E.M. n= 3 TEBVs for each treatment . *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 ɛM phen ylephrine or (B) 1 ɛM acetylcholine after 3 

weeks of no treatment and either 1 week or 2 weeks of treatment with 100 nM 

Everolimus or 1 ɛM 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 viTEBVs 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 

increase in ϔ2, ȮɯÊÈÓ×ÖÕÐÕɯÈÕËɯ,'"ƕƕ expression after treatment 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  

Representative images of immunofluorescence s taining on HGPS viTEBVs with ϔ-

SMA, calponin and MHC11  after 3 weeks of normal perfusion and 1 week of either 

no treatment, 100 nM Everolimus, 1 ɛM Lonafarnib, 100 nM Everolimus and 2 ɛM 

Lonafarnib (toxic), or 50 nM Everolimus and 1 ɛM Lonafa rnib (therapeutic) (scale bar, 

50 µm). 

In accordance with acetylcholine response, treatment of HGPS viTEBVs for one 

week with Lonafarnib alone improved expression of endothelial cell protein s including 

vWF, PECAM and VE-cadherin.  Treatment with Everolimus alone , however, showed 

only a minor improv ement in endothelial protein  expression compared to 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 vWF, 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). 

 

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 ɛM Lonafarnib, 100 nM Everolimus and 2 ɛM 

Lonafarnib (toxic), or 50 nM Everolimus and 1 ɛM Lonafanib (therapeutic) (scale bar, 

50 µm). 
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To assess the effects of each drug on disease attributes, we also evaluated 

expression of HGPS disease related proteins 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 IV, and progerin  after 3 weeks of normal 

perfusion and 1 week of either no treatment, 100 nM Everolimus, 1 ɛM L onafarnib, 

100 nM Everolimus and 2 ɛM Lonafarnib (toxic), or 50 nM Everolimus and 1 ɛM 

Lonafarnib (therapeutic) (scale bar, 50 µm). 
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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 ɛM Lonafarnib, 100 nM Everolimus and 2 ɛM 

Lonaf arnib (toxic), or 50 nM Everolimus and 1 ɛM Lonafa rnib (therapeutic) . Data are 

represented as mean ± S.E.M. n= 3 TEBV sections for each treatment . *P<0.05, *P<.01, 

***P<0.001, n.s.=not significant.  

 

These results indicate an improvement in smooth muscle cell 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 treatment regimens 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  HGPS TEBV model.  

First, we needed to assess the ability of the viTEBV model to prod uce the same 

pathological features identified in the HGPS iSMC 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 perfusion 
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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 iSMC TEBV model, further 

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

 

Figure 38: Normal and HGPS viTEBV pathology  

Representative images of im munohistological staining on Normal, HGPS 167 and 

HGPS 0031B viTEBVs with Hematoxylin and Eosin, Alizarin Red and TUNEL after 4 

weeks of perfusion culture  (scale bar, 200 µm). 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 assess 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 ɛM 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 viTEBV disease pathology  

(A) Representative images of immunohistological staining on HGPS viTEBVs 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, 

ƕƔƔɯÕ,ɯ$ÝÌÙÖÓÐÔÜÚȮɯƕɯϟ,ɯ+ÖÕÈÍÈÙÕÐÉȮɯƕƔƔɯÕ,ɯ$ÝÌÙÖÓÐÔÜÚɯÈÕËɯƖɯϟ,ɯ+ÖÕÈÍÈÙÕÐÉɯ

ȹÛÖßÐÊȺȮɯÖÙɯƙƔɯÕ,ɯ$ÝÌÙÖÓÐÔÜÚɯÈÕËɯƕɯϟ,ɯ+Önafanib (therapeutic) (scale bar, 200 µm).  

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 mechanisms by 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, LC3-I/LC3-II and p62 

which are all associated with autophagy and known to be upregulated after Everolimus 

treatment in progerin expressing cells to help clear progerin 67.  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 

patients74.  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 viTEBVs 

with autophagy proteins LC3 -I/LC3-II, p62 and ATG7  after 3 weeks of normal 

perfusion and 1 week of either no treatment, 100 nM  Everolimus, 100 nM Everolimus 

and 2 ɛM Lonafarnib (toxic), or 50 nM Everolimus and 1 ɛM Lonafa rnib (therapeutic) 

(scale bar, 50 µm). Red arrows indicate LC3, p62 and ATG7 positive cells.  

 
































































































































