Targeted Interrogation of Blood-Brain Barrier Biology

By

Emma Hollmann Neal

Dissertation
Submitted to the Faculty of the
Graduate School of Vanderbilt University
in partial fulfillment of the requirements
for the degree of
DOCTOR OF PHILOSOPHY
in
Chemical Engineering
May 8, 2020

Nashville, Tennessee

Approved:
Ethan Lippmann, Ph.D.
John Wilson, Ph.D.
Matthew Lang, Ph.D.

Vivian Gama, Ph.D.



For my mother, who deserves the world but will have to settle for this dissertation.



ACKNOWLEDGEMENTS

As my time in the Department of Chemical Engineering at VVanderbilt quickly draws to a
close, | can firmly say that the past nearly five years have been some of the most challenging, yet
also most rewarding, of my life. I owe my success during this time to countless individuals who
have gifted me their time, expertise, and understanding, and while 1 shall do my best to articulate
how much this help has meant to me, | truly believe that no words are adequate to express the
gratitude I feel. This is going to get emotional.

| want to express my sincerest thanks to my committee members Dr. John Wilson, Dr.
Matthew Lang, and Dr. Vivian Gama. Your collective expertise and guidance have been invaluable
to improving my work. | will forever appreciate the manner in which you cautioned, but never
suppressed, my ambition towards my projects. | am a better scientist for it. On a lighter note, 1
appreciate the collective patience of my committee towards my tendency to speak far too quickly
and include exorbitant amounts of information in my presentations to you. | am aware of this habit,
and I promise | will continue to work on it.

I would like to thank the many collaborators with which | have had the privilege to work
during my graduate tenure. Dr. Shannon Faley, the lab of Dr. Aaron Bowman, Natalya Ortolano,
Megan Rasmussen and many others were vital to my success in the first years of my Ph.D. and
provided invaluable assistance with microscopy as well as molecular biology techniques. Dr.
Joshua Bauer, Dr. Paige Vinson, and David Baughman of the High Throughput Screening Facility
were instrumental in bringing our CRISPR screen to fruition. I would like to thank the Vanderbilt
Institute for Clinical and Translation Research for providing financial support for my RNA
sequencing experiments. | sincerely appreciate individuals at the Vanderbilt Flow Cytometry

Shared Resource, Vanderbilt Technologies for Advanced Genomics (VANTAGE), Vanderbilt



Antibody and Protein Resource (VAPR), Vanderbilt Cell Imaging Shared Resource (CISR) for all
of the technical expertise and guidance they have provided, as well as Jean-Philippe Cartailler and
Lawrence Hsu of Creative Data Solutions for their immense help in processing our extensive
sequencing data. Thank you to Natasha O’Brown for your indispensable work generating zebrafish
knockouts and for your continual sass towards Ethan. Additionally, I am grateful to have been
supported by a National Science Foundation Graduate Research Fellowship as well as a P.E.O.
Scholar Award during my graduate tenure. Finally, | want to thank Felisha Baquera, the saving
grace of my Ph.D. Thank you for all of the emails answered that fell outside of your job description
and for your endless encouragement to finish this degree. You are a light in this department, and
none of us thank you enough for the work that you do.

To my fellow lab mates present and past, you all have become a second family to me during
my graduate tenure. Jonah Rosch, Allison Bosworth, Kylie Balotin, Nicholas Marinelli, Yajuan
Shi, Ketaki Katdare, Everett Allchin, Alexander Sorets, Lexi Yates, Madison Stiefbold, Daniel
Balikov, Hyosung Kim, and Brian O’Grady are some of the best individuals I have ever had the
pleasure to meet. You all have celebrated with me on the best days, comforted me on the worst,
and shared many, many donuts and cups of coffee with me on the days in between. My only regret
is that | did not meet you all sooner. Though, to be honest, I’'m pretty sure you all would have
beaten me out for a spot in our lab if we had actually met earlier. Maybe it’s best we met when we
did. Regardless, you all inspire me daily, and 1 am immensely proud of the supportive,
collaborative environment we have built. I cannot wait to see the heights which you all reach in
the years to come. | will be cheering you on each step of the way.

Many thanks are owed to my undergraduate students Amanda Weaver, Dalton Gullett,

Kameron Hagerla, and Riley Knight for bringing me an immense amount of joy, countless laughs,



and maybe a tad bit of frustration during the past few years. Watching each of you grow into
passionate researchers who truly care about our science and believe in our mission is one of the
most meaningful experiences of my life. You all evolved from being my mentees to being some
of my closest friends, and | thank you for sharing this time with me.

To my parents, Carl and Sandra Hollmann, thank you for your never-ending support in my
academic pursuits and for generally shaping who | am as a person. Dad, your tireless work ethic
and humility never cease to inspire me, and | have done my absolute best to embody them in my
own career. Mom, your courage, resilience, and compassion are beyond measure, and | aspire to
be even a tenth of the person you are. This work was for you, and | would do it a hundred times
over if it meant | could help you more. Thank you to my sisters, Anna and Sara, and brothers-in-
law, Jason and James, for being my fire-breathing, larger than life role models. You all have given
me large shoes to fill, and I don’t think I will ever fully grow out of trying to be more like each of
you. Thank you to my extended family for your support and understanding these past few years as
I’ve pursued my degree and had to miss more than a few family events. To Annie Epley, Lexi
Clark, and Sonia Chakrabarty—you three have been a constant in my life since middle school (and
earlier), and your encouragement these past years has meant so much to me. Thank you for
forgiving me for all the gatherings I could not attend and messages | failed to answer.

To my adviser, Dr. Ethan Lippmann, I’ve spent a considerable amount of time
contemplating what | wish to say to you, and no words are sufficient. Before | started graduate
school, I genuinely thought that | was making the biggest professional mistake of my life. Now, |
realize that missing the experience of working with you these past few years would truly have been
the biggest mistake | could have made. Thank you for the countless hours you have invested in my

professional development and for the abundance of patience you’ve had with me as I’ve discovered



new ways to fail at science daily. More importantly, thank you for your boundless excitement
towards our science, your willingness to jump headfirst into the unknown, the countless laughs we
have shared in our many meetings, the memories from our globe-trotting conference adventures,
and for the frequent, well placed reminders that it’s not all about me. I believe we have built
something truly special with this research group, and it has been an honor and privilege to be your
first student. I hope that I made you proud.

Finally, and most importantly, | want to thank my husband, Matthew, for the countless
ways in which you made this Ph.D. possible. I will never be able to adequately thank you for all
of the sacrifices you have made so that | could pursue this goal. Your selflessness and patience as
we’ve lived life in thirty-hour increments for the past few years is nearly beyond comprehension.
Thank you for being my biggest advocate, my strongest supporter, and my best friend. This Ph.D.

simply would not exist without you. | am forever thankful that you are my person.

Vi



TABLE OF CONTENTS

Page
|2 21 5 1 (072N I (0 ) e ii
ACKNOWLEDGEMENTS . ... i
LIS T OF TABLES. ..o e e e e e e et e e e e e eeaans Xi
LIST OF FIGURES. . ..o e e Xii
Chapter
1 INTRODUCTION. ...ttt sttt e st e teeseese e st e e e testesreeseanaeneeneens 1
1.1 The blood-brain barrier in human health and diSEase............ccccuviririierierene s 1
1.2 Approaches to modeling the blood-brain barrier ..., 6
1.3 Current limitations in understanding blood-brain barrier regulation............c.ccocooniiininns, 8
1.4 CRISPR/Cas9 use in functional genomic SCrEENS ........ccvcveiverieiiieiieie e ese e see s 9
1.5 Organization Of diSSEITAtiON .........ccueiiiiiie i e 10

2 ACCELERATED DIFFERENTIATION OF HUMAN INDUCED PLURIPOTENT STEM

CELLS TO BLOOD-BRAIN BARRIER ENDOTHELIAL CELLS .....ccccooiiiiiiiieee 12
2.1 SUIMMIAIY ¢ttt ettt s e e e st e e e e st e e ab e e e R b e e e bb e e e bb e e e bbeeanbe e e anbeeennneeenntes 12
P20 1011 0o ot 1 o o 1TSS 13
2.3 Materials and MELNOAS ..........uiiiiiiiiee e 16
2.3.1 E4 Medium Preparation ..........cciveeiieiiee et ee et 16
2.3.2 E8 Medium Preparation ............ooeoererinieieieeniesie sttt 17
2.3.3 E6 Medium Preparation ..........ccccveueiieenesiesieseeseeseesiee e seessnesaesseessaesaesseesseenseans 17
2.3.4 Unconditioned medium (UM) preparation ...........cccccevveveiieeneeniesiee s see e 17
2.3.5 Endothelial cell (EC) medium preparation...........cocoovveiieeeieienenesesieseseeeenes 17
2.3.6 MaiNteNanCe OF IPSCS ......oiiiiieiice e 18
2.3.7 IPSC differentiation 10 BMECS........cccccoiiiiiiieieie s 18
2.3.8 IMMUNOCYTOChEMISIIY ... e e 19
2.3.9 Efflux transporter activity assay: substrate accumulation .............cccocevveieereennnnn. 20
2.3.10 Efflux transporter activity assay: aplical-to-basolateral flux...............ccccccovvnien. 21
2.3.11 Sodium fluorescein permeability.........ccoccooiiiiiiiie e 21
2.3.12 Primary human pericyte CUITUIE ..........cooviiiiiiii i 21
2.3.13 iPSC differentiation t0 aStrOCYTES ........c.cvveiiiiiieie e 22
2.3.14 Initiation Of CO-CUITUIE ........oiiiiie e 23
2.3.15 StatiStiCal ANAIYSIS ......cveieieieieese e 23
2.4 ReSUILS AN QISCUSSION .....c.viiiiiiiiieieiesie ettt st 23
2.5 CONCIUSION ...ttt bbbttt et e et et e neenbeeneenres 36
2.0 AAPPEINTIX 1.ttt bbb bbbt bbbttt nr s 38

vii



3

4

IPSC-DERIVED BRAIN ENDOTHELIUM EXHIBITS STABLE, LONG-TERM BARRIER

FUNCTION IN PERFUSED HYDROGEL SCAFFOLDS.........cccotiieieieiece e 40
3oL SUMMIAIY ..ottt ettt h e e s bt e e s b bt e e b b e e e bb e e e bt e e e be e e anbe e e nnneeenneeas 40
K07 [ a1 oo U od 1 o] o 1SRRI 40
3.3 Materials and MEthOGS ...........eoueiieiiee et enes 44
BB L CeIl CUIUIE . bbbt 44
3.3.2 Scaffold fabriCatiON .........coouiiiiii e 45
3.3.3 Cell SBEAING ...ttt 46
3.3.4 Scaffold culture and PerfuSION............coiveiiiieiiere e 46
3.3.5 Permeability MeaSUIEMENTS.......cccuiiiieiie it 47
3.3.6 Efflux tranSporter aCtiVIty @SSAYS .........cuiurerierieriesieriesiisieeee e 47
3.3.7 FRAP MEASUIEIMENTS ......eeiiiiiiieiieeiee st 48
3.3.8 Calculating diffusivity from FRAP data ...........ccccceevvevieieiiecec e 50
3.3.9 Diffusion imaging analySiS.........cccoeiiiiiiiiiieiee e 50
3.3.10 Shear CalCUIALIONS ..........ciiiieieie et 52
3.3.11 IMMUNOCYLOCNEMISIIY ...ttt are s 52
3.3 12 QPCR @NAIYSIS.....c.eiiiieiiieiieiee s 53
3.3.13 RNA sequencing and analySiS ..........cccuiiriririiiiine i 54
3.4 RESUILS AN QISCUSSION .....cviiiiiieiieiieiesie ettt bbb 54
TR I o4 Tod 11151 o] o PSP RTR 73
I G I Y o] o 1=1 3 To [ GRS R UPRT TP URPRPRPRPRIR 75
A SIMPLIFIED, FULLY DEFINED DIFFERENTIATION SCHEME FOR PRODUCING
BLOOD-BRAIN BARRIER ENDOTHELIAL CELLS FROM HUMAN IPSCS................... 84
A1 SUMIMAIY ..ttt bbbt bt st bbbt e bt et e b ettt et e bt e b e e be e b e ennennes 84
o [ oo L1 Tox 1 o] o RSP PR PRSP 85
4.3 Materials and MELNOAS ...........oiiiiie e e 86
4.3.1 Endothelial cell medium preparation............ccoeveririnineienese s 86
4.3.2 IPSC MAINTENANCE . .....eitiiiiiieite sttt sttt bbb se s enes 87
4.3.3 IPSC differentiation t0 BMECS.........ccccooiiiiiiiienieccieseeie e 87
4.3.4 iPSC differentiation t0 @SrOCYTES ........cviieiiirierie et 88
4.3.5 TEER MEASUIEMENT.......ceiiiiiiiie et 89
4.3.6 IMMUNOCYLOCHEMISTIY .....veiiiece e 89
4.3.7 Sodium fluorescein permeability 8SSaY ..........cocvreiiririniieiee e 90
4.3.8 Efflux transporter activity assay: substrate accumulation .............cccccccevvvereiiinnnen, 91
4.3.9 Efflux transporter activity assay: directional transport ............ccccecveveveeieiiiennen, 91
4.3.10 Quantification of tight Junction EXPreSSION .........cccovvirieiieieie s 92
4.3.11 StatiStiCal ANAIYSES.....c.veivieieieieiiece et nre s 92
4.4 RESUILS @NG QISCUSSION ..ottt sttt bbbttt st bbb n e nes 93
O O] Tod [ 1] o] o ST S T PPPRPRRRS 107
O N o] 1< T | TSRS PO TP URURORPPIN 108

INFLUENCE OF BASAL MEDIA COMPOSITION ON BARRIER FIDELITY IN IPSC-
DERIVED BLOOD-BRAIN BARRIER ENDOTHELIAL CELLS .......cccooviiiiiiiee 112

viii



5.1 SUMMIBIY ..ttt ekttt ekt et e s be e e st e e bt e esb e e sbe e e mb e e beeenbeennneenbeenneeas 112

oI 1011 0o [ od 1 o o SRS 113
5.3 Materials and MEtNOAS .........cuiiiiiiiieie e 115
5.3.1 IPSC MAINTENANCE......ceiviiiiiiiieitieie sttt sttt sae e b e nres 115
5.3.2 IPSC differentiation 10 BMECS..........cccoceiiiiiiiee e 115
5.3.3 Purification of iPSC-derived BMECS .........ccccoooiiiniiiiiiieiene e 116
5.3.4 TEER MEASUIEIMENTS ......eiiiiiieiieiie ettt 116
5.3.5 Fluorescein permeability measurements ............ccooererinineieienesc e 116
5.3.6 Efflux transporter assay — substrate accumulation ............ccccecceviveveeresinsvennene 117
5.3.7 IMMUNOCYLOCHEMISIIY ..o 118
5.3.8 RNA sequencing and pathway analysis .........ccccooerereriinienieienenesesiese e 118
5.3.9 PhoSpho-proteome @nalySiS ..........ccvveieeieiieeiireie e e eie e e eee e e see e sae e 119
5.4 ReSUILS aNd ISCUSSION .....ccuviiiiiieiieieiiesie ittt sttt 120
TSI 008 Tod [11S] o] o H SR URTPR 130
5.6 APPEINTIX ..ttt bbbttt bbbt 131
ROLE OF SCAFFOLDING PROTEIN IQGAP2 IN BLOOD-BRAIN BARRIER
ENDOTHELIAL CELLS ..ottt sttt 133
6.1 SUMIMANY ...ttt bttt b bt e bt e bt he e b e et e e s bt e b e e se e beenn e 133
LT 01 oo [0 Tod o] o H OSSOSO PSR 133
6.3 Materials and MEthOAS ..........ooviiiiie e 135
6.3.1 MaintenanCe Of IPSCS ......cccviieiiee e 135
6.3.2 Differentiation of IPSCS 10 BMECS .......cccooiiiiiiiiiiiceeeee e, 136
6.3.3 RNA isolation and SEQUENCING ......ccvveiieeiiieiieeiiiesreesiee e stee st stee e e veesnne s 136
6.3.4 Quantitative polymerase Chain reaction ............c.cocevvririinieienene e 138
6.3.5 Protein extraction and Western BIOt...........ccoovvviiiiiiiiiice 138
6.3.6 Development of IQGAP2 antibody .........cccuveiiriiniiiie s 139
6.3.7 CACO2 MAINTENANCE. ......eeiveeeeeriesieeieeriesteesteeseesreesteeseesseesteeeeaneesseeeeaneesseenseaneenres 140
6.3.8 HUVEC MAINTENANCE .....ccvvinieieiiesieiie sttt 140
6.3.9 IMMUNONISTOCHEMISIIY ....ccviiiiic e 140
6.3.10 Fluorescence in-situ hyBridization ..o, 141
6.3.11 IMMUNOCYLOCNEMISIIY ..o 142
6.4 RESUILS AN QISCUSSION .....vevviiiiiiieie ittt sttt sttt sttt ne e 143
TSI 00 Tod 11151 o] o RSP PR 149
RO R AN o] 0 =T oo [ RS PS 150
HIGH-THROUGHPUT CRISPR/CAS9 SCREEN TO IDENTIFY MODULATORS OF
PARACELLULAR PERMEABILITY ..ottt 151
7.1 SUIMMIBIY <.ttt h e e bttt e s skt e e s bt e e bt e e ekt e e e kb e e e bt e e e bbeennbeeennbeeennes 151
A )0 To [0 Tod o]  H OSSPSR PSR 151
7.3 Materials and MEthOAS .......c.ooiiiiiiie et 153
7.3.1 Preparation of complete growth medium ..........ccoooeiiriiininienen e, 153
7.3.2 Preparation of transduction Medium ...........cccooveiieiiiicie e 154
7.3.3 Preparation of transfection Medium ..., 154
7.3.4 Preparation of 2X anti-anti MediUum ..o, 154

iX



8

9

7.3.5 Preparation of serum-free barrier formation medium .............cccoooeviieieiieennn, 154

7.3.6 Generation of Cas9-expressing Caco2 CellS...........coviiiiiiiiiniiieee, 154
7.3.7 Fluorescence activated Cell SOMiNG.........ccoveveiieiieeiiiie e 155
7.3.8 Cell MAINTENANCE ..o e 155
7.3.9 Protein isolation and western BIOtHNG .........cccooviiiininiiiic e, 156
7.3.10 IMMUNOCYLOCNEMISIIY ....ecviiiie e 157
7.3.11 Transfection of synthetic CRISPR reagents........c.cccceviviiieiiiiiie e 157
7.3.12 Preparation of synthetic CrRNA TIDrary..........ccocooiiiiiiiiieee, 158
7.3.13 Transfection of arrayed CRISPR reagents .........cccccveververesiiesieene e seesee e 159
7.3.14 Maintenance of transfected CellS ... 159
7.3.15 Immunocytochemistry for arrayed plates...........ocvvvviieiiienene e, 160
7.3.16 High-content IMaging .......ccecoueivereeieieeseesie e e eie s e e seesnee e see e sneesneeneenns 161
7.3.17 IMAgiNg @NAIYSIS ....veiveeiiieiecie et rs 161
7.4 RESUILS AN QISCUSSION .....vveviiiiieitieie ettt sttt et nbe e sneenteeneenreeee e 161
8T 03 Tod 11151 o) o OSSR 169
AT AN o] 0= [o 3 OSSPSR 170
CONCLUSIONS AND FUTURE OQUTLOOK .....ociiieieieie et 177
ST A 03 Tod 11157 o] o RSP 177
8.2 FULUIE OULIOOK ...ttt 180
REFERENGCES ... .ottt ettt be e s e st et e st tenbesbaereeneeneens 186



LIST OF TABLES

Table Page
A. 2.1 Primary antibodies used in immunocytochemistry eXperiments ..........ccccoocevveeveneeneennnnn. 38
A. 2.2 Secondary antibodies used in immunocytochemistry eXperiments ...........cc.ccocvvevvrnenenn 38
A. 4.1 Primary antibodies used in immunocytochemistry experiments ...........ccccccecevveresinennnn 108
A. 4.2 Secondary antibodies used in immunocytochemistry exXperiments ............ccccevveervenene. 108
A. 5.1 Primary antibodies used in immunocytochemistry eXperiments. .........ccccoceoververeriinieennn. 131
A. 5.2 Secondary antibodies used in immunocytochemistry experiments. ............ccceevevvrienenn 131

A. 6.1 Primary antibodies used in immunocytochemistry and immunohistochemistry
BXPEITIMIEINTS. ...ttt b bbbt b e st e e bbbt bt bbb et e bt bbbt et 150

A. 6.2 Secondary antibodies used in immunocytochemistry and immunohistochemistry
0L 41T 01 G PSSP 150

A. 7.1 Primary antibodies used for western blot and immunocytochemistry experiments. ....... 175

A. 7.2 Secondary antibodies used for western blot and immunocytochemistry experiments. ... 176

Xi



LIST OF FIGURES
Figure

1.1 Transporter expression at the blood-brain barrier. Brain microvascular endothelial cells
express a host of molecular transporters tasked with providing nutrients to the CNS
parenchyma, clearing waste, effluxing potential neurotoxins, and preventing nonspecific
transport by transcellular and paracellular routes. Image adopted from Zlokovic, 2011, with

permission from Springer NATUIe [4]. ....ooo i

1.2 The blood-brain barrier along the vascular tree. Oxygenated blood flows from
arteries/arterioles, which are supported by smooth muscle cells, to highly specialized
capillaries, and finally through postcapillary venules/veins. Postcapillary venules/veins have
a larger perivascular space than other portions of the vascular tree and are the site of immune
cell extravasation on the rare incidence it occurs. Capillaries and venules/veins are supported
by pericytes, and astrocytes ensheath endothelial and mural cells across the entire tree.

Adopted from Yousef, et al., with permission from Springer Nature [33].......cccccceevvviervennenn.

1.3 Consequences of blood-brain barrier breakdown. Blood-brain barrier breakdown may
result in the non-specific leakage of blood-borne ions, molecules, and cells into the CNS
parenchyma. The collective result of this breakdown is the interruption of correct neuronal

function. Adopted from Sweeney, et al., with permission from Springer Nature [48].............

2.1 Differentiation of iIPSCs to BMECs. iPSCs were seeded at defined densities and
differentiated for either 6 days in unconditioned medium (UM) or for 4 days in defined E6
medium. Impure immature BMECs were subsequently treated for 2 days with endothelial
cell (EC) medium supplemented with bFGF and retinoic acid (RA). Mature BMECs were
purified onto Transwell filters or plates for 24 h in EC medium supplemented with bFGF
and RA. 24 h after purification, barrier was induced by treating cells with EC medium

1aCKING DFGF anNd RA. ..ottt be e nne s

2.2 Immunocytochemical analysis of BBB markers before and after purification. (a)
Immunocytochemical detection of PECAM-1 after 4 D E6 medium. Scale bar is 200 pum. (b)
Immunocytochemical detection of GLUT-1, occludin, PECAM-1, and VE-cadherin after 4
D E6 medium and 2 D EC medium supplemented with bFGF and RA. All scale bars are 50
um. (¢) Immunocytochemical detection of claudin-5, GLUT-1, occludin, PECAM-1, and
VE-cadherin following purification and induction of barrier phenotype. All scale bars are 50

10 TP U TP T TP UR PV PPRORPT

2.3 BMECs differentiated using UM and E6 medium demonstrate equivalent maximum
TEER and stability. For each medium, three filters were seeded with BMECs, and TEER
was measured in three different positions for each filter. Each plot is the result of one
biological replicate (n=1) with each daily TEER measurement the result of a technical n=9.
Values are reported as mean * standard deviation of these collective measurements. (a)
BMECs differentiated using E6 medium demonstrated maximum TEER values of at least
2,500 Qxcm2 for a minimum of 11 days in three biological replicates (i-iii). TEER was
measured approximately every 24 h for the duration of the experiment. (b) BMECs

xii
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differentiated using UM demonstrated maximum TEER values of at least 2,500 Qxcm?2 for
a minimum of 12 days in three biological replicates (i-iii). TEER was measured
approximately every 24 h for the duration of the experiment. .........ccccccevvevviieiicse e 26

2.4 E6-derived BMECs and UM-derived BMECs demonstrate equivalent efflux transporter
activity. E6-derived BMECs and UM-derived BMECs were incubated with rhodamine 123
(R123) or H2DCFDA in the presence and absence of efflux transporter inhibitors, PSC833
and MK-571, respectively. Fluorescence accumulation within cells incubated with
fluorescent substrate in the presence of the desired inhibitor was normalized to fluorescence
accumulation in cells incubated with substrate but with no inhibitor. Each condition was
performed using triplicate wells, and cell count per condition was calculated as an average
from 6 images taken from 1 additional well for each condition. All fluorescence values are
normalized on per-cell basis and reported as normalized mean fluorescence + standard
deviation. Two-way ANOVA analysis indicates no statistical difference (p > 0.05) in
fluorescence accumulation between E6-derived BMECs and UM-derived BMECs. All
substrate and inhibitor conditions were repeated in an additional independent differentiation
per medium to confirm reported trends. ..........ccoveiieieiic e 28

2.5 BMEC differentiation using E6 medium translates to additional iPSC lines. iPSC lines
CD12, CC3, and SM14 were differentiated to BMECs with E6 medium as described in
Figure 1, and TEER was measured approximately every 24 h. For each differentiation, three
filters were seeded with BMECs, and each filter was measured at three locations on the filter.
Each plot is the result of one biological replicate (n=1) with each daily TEER measurement
the result of a technical n=9. All values are mean + standard deviation of these nine total
measurements per condition. (a) CD12-derived BMECs achieved maximum TEER values
exceeding 4,000 Qxcm?2 and maintained TEER above 1,000 Qxcm?2 for a minimum of 11
days in 3 independent biological replicates. (b) CC3-derived BMECs achieved maximum
TEER values exceeding 3,500 Qxcm2 and maintained TEER above 1,000 Qxcm?2 for a
minimum of 8 days in 3 independent biological replicates. (c) SM14-derived BMECs
achieved maximum TEER values exceeding 2,500 Qxcm2 and maintained TEER above
1,000 Qxcm?2 for a minimum of 11 days in 3 independent biological replicates. (d) Apical-
to-basolateral flux of rhodamine 123 (R123) and H2DCFDA was measured across BMECs
in the presence or absence of PSC833 and MK-571, respectively. Fluorescence was
normalized to cells not treated with inhibitor and reported as normalized mean fluorescence
+ standard deviation. Each condition was performed using triplicate filters and statistics were
calculated using a technical n of 3. Statistical significance was determined using the
Student’s unpaired t test (*, p<0.1; **, p<0.05; ***, p<0.01). Data from one biological
experiment are shown, and an additional biological replicate was performed for each line to
verify the observed trends. (e) The permeability of sodium fluorescein was measured across
BMECs. Each experiment was performed using triplicate filters and data are presented as
mean = standard deviation. Biological duplicates were used to verify each measurement. The
effective permeability (Pe) was calculated at less than 1.95x10-7 cm/s for all lines. .................. 30

2.6 E6-derived BMECs respond to inductive cues from astrocytes and pericytes. (a) Co-
culture of CD12-derived BMECs with astrocytes, pericytes, and a mixture of astrocytes and
pericytes achieved maximum TEER values exceeding 4,000 Qxcm2 and maintained TEER
above 1,000 Qxcm2 for a minimum of 22 days under all co-culture conditions. Each

Xiii



condition was conducted on triplicate filters with all BMECs purified from a single
differentiation. Each filter was measured at three different locations on the filter each day.
Values are mean = standard deviation from these collective nine technical replicates per
condition per day. Maximum TEER values achieved on day 8 of subculture were normalized
to the TEER of the monoculture control. Statistical significance was calculated using
Student’s unpaired t test. (b) CC3-derived BMECs were co-cultured with a mixture of
astrocytes and pericytes, achieving a significant increase in TEER 24 h after barrier
induction (p<10-5, Student’s unpaired t-test). Each condition was conducted on triplicate
filters with all BMECs purified from a single differentiation. Each filter was measured at
three different locations on the filter each day. Values are mean + standard deviation from
these collective nine technical replicates per condition per day. BMECs were subsequently
stained for occludin and claudin-5 in both control and co-culture conditions. Scale bars are

R 0T s F T TP PP PRPPURPTPRRTPRN

A. 2.1 Characterization of astrocytes and pericytes in coculture with iPSC-derived BMECs.
(@ IMR90-4 iPSC-derived astrocytes were fixed upon termination of the coculture
experiment, and the impure populations were stained for (i) GFAP. (b) IMR90-4 iPSC-
derived impure astrocytes and primary brain pericytes were fixed upon termination of the
coculture experiment. Astrocytes were stained for (i) GFAP, and pericytes were stained for
(i) PDGFRp. Percentage of GFAP+ and PDGFRf+ cells in (a) and (b) was determined by
normalizing GFAP+ and PDGFRf+ positive cells to total nuclei count in 6 frames per stain
imaged, and scale bars 200 um. (¢) Primary brain pericytes, absent co-culture with BMECs,
were stained for PDGFRf, NG2, and aSMA at passage 15 to verify identity. Scale bars are
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3.1 Cell-laden scaffold assembly and perfusion. (A) Fabrication of gelatin channel within
supportive PDMS rig and (B) fully assembled perfusion platform. (C) Schematic for cell
seeding and initiation of experiments. (D) BMECs stained with Calcein AM Ester following
7 days of culture on the channel surface as shown by orthogonal confocal image. Scale =
100 um. (E) Morphology comparison between Calcein AM-stained BMECs cultured in 2D

tissue culture plates (i. & ii.) and in gelatin channels (iii. & iv.). Scale =50 pm............cccue..e.

3.2 Quantitative comparison of cell monolayer permeability in perfused and non-perfused
channels. (A) Confocal images of 3 kDa dextran (Red) diffusion in gelatin channels lined
with either iPSC-derived BMECs or HUVECSs. Images show samples cultured for 7 days
under static conditions (Scale = 100 um). (B) Intensity profiles across channels lined with
BMECs (top) or HUVECs at 0 and 60 min of perfusion with 3 kDa dextran. (C) Graphical
depiction of permeability to 3 kDa dextran on days 1, 7, and 14 of culture under either static
culture or continuous perfusion at 100 pl/min. Average permeability coefficients are listed
in (D). Data are compiled from at least 8 separate channel seedings, comprised of cells
obtained from 5 independent differentiations. N > 3 independent biological replicates for all
data points. Error = £ 1 SD, (*) indicates p < 0.05, (**) indicates p < 0.01 based on one-way
ANOVA. Individual values from each replicate (e.g. measurements from individual devices)
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3.3 Permeability coefficients for molecules of varying molecular weights. Comparison of
permeability for (A) sodium fluorescein, (B) 3 kDa dextran, and (C) albumin between pVas,
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IMR90-4-derived BMECs, and CC3-derived BMECs that were maintained under either
static conditions or continual perfusion for 14 days. (¢) indicate actual values of individual
replicates. N > 3 independent biological replicates for all data points. Error = + 1 SD, (*)

indicates p < 0.05 based on one-way ANOVA . ...

3.4 Immunofluorescent staining. (A) IMR90-4-derived BMECs labeled for occludin and
claudin-5 at day 1 under static conditions. Nuclei are counterstained with Hoechst. (B)
IMR90-4-derived BMECs labeled for F-actin at day 1 under static conditions and day 14
under perfused conditions. (C-D) HUVECs, uVas, and IMR90-4-derived BMECs labeled
for VE-cadherin and claudin-5 at day 7 under static (panel C) and perfused (panel D)
conditions. Each individual image reflects a summative z-projection of individual confocal
images without additional processing to flatten images. For each fluorescence channel, the
intensity scale is held constant across all samples. As a result, in some images there is a
perceived decrease in fluorescence signal for points farthest from the objective that is
reflective of channel curvature and slight variations in gelatin topology rather than inherent
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3.5 Relative impact of shear on BMEC permeability. (A) Permeability to 3 kDa dextran in
IMR90-4-derived BMECs perfused at 100 ul/min over 21 days. N > 3 independent biological
replicates for all data sets, except N=2 independent biological replicates for the day 21 time
point. (0) indicate actual values of individual replicates. Error bars indicates + 1 SD. (B)
Permeability coefficients to 3 kDa dextran in BMECs perfused for 14 days at 100, 300, and
1000 pl/min, compared to the static control. (¢) indicate actual values of individual
replicates. N=2 independent biological replicates for 1000 pl/min dataset, N > 3 independent
biological replicates for all other cohorts, (**) indicates p<0.01 as compared to static based
upon one-way ANOVA and error bar indicates = 1 SD. (C) Images showing cell sprouting
in channels perfused for 14 days (left) at 100 and 1000 pl/min, and 21 days (right) at 100
pl/min. Top image is bright field, bottom image shows cells stained by Rhodamine 123.
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3.6 Assessment of efflux transporter activity reflects long-term BMEC functionality in
perfused channels. (A) Confocal images (z-projections) of IMR90-4-derived BMECs after
14 and 21 days of perfusion at various flow rates that were imaged over the course of one
hour of perfusion with medium containing Rhodamine 123 alone (control; top row) or
following a 1-hour pre-incubation with cyclosporin A (bottom row). Each pair of control
versus cyclosporin A comparisons were conducted using separate channel devices from the
same seeding and perfusion cohort. Images reflect summative z-projections of confocal z-
stacks without any further processing to flatten images, and all images are presented using
the same intensity scale. (B) The increase in cellular Rhodamine 123 accumulation resulting
from p-glycoprotein inhibition is quantified in terms of cellular fluorescence intensity
relative to non-inhibited controls. N > 2 independent biological replicates for each data set.
(0) indicate actual values of individual replicates. (C) Comparison of Pgp and MRP activity
in channels lined with either uVas or BMECs after 14 days of culture. N > 3 independent
biological replicates for each data set. Error bars indicate £ 1 SD. (*) indicates p < 0.05 based
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A. 3.1 Effects of hydrogel composition upon EC attachment. (A) IMR90-4-derived BMECs
were seeded in 6-well plates coated with collagen/fibronectin solution (ECM Alone) or thin
hydrogels comprised of enzymatically crosslinked 10% gelatin (Gel Alone), 10% gelatin
treated with collagen/fibronectin (Gel + ECM), or 10% gelatin/0.25% Sodium-alginate
treated with collagen/fibronectin solution (Gel+Alg+ECM). Gelatin/alginate hydrogels
were crosslinked with mTG suspended in a 30 mM CaCl: solution. Cells were labeled with
1 uM mitochondrial stain, tertramethylrhodamineester (TMRM, Thermo Fisher) to identify
live cells in fluorescence images. Scale bar represent 100 um. (B) Graph illustrating the
percent increase in maximum TEER values obtained from IMR90-4-derived BMECs,
initially differentiated at starting iPSC densities of 120,000 or 150,000 cells per well [147],
cultured on 7.5% gelatin hydrogels treated with collagen/fibronectin solution relative to non-
treated hydrogels. Results reflects data compiled from 3 independent seedings from the
120,000 cells/well condition (N=3 Transwell filters per seeding, or N=9 total) and 2
independent seedings from the 150,000 cells/well condition (N=3 Transwell filters per

seeding, or N=6 total). Error bars indicate £ 1 SD. .....c..ccceceiiiiiieiicie e

A. 3.2 Permeability measurement data. Calculated values for 3 kDa dextran in (A) static and
(B) perfused channels lined with HUVEC, pVas, IMR90-4-derived BMECs, or CC3-derived
BMECs. Two explicitly different IMR90-4-derived BMEC batches were used to directly

compare biological variance (denoted as D1 and D2). .......c.cccevveieiieneiiie i

A. 3.3 gPCR analysis of BBB related markers. Relative expression of MSFD2A, CAV1
(Caveolin-1), OCLN (Occludin), and SLC2A1 (GLUT-1) in IMR90-4-derived BMECs
versus pVas cells isolated from channels after 14 days of continual perfusion. GAPDH was
used as the housekeeping gene. N=3 independent biological replicates for each condition.
Error bars indicate + 1 SD. Statistical significance was calculated using the student’s

unpaired t-test: *, p<0.05; **, p<0.01; N.S., P>0.05. ...oooiiiiiiiiece e

A. 3.4 Permeability measurements from 3D stop-flow conditions and 2D Transwell controls.
(A) Permeability of CC3-derived BMECs and RFP-HUVECs to 3 kDa dextran when
cultured on Transwell filters. (B) Permeability values from diffusion of sodium fluorescein,
3 kDa dextran, and albumin across cell monolayers after 14 days under stop-flow conditions.
IMR90-4-derived BMECSs and pVas were subjected to 10 min of media perfusion per day at
100 pl/min for 14 days. For all experiments, data represent mean + SD calculated from N=3

independent DIOIOGICAl FEPIICALES. .......cviiiie it

A. 3.5 Perfusion system assembly components. (A) Fully assembled fluidic culture apparatus
used for continual and stop-flow perfusion experiments. (B) List of individual components
used to construct perfusion system. The total volume of medium within the perfusion system

during an experiment is estimated to be between 40-45 Ml...........cccooeviiiiiieii i

A. 3.6 Measuring diffusion coefficients in gelatin matrix using FRAP analysis. Related to
Figure 2 and Experimental Procedures. (A) Calculated diffusion coefficient values based
upon N > 3 experiments. (B) Comparison of molecular weight to calculated diffusion
coefficient. Slope of the line is -0.53 with an R-squared value of 0.997, which correlates with
previous reports [188]. (C) Half-recovery times of fluorescein and dextran FRAP
experiments. (D) Effective radius measurements of bleached samples. Error bars indicate +
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1 SD. (E) Screen capture illustrating ROI delineations for image processing in Fiji. (F)
Representative plot of Log (C) versus time generated from intensity profiles in MATLAB.
The slope of the linear plot corresponds to Lambda (1) and is used in Equation S4 to calculate
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4.1 Exclusion of serum during the differentiation of iPSCs to BMECs yields robust passive
barrier properties. (A) Differentiation scheme, including media variations and timing. (B)
iIPSCs differentiated concurrently with different batches of serum exhibit varying passive
barrier phenotype as assessed by TEER. (C) iPSCs were differentiated concurrently using
PDS, 50x% diluted B27, or 200x diluted B27. (D-E) CC3 BMECs (panel D) and CD10
BMECs (panel E) produce equivalent TEER profiles at 50x and 200x B27 dilutions. Trends

were confirmed across biological N=3. ...

4.2 Further evaluation of passive and active barrier functions of BMECs differentiated under
serum-free conditions. (A) Immunocytochemical detection of occludin, claudin-5, VE-
cadherin, GLUT-1, and PECAM-1 on day 6 of differentiation. All scale bars are 50 pm. (B)
Immunocytochemical detection of occludin, claudin-5, VE-cadherin, and GLUT1 48 h
following purification. All scale bars are 50 um. (C) Effective permeability of sodium
fluorescein for biological N=3. Data are reported as mean + standard deviation from
technical triplicates. (D) Intracellular fluorescence accumulation was measured in cells
incubated with P-glycoprotein and MRP substrates and inhibitors. All values are reported as
mean + standard deviation from technical triplicates. Statistical significance was determined
using Student’s unpaired t-test (***p<0.001). Trends were confirmed across biological N=3.
(E) Apical to basolateral flux of rhodamine 123 (R123) and H2DCFDA in the presence or
absence of cyclosporin A (CsA) and MK-571, respectively. Data are reported as normalized
mean + standard deviation from technical triplicates. Statistical significance was determined
using Student’s unpaired t-test (**p<0.01). Trends were confirmed across biological N=3.
(F) TEER measurements in CC3-derived BMECs co-cultured with CC3-derived astrocytes.

Trends were confirmed across biological N=3. ...

4.3 Serum-free differentiation improves BMEC fidelity in iPSC lines harboring known
disease mutations. (A) HD70-2 and (B) TSP8-15 iPSCs were differentiated to purified
BMECs using either PDS or 200x diluted B27, and TEER was measured approximately
every 24 h after purification. (C) Differentiations were replicated for an additional biological
N=2 to examine reproducibility. (D) Immunocytochemical detection of occludin, claudin-5,
VE-cadherin, and GLUT-1 in purified HD70-2 BMECs. All scale bars are 50 um. (E)
Normalized junctional area for claudin-5 and occludin in HD70-2-derived BMECs and CC3-
derived BMECs was calculated across a minimum of 3 fields per marker. Statistical
significance was determined using Student’s unpaired t-test (**p<0.01). (F) Intracellular
fluorescence accumulation was measured in purified HD70-2 BMECs incubated with
rhodamine 123 (R123) in the presence or absence of the inhibitor cyclosporin A (CsA). All
values are reported as mean * standard deviation from technical triplicates. Statistical
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significance was determined using Student’s unpaired t-test (***p<0.001). Trends were
confirmed across DIologiCal N=3. ...

4.4 Fully defined differentiation medium produces BMECs. (A) iPSCs were differentiated
to BMECs using either 1x N2 supplement or a custom cocktail of insulin, transferrin, and
selenium (ITS). TEER was measured approximately every 24 h hour after purification.
Biological N=7 per condition. (B) The long-term stability of CC3-derived BMECs and (C)
CD10-derived BMECs differentiated using 200x diluted B27, 1x N2 (CC3 only), or ITS was
tracked via TEER measurements. Biological N=3 per condition per line. (D)
Immunocytochemical detection of occludin, claudin-5, VE-cadherin, and GLUT-1 in
purified CC3 BMEC:s differentiated in ITS. Scale bars are 50 um. (E) Effective permeability
of sodium fluorescein across biological N=3 for CC3-derived BMECs differentiated using
ITS. Data are reported as mean * standard deviation from technical triplicates. (F)
Intracellular fluorescence accumulation was measured in CC3-derived BMECs
differentiated using ITS incubated with P-glycoprotein and MRP substrates and inhibitors.
All values are reported as mean * standard deviation from technical triplicates. Statistical
significance was determined using Student’s unpaired t-test (**p<0.01, ***p<0.001). Trends
were confirmed across biological N=3. ...

A. 4.1 TSP8-15 IPSC CharaCteriZation..........cccccueiverieierieesieeiesresieeeeseeieseesseeseesseesseessesseessens
A. 4.2 MATLAB script for junction quantification ..............ccccoeveiiiiciiece e

5.1 Differentiation of iPSCs to BMECs in NB and DMEM basal media. (A) Differentiation
scheme to produce BMECs using either neurobasal (NB) or DMEM/F12 with Glutamax
(DMEM) basal media with appropriate supplements. BMECs were purified on day 6 for
further analyses. (B) Purified BMECs differentiated from CC3 and CD10 iPSCs both
DMEM and NB basal media exhibit robust expression of canonical BBB endothelium
markers, namely VE-cadherin, claudin-5, occludin, and GLUT-1. Scale bars are 50 um. (C)
CC3 BMECs differentiated using DMEM, NB, or a 50:50 mixture of DMEM and NB display
strikingly different TEER as a result of media composition. (D) Despite differences in TEER,
permeability to sodium fluorescein was unchanged between conditions. Permeability for all
basal medium conditions was measured for a biological N=3, and for each biological
replicate, flux was measured across triplicate Transwell filters containing cells. Permeability
values for cells on Transwells were corrected for mass transfer resistance due to the filter
using the measured permeability across the included empty filter. All permeability values
reported herein are therefore effective permeability values. ...

5.2 iPSC-derived BMECs maintain capacity for dynamic response to media composition
changes throughout culture. CC3 BMECs differentiated in DMEM were switched to EC
medium containing either DMEM or NB on (A) day 1 or (B) day 7 of subculture; cells
switched to NB on either day exhibited a strong increase in TEER. (C) In contrast, cells
differentiated in NB and switched to DMEM on day 1 of subculture display a dramatic
decrease in TEER as compared to TEER of BMECs given fresh NBonday 1..........ccccceeeenenn

5.3 BMECs differentiated using NB and DMEM display active efflux transporter activity.
CC3 BMECs differentiated using DMEM and NB exhibited active (A) P-glycoprotein
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activity and (B) MRP efflux activity. Accumulation was measured for each transporter for a
biological N=3, and substrate accumulation was normalized in each replicate to the
accumulation in cells lacking inhibitor. All values are reported as mean * standard deviation,
and statistical significance was determined using Student’s unpaired t-test. ***p<0.001 .........

5.4 RNA sequencing, pathway, and phospho-proteomic analysis of BMECs provides insight
into basis of functional differences. (A) CC3 BMECs differentiate using DMEM and NB
underwent RNA sequencing analysis and were found to cluster strongly based on basal
media composition across biological N=3 per media condition. (B) Subsequent analysis
identified differentially regulated genes under each media composition. (C) Despite the
plethora of differentially expressed genes, a small number of pathways were found to be
differentially regulated. (D) Phospho-proteomic analysis identified multiple kinase
substrates phosphorylated to varying degrees under the different media conditions. (E) These
differences in phosphorylation level were quantified to assess relative levels of pathway
Y0 (V22 L[] SRS RRPPRRTROPRS

A. 5.1 Complete phospho-proteome array for CC3 BMECs differentiated using DMEM and
NB. Coordinates for substrates may be found in manufacturer’s instructions. ............cccocveeenne.

6.1 RNA sequencing of iPSC-derived BMECs of varying fidelity. (A) iPSCs were
differentiated in E6 medium for 4 days before expansion in endothelial medium containing
DMSO, RA, or CD3254. Resultant cells were subsequently purified, and barrier formation
was induced by the removal of bFGF from the medium. RNA was subsequently extracted
from these cells and submitted for sequencing. (B) Principal component analysis indicates
that the DMSO/RA/CD3254 treatments were the primary driver of transcriptional
differences between the cell populations. (C) Volcano plot highlighting differentially
expressed genes in RA versus DMSO conditions. (D) Volcano plot highlighting
differentially expressed genes in CD3254 versus DMSO conditions. ..........cccccvevvvvieieeniesiennnnn

6.2 Characterization of IQGAP2 expression in vitro. (A) iPSCs were differentiated to
immature or mature BBB endothelium, and IQGAP2 expression was assessed using qPCR
and western blot. (B) gPCR results for IQGAP2 follow trends found in RNA sequencing
data. (C) IQGAP2 expression was assessed in BMECs differentiated using DMSO, RA, and
CD3254 as well as in Caco2 and HUVEC controls. (D) Immunocytochemical detection of
IQGAP2 in Caco2s, HUVECs, and BMECs. Scale bars are 50 pm. ........ccccocevvevvveeieeiiesiennnn,

6.3 In vivo detection of IQGAP2 in human tissues. (A) IQGAP2 expression in human brain
cortex. (B) IQGAP2 mRNA transcripts in human brain cortex vasculature. (C) IQGAP2
expression in human liver. Scale bars are all 50 um.........ccccoovveviiiiiicce e

7.1 Generation of Cas9-expressing Caco2 cells. (A) Unmodified Caco2 epithelial cells were
transduced with lentiviral particles encoding a constitutively expressed, mKate2 tagged Cas9
variant. Clones harboring this insertion was selected via FACS. (B) Cas9 expression was
measured in selected clones as well as a polyclonal population via western blot. (C) The
ability of these modified to form tight junctions following Cas9 insertion and selection was
assessed by staining for occludin expression. Scale bars are 50 pum. Clone C6 (D) and Clone
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F7 (D) Cas9-Caco2s were cultured in maintenance medium and serum-free medium and
monitored for barrier formation by TEER Measurement...........cocevveveeeerieenesieseene e

7.2 Optimization and evaluation of TJP1 knockout in Cas9-Caco2s. (A) ZO-1 expression
was detected via immunocytochemistry in Cas9-Caco2s in untreated (i), Dharmafect 1 only
(i1), non-targeting control crRNA (iii), and TIJP1 crRNA delivered via low (iv), medium (v),
and high (vi) concentrations of Dharmafect 1 transfection reagent. All scale bars are 50 um.
(B) Degree of junctional disruption was assessed in conditions (i) through (vi) using our
custom MATLAB script. This disruption was quantified by (C) junctional area normalized
to DAPI, (D) junction length, and (E) junction width, all of which were normalized to
measurements made in untreated control SAMPIES. .........covvviiiiiiiciie s

7.3 Arrayed CRISPR screen to identify modulators of paracellular permeability. (A) Cas9-
Caco2s were (i) seeded onto prepared library plates containing complexed crRNA:tracrRNA
and Dharmafect 1 transfection reagent. (ii) Cells were cultured in serum-containing medium
for 48 hours before (iii) being switched to serum-free medium for 6 days to enhance barrier
formation. (iv) After six days, cells were fixed, stained, and imaged for ZO-1 localization.
(B) Screen results for genes previously identified for their contribution for tight junction
formation were assessed visually. (C) An extended cohort of genes, including those assessed
in (B), were for interrogated for changes in junctional area. (D) Loss of GPR1, whose
expression was previously identified as being upregulated in mature blood-brain barrier
endothelium, was found to result in decreased total junctional area. .............cccooceiiriiiiieennn,

A. 7.1 MATLAB code to average image quantifications for all sites in each well imaged. ......

A. 7.2 MATLAB code to normalize measurements for targeted genes to untreated and non-
targeting controls 0N €ach PIALE. ........cueiiiiiiii i

A. 7.3 MATLAB script to compile all generated spreadsheets into one master spreadsheet. ....
8.1 Evaluation of IQGAP1 and IQGAP2 expression in multiple cell types. .........cccevveveiiennnn

8.2 Loss of IQGAP2 in zebrafish results in increased immune cell infiltration into the
midbrain. Images are courtesy of Natasha O’Brown, Harvard University. ..........c.ccooeververvennenn.
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Chapter 1

INTRODUCTION

1.1 The blood-brain barrier in human health and disease

More than 3 million adult Americans are diagnosed annually with neurological disorders,
including Parkinson’s, Alzheimer’s, and Huntington’s diseases [1], and an estimated $789 billion
(2014 dollars) is spent annually by Americans as a result of only 9 of these diseases. This cost is
likely to increase dramatically as the population is expected to nearly double from 43.1 million in
2011 to 83.7 million by 2050 [2]. Despite the increasing personal and societal burdens caused by
these diseases, the pathophysiology of these diseases remains a mystery in many cases. Blood-
brain barrier (BBB) dysfunction has been associated with many neurological diseases [3-5].
Therefore, understanding of the biology and pathophysiology of the BBB will provide insight into
potentially druggable targets to help treat neurological disease.

The BBB, composed of brain microvascular endothelial cells (BMECs), tightly regulates
material exchange between the blood stream and central nervous system (CNS) parenchyma. Such
microenvironment regulation is critical to maintain synaptic transmission and circuit organization
[6]. BMECs are characterized by specialized tight junction proteins, including claudin-5 and
occludin, that limit paracellular diffusion of proteins, hydrophilic small molecules, and ions [7,8].
Limited paracellular flux across the BBB results in a characteristically high transendothelial
electrical resistance (TEER) [9]. In contrast, non-BBB endothelium exhibits less restrictive flux
of ions and molecules [10-12]. Transport across the BBB is regulated by multiple import
transporters [13], such as GLUT-1 [14,15], and efflux transporters [16], including P-glycoprotein

[17,18], breast cancer resistance protein (BCRP) [19], and multidrug resistance related protein



(MRP) family transporters [19]. Collectively, these transporters work to exclude potential
neurotoxins from the CNS parenchyma, which has a limited ability for self-repair, while ensuring
proper nutrient supply to the brain [20] (Figure 1.1). Finally, the BBB lacks fenestrae [8] and
experiences exceedingly low levels of bulk transcytosis and pinocytosis to restrict non-specific

macromolecule access to the brain [4,6].
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Figure 1.1 Transporter expression at the blood-brain barrier. Brain microvascular endothelial cells
express a host of molecular transporters tasked with providing nutrients to the CNS parenchyma,
clearing waste, effluxing potential neurotoxins, and preventing nonspecific transport by
transcellular and paracellular routes. Image adopted from Zlokovic, 2011, with permission from
Springer Nature [4].

The specialized nature of the BBB as compared to peripheral endothelium is evident from
the beginning of development. Development of brain vasculature is initiated when mesoderm-

derived angioblasts migrate and cover the neural tube to form the perineural vascular plexus [21].
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Vascular sprouts then invade surrounding neuroectoderm, guided by vascular endothelial growth
factor (VEGF) concentration gradients [22]. This VEGF-mediated guidance is not CNS specific,
though, and is critical for proper vascular development throughout the body [23]. In contrast,
Whnt/B-catenin signaling has been shown to be essential for CNS, but not non-CNS, angiogenesis
[15,24]. Neural progenitors in the developing forebrain and ventral region of the neural tube
express Wnt7a and Wnt7b. Binding of these ligands to Frizzled (Fzd) receptors on the developing
vasculature leads to inhibition of B-catenin degradation and activation of B-catenin target genes,
including SLC2A1 [24]. Further evidence of the CNS-specific role of Wnt signaling in
angiogenesis is found in the downstream activation of DR6 and TROY which further mediate vessel
sprouting [25]. Finally, while Wnt/B-catenin signaling acts in a non-cell autonomous fashion to
control CNS angiogenesis, cell autonomous control of CNS vessel sprouting is exerted by orphan
G protein-coupled receptor (GPR124) [26]. Deletion of Gprl24 in mice resulted in embryonic
lethality secondary to profound cerebral hemorrhage. Further investigation of this signaling
cascade identified Gprl24 and RECK as integral components for transducing Wnt7a/Wnt7b
signaling for CNS angiogenesis [27]. Thus, both cell-autonomous and non-cell autonomous events
contribute to the unique development of CNS vasculature.

Development of BBB endothelial cells does not occur in a vacuum. Rather, interactions
between brain microvascular endothelial cells, astrocytes, pericytes, microglia, and neurons are
essential for the development and maintenance of BBB properties, and together these cell types
form the neurovascular unit (NVU) [8]. Astrocytic secretion of Sonic hedgehog (Shh) promotes
the formation and maintenance of robust tight junctions, and deficits in this pathway result in
increased paracellular leakage [28]. Conversely, pericytes suppress transcytosis to reduce vascular

permeability and reduce immune cell infiltration by suppressing expression of Angpt2, Plvap,



Icaml, and Alcam, among others, in BMECs [29]. Microglia interactions with the BBB are
receiving increased attention due to their role in neuroinflammation [30], and increased
understanding of these interactions is likely to prove vital to the design and/or identification for
effective therapies for neuroinflammation.

Advances in transcriptional profiling techniques, especially RNA sequencing at both the
bulk and single cell levels, has provided significant insight into the molecular heterogeneity of the
BBB both regionally and along the vasculature tree [31] (Figure 1.2). Certain features of the BBB,
such as extensive tight junctions formed by claudin-5 and occludin, appear to be conserved across
these domains while expression of certain transporters and cell adhesion molecules appear to
depend strongly on positional identity [32]. For instance, recent work by Yousef, et al., identified
clustering of VCAML expression to arterial and venous endothelial cells within the aged mouse
hippocampus without appreciable expression in capillaries [33]. However, the molecular profiles
of these two clusters were markedly distinct. Arterial VCAM1+ populations displayed further
expression of genes associated with migration and proliferation. Venous VCAM1+ populations
were characterized by expression of cytokine receptors associated with inflammation [33]. The
degree to which changes in transcriptional activity as a function of location are regulated by
interactions with other members of the NVU is not yet fully understood. Understanding these
distinct molecular profiles, the resulting changes in BMEC behavior, and the role of NVU
interactions in mediating these identities is imperative for the future design of BBB-targeting

therapeutics.
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Figure 1.2 The blood-brain barrier along the vascular tree. Oxygenated blood flows from
arteries/arterioles, which are supported by smooth muscle cells, to highly specialized capillaries,
and finally through postcapillary venules/veins. Postcapillary venules/veins have a larger
perivascular space than other portions of the vascular tree and are the site of immune cell
extravasation on the rare incidence it occurs. Capillaries and venules/veins are supported by
pericytes, and astrocytes ensheath endothelial and mural cells across the entire tree. Adopted
from Yousef, et al., with permission from Springer Nature [33].

Dysfunction of the BBB is associated with many neurodegenerative diseases, including
multiple sclerosis [34], traumatic brain injury [35-38], Huntington’s Disease [39], ischemic stroke
[40], and natural neurovascular aging [41]. In diseases that do not disrupt the BBB, delivery of
therapeutics is hindered as many pharmaceuticals are unable to freely diffuse through the barrier
due to molecular size, hydrophilicity, and/or are substrates for efflux transporters [42,43]. BBB
dysfunction often manifests as increased transcellular and paracellular permeability, seen in
ischemic stroke [44], and as diminished efflux transporter activity and/or expression, as is seen in
Alzheimer’s Disease and Parkinson’s Disease [45—47] (Figure 1.3). Such dysregulation results in
altered brain concentrations of ions and macromolecules, including aloumin and neurotransmitters,
thereby leading to altered synaptic and axonal transmission as well as further exacerbation of

inflammation[6].
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Figure 1.3 Consequences of blood-brain barrier breakdown. Blood-brain barrier breakdown may
result in the non-specific leakage of blood-borne ions, molecules, and cells into the CNS
parenchyma. The collective result of this breakdown is the interruption of correct neuronal
function. Adopted from Sweeney, et al., with permission from Springer Nature [48].

1.2 Approaches to modeling the blood-brain barrier

In vivo approaches have been employed to understand the development and regulation of
the BBB, including the transport and toxicity of pharmaceuticals across the barrier. However, these
approaches are time intensive, expensive, and characteristically low throughput [49]. The BBB
comprises 1/1000tw of total brain volume, necessitating isolations from multiple animals in order
to have enough BMEC:s to either culture or perform direct analyses upon (e.g.- RNA sequencing)
[50]. In vivo platforms utilized in pharmaceutical screens require a prohibitive number of animals
to test compound libraries, plus perform downstream characterizations. Therefore, in vitro BBB
models are a preferred tool to interrogate BBB biology and study potential BBB-penetrating
therapeutics.

Traditional in vitro BBB models include BMECs isolated from animal sources as well as

immortalized or primary human BMECs [49,51]. Animal BMEC sources include mice [52], rats



[53,54], cows [55], and pigs [56,57]. BMECs from any of the aforementioned sources also have
the additional advantage of being amenable to culture with other cells of the neurovascular unit,
namely astrocytes, pericytes, and neurons, that aid in recapitulating the in vivo environment to
realize a more accurate BBB phenotype (e.g.- highly-organized tight junctions and low levels of
transcytosis) [58-61]. However, the non-human cell sources contain intrinsic species’ differences
in transporter sequences and structures, transporter activities, and transporter expression levels
[62]. Findings in these non-human cell-based models may not adequately translate into suitable
applications in humans. Therefore, a BBB model constructed only of human cells is the ideal tool
to investigate BBB function with the highest possibility of translational success.

Original fully-human BBB models employed either immortalized BMEC lines [63] or
BMECs isolated from primary tissue [64]. Immortalized BMECs provide an easily scalable and
relatively limitless supply of BMECs for in vitro modeling. These immortalized BMECs display
active efflux transporter activity but exhibit TEER levels well below physiologically relevant
values, thus rendering any biological findings as less than ideal for complete understanding of
paracellular transport across the barrier. In contrast, primary human BMECs possess moderate
barrier properties, but their tedious and low-yield isolation hinders their use in applications
necessitating large quantities of cells. Thus, an ideal BBB model would consist of easily scalable
human cells which accurately recapitulate the in vivo neurovascular environment.

Owing to their ability to extensively self-renew and differentiate into all somatic cell types
found in the human body, human induced pluripotent stem cells (iPSCs) offer an unprecedented
opportunity to interrogate BBB regulation and dysfunction. Human iPSCs have been successfully
differentiated into endothelial cells displaying characteristic in vivo BBB properties, including

expression of tight junction proteins, nutrient transporters, and active efflux transporters [65].



However, this model suffered from TEER values significantly below those recorded in animals.
The inclusion of retinoic acid (RA), secreted by radial glial cells in the developing CNS and
thought to impart BBB characteristics on immature BMECs in vivo [66], during the differentiation
process significantly improved the passive barrier properties of the BMECs, and co-culture of
these cells with other cell types of the neurovascular unit produced near in vivo TEER values [67].
While this model overcomes some limitations of the first-generation differentiation procedure, the
RA-enhanced BBB model still requires a lengthy differentiation scheme with chemically
undefined, costly medium, both issues which preclude the widespread adoption of this model.
Therefore, advances in differentiation techniques that decrease the time and cost of model
generation while further promoting in vivo properties will advance the adoption of an iPSC-derived

BBB model.

1.3 Current limitations in understanding blood-brain barrier regulation

While many advances have been made in understanding BBB development and regulation,
many questions remain unanswered concerning the genomic underpinnings of the highly
restrictive nature of the BBB [68,69]. Furthermore, despite the increasingly widespread use of
stem cell-based in vitro BBB models, much of the exploratory work relating to the BBB has been
limited to transcriptome profiling of isolated animal and human BMECs [70-72]. This approach
has recently resulted in discovering genes critical to BBB functionality, specifically Gprl24, a
gene encoding for a G-protein-coupled-receptor required for proper CNS angiogenesis and BBB
integrity via interactions in Whnt signaling [27,73-75], and Mfsd2a, encoding for a protein found
to be critical in regulating permeability across the BBB [72,76]. Though these breakthroughs have

contributed greatly to understanding BBB biology, these two genes constitute a small fraction of



what is likely a plethora of yet to be identified genes critical for maintaining a healthy BBB
phenotype. The limitation still exists that transcriptome profiling approaches from isolated primary
cells are intrinsically low throughput and subject to variability resulting from isolation techniques

[69]. Thus, a high-throughput platform for screening for BBB functional genomics is critical.

1.4 CRISPR/Cas9 use in functional genomic screens

Forward genetic screens, characterized by their “phenotype-to-genotype” approach, have
traditionally consisted of the use of chemical DNA mutagens and RNA interference (RNAI)
reagents to modify phenotypes and allow for the subsequent selection of causal genotypes [77,78].
However, incomplete gene knockdown/knockout, costly and labor-intensive identification of
causal genotypes, and confounding off-target effects have limited their utility in mammalian
genome-wide functional screens [79,80]. Programmable nucleases, including zinc finger proteins
(ZFNs) [81,82], transcription activator-like effectors (TALES) [83], and, most recently, Cas9 [84—
87], have emerged as ideal strategies for genetic manipulation [88].

Cas9 has gained considerable attention due to its programmable versatility and scalability
[89]. Originally derived from the microbial adaptive immune system CRISPR (clustered regularly
interspaced short palindromic repeat)[90], Cas9 may be directed to any genomic locus through the
complexing of the nuclease to a single-guide RNA (sgRNA). The sgRNA imparts specificity on
the nuclease activity by identifying target sequences through Watson-Crick base pairing of a 20-
base pair sequence at the 5’ end of the sgRNA [91]. Thus, multiple genomic loci may be targeted
in a single experiment through the addition of multiple sgRNA [84]. CRISPR/Cas9 is

advantageous over RNAI in genetic screens as off-target effects are reduced by the specificity



imparted by the sgRNA sequence, and gene knockdown is irreversible rather than dependent on
trans-gene expression levels [77].

Genome scale CRISPR-Cas9 screens have, thus far, been used primarily to identify
mechanisms for drug resistance or identify gene essentiality through live-dead readouts [91,92].
Limited progress has been made in applying this system to genome-wide screens in systems where
relevant phenotypes are considerably more subtle than a simple live-dead readout. For example,
in the case of BBB screens, genes responsible for regulating endocytosis and transcytosis may not
cause visual phenotypic changes while still representing an extremely important finding.
Advancements in this area, particularly as related to neurovascular health, stand to significantly
enhance our understanding of these complex systems and identify novel therapeutic targets to

ameliorate many as-yet untreatable neurodegenerative diseases.

1.5 Organization of dissertation

This dissertation consists of 8 chapters.

Chapter 2 details the use of defined medium to expedite the differentiation of induced
pluripotent stem cells (iPSCs) to brain microvascular endothelial cells (BMECs). BMECs
generated using this protocol expressed hallmark tight junction proteins, possessed active efflux
transporter activity, and responded to inductive cues from astrocytes and pericytes.

Chapter 3 transitions BMECs differentiated using methods detailed in Chapter 2 from
two-dimensional culture to a three-dimensional, biomimetic macrovessel with blood-brain barrier
properties. This study highlights the role of perfusion in maintaining BMEC barrier properties and

serves as an important first step towards more representative in vitro models of brain vasculature.
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Chapter 4 addresses the use of serum as a source of significant variability in the outcome
of iPSC differentiations to BMECs and details the development of serum-free and fully-defined
differentiation protocols to produce BMECs from iPSCs. BMECs produced using this method
recapitulated many key in vivo features of the blood-brain barrier. Furthermore, the study
underscored the role of undefined media components as a potential confounding factor in the
interpretation of experimental results.

Chapter 5 explores the influence of basal media composition upon the barrier fidelity of
iIPSC-derived BMECs. These BMECs possessed markedly different passive and active barrier
properties as a result of their extracellular environment. Despite these functional changes, no
striking alterations in the transcriptional landscapes of the BMECs were observed as a function of
basal media composition, suggesting functional changes were the result of downstream signaling
pathways.

Chapter 6 describes the use of transcriptional profiling of iPSC-derived BMECs to
identify genes which contribute to the highly specialized but poorly understood blood-brain barrier
phenotype. Though previously unidentified at the BBB, IQGAP2 was identified as a potential
novel regulator of barrier phenotype, and its expression was validated in vivo. These results
indicate the potential predictive power of our in vitro model for uncovering novel mechanisms of
barrier regulation with in vivo relevance.

Chapter 7 utilizes high-throughput CRISPR screening and high content imaging to
identify potential regulators of blood-brain barrier paracellular permeability.

Chapter 8 provides conclusions for the work presented within this presentation as well as

future directions for continued efforts in this area.
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Chapter 2

ACCELERATED DIFFERENTIATION OF HUMAN INDUCED PLURIPOTENT STEM
CELLS TO BLOOD-BRAIN BARRIER ENDOTHELIAL CELLS

Adopted from: Hollmann EK, Bailey AK, Potharazu AV, Neely MD, Bowman AB, Lippmann ES.
Accelerated differentiation of human induced pluripotent stem cells to blood-brain barrier
endothelial cells. Fluids Barriers CNS. 2017;14:9 with permission from the BioMed Central.

2.1 Summary

Due to their ability to limitlessly proliferate and specialize into almost any cell type, human
induced pluripotent stem cells (iPSCs) offer an unprecedented opportunity to generate human brain
microvascular endothelial cells (BMECs), which compose the blood-brain barrier (BBB), for
research purposes. Unfortunately, the time, expense, and expertise required to differentiate iPSCs
to purified BMECs precludes their widespread use. Here, we report the use of a defined medium
that accelerates the differentiation of iPSCs to BMECs while achieving comparable performance
to BMECs produced by established methods. iPSCs were seeded at defined densities and
differentiated to BMECs using defined medium termed E6. Resultant purified BMEC phenotypes
were assessed through transendothelial electrical resistance (TEER), fluorescein permeability, and
P-glycoprotein and MRP family efflux transporter activity. Expression of endothelial markers and
their signature tight junction proteins were confirmed using immunocytochemistry. The influence
of co-culture with astrocytes and pericytes on purified BMECs was assessed via TEER
measurements. The robustness of the differentiation method was confirmed across independent
IPSC lines. The use of E6 medium, coupled with updated culture methods, reduced the
differentiation time of iPSCs to BMECs from thirteen to eight days. E6-derived BMECs expressed
GLUT-1, claudin-5, occludin, PECAM-1, and VE-cadherin and consistently achieved TEER
values exceeding 2,500 Qxcmz2 across multiple iPSC lines, with a maximum TEER value of 4,678
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+ 49 Qxcmz and fluorescein permeability below 1.95%10-7 cm/s. E6-derived BMECs maintained
TEER above 1,000 Qxcmz2 for a minimum of 8 days and showed no statistical difference in efflux
transporter activity compared to BMECs differentiated by conventional means. The method was
also found to support long-term stability of BMECs harboring biallelic PARK2 mutations
associated with Parkinson’s Disease (PD). Finally, BMECs differentiated using E6 medium
responded to inductive cues from astrocytes and pericytes and achieved a maximum TEER value
of 6,635 + 315 Qxcmz, which to our knowledge is the highest reported in vitro TEER value to
date. Given the accelerated differentiation, equivalent performance, and reduced cost to produce
BMECs, our updated methods should make iPSC-derived in vitro BBB models more accessible

for a wide variety of applications.

2.2 Introduction

The blood-brain barrier (BBB) is composed of brain microvascular endothelial cells
(BMECs), which strictly regulate molecular transport between the bloodstream and the brain to
ensure proper function of neuronal circuits, synaptic transmission, and other essential processes
that depend upon a tightly controlled neurovascular environment [93]. BMECs are characterized
by specialized tight junctions [7,8] that limit paracellular flux of biologics, hydrophilic small
molecules, and ions, which results in a characteristically high transendothelial electrical resistance
(TEER) across the barrier not observed in other capillary beds in the body [9,94]. For import and
export of molecules, BMECs express multiple transporters, such as GLUT-1 [95], and active efflux
transporters [95], including P-glycoprotein and multidrug resistance related protein (MRP) family
transporters [16], that confer protection. BBB disruption is implicated in many chronic

neurodegenerative diseases, such as multiple sclerosis [34], traumatic brain injury [35], ischemic
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stroke [36—-38,40], and in natural aging of the neurovascular unit [41]. Moreover, the BBB often
hinders delivery of therapeutics to diseased tissue when the barrier remains intact [43]. The time,
expense, difficulty, and limited throughput of all in vivo research often precludes widespread use
of such techniques, necessitating in vitro platforms to investigate certain biological phenomena.
Therefore, in vitro BBB models are often employed to study BBB mechanisms, neurovascular
cell-cell interactions, and to perform screens for BBB-permeant therapeutics.

In vitro BBB models have most often been constructed using primary BMECs isolated
from rat, bovine, and porcine sources [16-21]. Such models extended to BMECs in co-culture
with astrocytes, pericytes, and neurons, cell types known to enhance the BBB phenotype and
thereby more accurately recapitulate the in vivo neurovascular environment [96,97]. These models
can be used to study BBB development, regulation, and disease, as well as assay potential drug
candidates for permeability [98,99]. However, due to species’ differences in transporter
sequences/structures, activities, and expression levels [62], a robust fully-human BBB model is
preferred to investigate BBB function and disease in a human context and to perform drug screens
that yield the most promising pharmacological compounds for clinical applications.

Human in vitro BBB models have most often utilized either BMECs isolated from primary
tissue [64] or immortalized BMEC cell lines [63]. Primary BMECs demonstrate moderate barrier
properties, but difficult isolation procedures and low vyields hinder their widespread use.
Immortalized BMECs provide a readily scalable source of cells for in vitro models, but these cells
do not recapitulate the impermeable character of the BBB. Due to their ability to limitlessly
proliferate and specialize into any cell type, human induced pluripotent stem cells (iPSCs) offer
an unprecedented opportunity to provide human BMECs for research purposes. iPSCs were

recently shown to be capable of differentiating to endothelial cells with BBB properties [65].
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Though the first-generation differentiation procedure yielded BMECs with passive barrier
properties that remained below measurements in animals [9], the addition of retinoic acid (RA)
during the differentiation process substantially improved the BBB phenotype, and RA-treated
BMECs exhibited TEER reaching near in vivo levels after co-culture with other cell types of the
neurovascular unit [67]. Unfortunately, full differentiation from the iPSC state to purified BMECs
is a protracted multi-week process and uses complex, expensive maintenance and differentiation
medium. The time and cost associated with iPSC culture and this differentiation method are
detrimental to widespread use of these BMECs, and an expedited and less costly differentiation
process yielding cells of equal performance with significantly less associated expense would
alleviate some of these hurdles.

IPSC maintenance and differentiation procedures are rapidly evolving towards fully
defined compositions [100-103]. In this study, we sought to adopt these procedures in an effort to
streamline the BBB differentiation process. We transitioned to recently-described E8 medium for
iIPSC maintenance [101], as utilized by others for BBB differentiation [104], with no discernable
issues. A derivative of E8 medium composition, collectively termed E6 medium (Dulbecco’s
modified Eagle’s medium [DMEM]/F-12, ascorbic acid, sodium bicarbonate, selenium, human
transferrin, and human insulin) has recently been used for efficient conversion of iPSCs to
neuroectoderm [102], and we decided to explore its use in place of unconditioned medium (UM)
in the BBB differentiation process. Intriguingly, we discovered that E6 medium, compared to UM,
shortens the differentiation timeline without compromising BMEC performance as measured by
TEER, sodium fluorescein permeability, and efflux transporter activity [65,67]. The E6
differentiation procedure was reproducible across several iPSC lines, and upon co-culture with

IPSC-derived astrocytes and primary human brain pericytes, BMECs achieved maximum TEER
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of 6,635 + 315 Qxcmz, which to our knowledge is the highest value ever recorded in any BBB
model, and stability of the barrier above 1,000 Qxcmz2 was observed for 22 days. Overall, we have
shortened the differentiation procedure to 8 days with no discernable loss of BBB character. Given
that defined medias can be prepared in-house at greatly reduced costs, we suggest that the methods

described herein will better enable widespread use of iPSC-derived BMECs.

2.3 Materials and methods

2.3.1 E4 medium preparation

E4 basal medium was prepared in 48 L batches and used to prepare E8 and E6 medium as
described below. 48 L of DMEM/F12 with HEPES (Thermo Fisher Scientific, catalog number
11330057) was added to a large carboy along with 3.072 g L-Ascorbic acid 2-phosphate
sesquimagnesium salt hydrate (Sigma-Aldrich), 931 uL of sodium selenite solution (0.7 mg/mL
in PBS; Sigma-Aldrich), and 26.064 g sodium bicarbonate (Sigma-Aldrich). The solution was
mixed for 20 min followed by alternating pH and osmolarity tests and adjustments. Osmolarity of
the solution was adjusted to 340 £ 5 mOsm/kg using sodium chloride (Fisher Scientific) and tested
using a Precision Systems Micro-OSMETTE Model 5004 osmometer. pH of the solution was
adjusted to 7.4 £ 0.05 using 5M sodium hydroxide and measured using a Thermo Scientific Orion
Star A211 benchtop pH meter. The solution was mixed for 10 minutes between each pH and
osmolarity adjustment. Final E4 medium was frozen in 500 mL aliquots. Final concentrations in
E4 basal medium were 64 mg/L L-Ascorbic acid 2-phosphate sesquimagnesium salt hydrate, 14
ug/L of sodium selenite, and 1743 mg/L sodium bicarbonate (20.75 mM) [101]. Detailed protocols

for media preparation are available upon request.
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2.3.2 E8 medium preparation

E8 medium was prepared by adding 100 uL of human insulin solution (Sigma-Aldrich),
500 pL of 10 mg/mL of human holo-transferrin (R&D Systems), 500 uL of 100 pg/mL human
basic fibroblast growth factor (bFGF; Peprotech), and 500 pL of 2 ug/mL TGFB1 (Peprotech) to
500 mL of E4. The final concentrations are 2.14 mg/L insulin, 100 pg/L bFGF, 2 ug/L TGFp1,

and 10.7 mg/L holo-transferrin [101]. Media was sterile filtered and stored at 4°C for a maximum

of two weeks.

2.3.3 E6 medium preparation

E6 medium was prepared by adding 100 pL of human insulin solution and 500 pL of 10
mg/mL of human holo-transferrin to 500 mL of E4. The final concentrations are 2.14 mg/L insulin
and 10.7 mg/L holo-transferrin [102]. The medium was sterile filtered and stored at 4°C for a

maximum of two months.

2.3.4 Unconditioned medium (UM) preparation

Unconditioned medium (UM) was prepared as previously described [65]. UM consisted of
DMEM/F12 (Thermo Fisher Scientific), 20% Knockout Serum Replacer (Thermo Fisher
Scientific), 1x MEM non-essential amino acids (Thermo Fisher Scientific), 1 mM Glutamax
(Thermo Fisher Scientific), and 0.1 mM p-mercaptoethanol (Sigma-Aldrich). UM was sterile

filtered and stored at 4°C for a maximum of two weeks.

2.3.5 Endothelial cell (EC) medium preparation

Endothelial cell (EC) medium consisted of human Endothelial Serum-Free Medium
(Thermo Fisher Scientific) supplemented with 1% platelet-poor plasma-derived bovine serum

(Fisher Scientific) [105]. EC medium was supplemented with 20 ng/mL bFGF and 10 uM all-trans
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retinoic acid (Sigma-Aldrich) during the EC phase prior to subculture and during the first 24 h of
subculture, then removed to promote induction of the barrier phenotype [67]. EC medium was

sterile filtered and stored at 4°C for a maximum of two weeks.

2.3.6 Maintenance of iPSCs

Cell lines used were IMR90-4 iPSCs [106], CD12 iPSCs [107], CC3 iPSCs [108], and
SM14 iPSCs [109,110]. IMR90-4 and CC3 lines are female. CD12 and SM14 lines are male. All
cell lines were thawed directly into E8 medium containing 10 uM Y-27632 (Tocris). 24 h after
thaw, cells were changed to E8 medium without Y-27632. E8 medium was changed every day
thereafter. All iPSCs were maintained on Matrigel (Corning). Once 70% confluent, iPSCs were
passaged by washing cells once with Versene solution (Thermo Fisher Scientific), incubating cells
with Versene solution for 5 minutes at 37°C, collecting the cells in fresh E8 medium, and

distributing the cells at desired ratios to Matrigel-coated plates.

2.3.7 iPSC differentiation to BMECs

iIPSCs were washed once with DPBS (Thermo Fisher Scientific) and incubated with
Accutase (Stem Cell Technologies) for 3 min to yield a single cell suspension. Cells were collected
via centrifugation, resuspended in E8, and counted using either a hemocytometer or Countess Il
(Thermo Fisher Scientific). Trypan blue was not used to measure cell viability when using a
hemocytometer but was used when measuring cell density using the Countess I1. Cells were seeded
at densities ranging from 10,000-15,600 cells per square centimeter in E8 containing 10 uM Y-
27632 (Day -1). Approximately 24 h after seeding, media was changed to UM or E6 medium (Day
0) to induce differentiation. Media was changed every 24 h. Cells were differentiated in UM for 6

days or in E6 medium for 4 days. Next, cells were treated with EC medium containing 20 ng/mL
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bFGF and 10 uM retinoic acid for 48 h. Following treatment, EC medium was removed, and cells
were washed once with DPBS and incubated with Accutase for 20 to 25 min [111]. Cells were
collected via centrifugation and subsequently purified by selective adhesion onto a collagen-
fibronectin matrix. In brief, tissue culture polystyrene plates and Transwell filters (polyethylene
terephthalate, 0.4 um pore size, 1.1 cmz surface area in 12-well format) were coated with a solution
of 400 ug/mL collagen 1V (Sigma-Aldrich) and 100 pg/mL fibronectin (Sigma-Aldrich) for a
minimum of 1 h for plates and a minimum of 4 h up to overnight for Transwell filters. Cells were
subcultured onto plates and filters at a ratio of 1 well of a 6-well plate of differentiated cells to 3
wells of a 12-well plate, 6 wells of a 24-well plate, or 3 Transwell filters. To assess barrier
properties, TEER was measured 24 h after subculture using an EVOM2 voltohmeter with STX3
chopstick electrodes (World Precision Instruments). Following TEER measurement, cells were
changed to EC medium containing no bFGF and no RA to induce barrier phenotype. No further
media changes occurred after this point. TEER was measured approximately every 24 h thereafter.
Experiments were terminated when average TEER fell below 1,000 Qxcmz2. All reported TEER

values are corrected for the resistance due to an empty Transwell filter.

2.3.8 Immunocytochemistry

Cells were washed twice with DPBS and fixed for either 20 min in 4% paraformaldehyde
(Sigma-Aldrich) or 10 min in 100% ice-cold methanol. Cells were washed 3 times with DPBS and
blocked for a minimum of 1 h in PBS or TBS containing 5% donkey serum and 0.3% Triton X-
100 (PBS-DT and TBS-DT, respectively). Cells were incubated with primary antibody diluted in
PBS or TBS containing 5% donkey serum (PBSD and TBSD, respectively) or in PBS-DT or TBS-
DT overnight at 4°C. Following primary antibody incubation (Table A.2.1), cells were rinsed once

with PBS or TBS and washed five times with PBS or TBS for a minimum of five minutes per
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wash. Cells were incubated in secondary antibody (Table A.2.2) diluted in the same buffer as
primary antibody for a minimum of 1 h. Following secondary antibody incubation, cells were
incubated with 4',6-Diamidino-2-pheny-lindoldihydrochloride (DAPI; Thermo Fisher Scientific)
for 10 min to label nuclei. Cells were rinsed once and washed five times with PBS/TBS and then
visualized using a Zeiss AxioObserver Z1 microscope or a Leica DMi8 microscope. An average
of three images were taken for each stain and the entire field was visually assessed to ensure that

the presented images are representative of the entire dish.

2.3.9 Efflux transporter activity assay: substrate accumulation

IPSC-derived BMECs were purified into 24-well plates and subjected to EC medium
lacking bFGF and RA for 24 h prior to efflux assays. For inhibition experiments, BMECs were
incubated with 10 uM PSC833 (Sigma-Aldrich) or 10 uM MK-571 (Sigma-Aldrich) for 1 h at
37°C. Following this incubation, BMECs were incubated with 10 pM rhodamine 123 (Sigma-
Aldrich; 488 nm excitation and 540 nm emission) or 10 uM 2',7'-dichlorodihydrofluorescein
diacetate (H.DCFDA, ThermoFisher, 492 nm excitation and 527 nm emission), with or without
their respective inhibitors, for 1 h at 37°C. Cells were washed three times with DPBS and
subsequently lysed using DPBS with 5% Triton X-100 to measure dye accumulation in the cells.
Fluorescence was measured on a BioTek Synergy H1 multi-mode microplate reader. For each
condition, one well of cells was not lysed. These conserved wells were fixed for 10 min in 100%
ice-cold methanol and incubated with DAPI for 10 min. Cells were washed three times with DPBS
and imaged. 6 images per condition were taken, and nuclei count per culture area was found using
CellProfiler analysis software [112]. Fluorescence is reported on a per-cell basis, normalized to

control fluorescence from cells treated with fluorescent substrate but no inhibitor.
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2.3.10 Efflux transporter activity assay: aplical-to-basolateral flux

iIPSC-derived BMECs were purified onto Transwell filters and subjected to EC medium
lacking bFGF and RA for 24 h prior to assays. For inhibition experiments, BMECs were incubated
with 10 uM PSC833 or 10 uM MK-571 for 1 h at 37°C. Inhibitor was only included in the apical
chamber. Following this incubation, 10 uM rhodamine 123 or 10 uM H2DCFDA was added to the
apical chamber, with or without respective inhibitors, for 1 h at 37°C. 200 uL of media was then
removed from the basolateral chamber and fluorescence was measured on a BioTek Synergy H1

multi-mode microplate reader.

2.3.11 Sodium fluorescein permeability

IPSC-derived BMECs were purified onto Transwell filters and subjected to EC medium
lacking bFGF and RA for 24 h prior to permeability measurements. Medium was aspirated from
the apical and basolateral chambers of each filter and replaced with fresh medium of the same
composition to allow for monolayer equilibration. After 1 h, medium from the apical chamber was
aspirated and replaced with 0.5 mL of sodium fluorescein (10 uM, Sigma-Aldrich) diluted in fresh
medium. Every 30 min, 200 pL of medium was removed from the basolateral chamber and
replaced with 200 pL of fresh medium. The same experiment was conducted on an empty filter.
After 2 h, fluorescence was measured on a BioTek Synergy H1 multi-mode microplate reader. The
rate of accumulation, corrected for media removal and flux across the empty filter, was used to

calculate Pe values.

2.3.12 Primary human pericyte culture

Primary human brain vascular pericytes were purchased from ScienCell Research
Laboratories. Pericytes were cultured on plates coated with 0.1% gelatin (Sigma-Aldrich) and

maintained in DMEM (Corning) supplemented with 10% fetal bovine serum (Thermo Fisher
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Scientific). Medium was changed every three days, and cells were passaged for maintenance when
approximately 80% confluent. Pericytes (passage 15) were subcultured onto Matrigel-coated 12-
well plates for co-culture experiments when approximately 40% confluent at a ratio of 1 well of a
6-well plate to 3 wells of a 12-well plate. Once co-cultured with iPSC-derived glia, pericytes were
maintained in E6 medium with 10 ng/mL CNTF and 10 ng/mL EGF. Pericyte co-culture with
BMECs (with or without astrocytes and glial progenitors) was initiated 24 h after BMEC seeding
onto Transwell filters. At this time, pericytes were changed to EC medium lacking bFGF and RA.

Medium was not changed for the duration of the experiment.

2.3.13 iPSC differentiation to astrocytes

IMR90-4 iPSCs were washed with 2 mL DPBS and incubated with Accutase for 3 min at
37°C. Cells were collected via centrifugation, resuspended in E8 medium, and counted using a
hemocytometer. Cells were seeded at 2x10s cells/cm2 onto Matrigel-coated plates in E8 medium
containing 10 uM Y-27632. 24 h after seeding, media was changed to E6 medium containing 10
uM SB431542 (Tocris) and 1 uM dorsomorphin dihydrochloride (Tocris). The medium was
changed every 24 h for 6 days. On day 6 of differentiation, strips of cells were mechanically
picked from the culture using a P200 pipette and transferred to a Matrigel-coated plate with E6
medium containing 10 ng/mL ciliary neurotrophic factor (CNTF; Peprotech), 10 ng/mL epidermal
growth factor (EGF; Peprotech), and 10 uM Y-27632. 72 h after picking, media was changed to
E6 medium containing 10 ng/mL CNTF and 10 ng/mL EGF but no Y-27632. The medium was
changed every three days for 30 days. On day 30, cells were incubated with Accutase for 3 min,
collected via centrifugation, and seeded at a ratio of 1 well of a 6-well plate to 1 full 6-well plate.
Cells were maintained in E6 medium containing 10 ng/mL CNTF and 10 ng/mL EGF with media

changes every 48 h. Cells were passaged when approximately 80% confluent. Cells were cultured
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through a second passage and frozen in liquid nitrogen in E6 medium containing 10% DMSO
(Sigma-Aldrich). Frozen iPSC-derived astrocytes were thawed and cultured for two passages
before being seeded for co-culture. Astrocytes were seeded for co-culture at a ratio of 1 well of a
6-well plate to 6 wells of a 12-well plate. Cells were maintained in E6 medium containing 10
ng/mL CNTF and 10 ng/mL EGF when in co-culture with pericytes but were switched to EC

medium lacking bFGF and RA upon co-culture with BMECs.

2.3.14 Initiation of co-culture

To initiate co-culture with astrocytes and pericytes, BMECs were subcultured onto
Transwell filters as described above. 24 h after subculture, TEER was measured. Transwell filters
were then transferred to wells containing astrocytes, pericytes, or astrocytes and pericytes, and
medium was changed to EC medium lacking bFGF and RA. BMECs in monoculture served as a
control for the experiment. TEER was measured approximately every 24 h. Medium was not

changed throughout the duration of the experiment.

2.3.15 Statistical analysis

Data were expressed as mean * standard deviation. Two-way ANOVA analysis and
Student’s unpaired t test were used to determine statistical significance for efflux transporter

activity assays and TEER values.

2.4 Results and discussion

Previous protocols to differentiate iPSCs to BMECs relied on seeding iPSCs at defined
densities, expanding the cells in mTeSR media for 3 days [100], and differentiating the cells for 6
days in UM to immature BMECs [65,67,111,113]. BMECs were expanded in EC medium

supplemented with basic fibroblast growth factor (bFGF) and RA and purified onto
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collagen/fibronectin matrices. Barrier phenotype was then induced by changing to EC medium
lacking both bFGF and RA. Peak barrier phenotypes were observed 24 h after this medium change,
and it was at this time point that most assays to measure barrier fidelity were conducted. In total,
these methods required a minimum of 13 days from time of iPSC seeding to achieving functional,
purified BMECs. We sought to improve these established methods in several ways. First, in place
of mTeSR, we utilized E8 medium for maintenance [101], as described by others [104]. Next, we
removed the 3 day expansion phase prior to differentiation and instead seeded IMR90-4 iPSCs
overnight as single cells at densities ranging from 10,000-15,600 cells per square centimeter in E8
medium supplemented with Y-27632 before initiating differentiation the following day, a
technique that has been utilized in other differentiation protocols [102]. Finally, we explored the

use of E6 medium in place of UM during the differentiation process (Figure 2.1).
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Figure 2.1 Differentiation of iPSCs to BMECs. iPSCs were seeded at defined densities and
differentiated for either 6 days in unconditioned medium (UM) or for 4 days in defined E6 medium.
Impure immature BMECs were subsequently treated for 2 days with endothelial cell (EC) medium
supplemented with bFGF and retinoic acid (RA). Mature BMECs were purified onto Transwell
filters or plates for 24 h in EC medium supplemented with bFGF and RA. 24 h after purification,
barrier was induced by treating cells with EC medium lacking bFGF and RA.

With E6 medium, we were surprised to observe large patches of PECAM-1+ endothelial
cells after only 4 days of differentiation, which contrasts the time point when endothelium is first
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observed during UM differentiation (Figure 2.2a) [65]. After 48 h in EC medium containing bFGF
and RA, expression of PECAM-1, GLUT-1, VE-cadherin, and occludin were observed, indicating
acquisition of a BBB phenotype (Figure 2.2b). Cells were then purified onto Transwell filters or
polystyrene culture plates using updated passaging techniques described by Wilson et al [111].
Barrier phenotype was evaluated every 24 h by TEER, while immunocytochemistry was used to
evaluate expression of endothelial and BBB markers 48 h after barrier induction.
Immunocytochemical analysis of E6-derived BMECs showed robust expression of GLUT-1,
claudin-5, occludin, VE-cadherin, and PECAM-1 (Figure 2.2c), similar to UM-derived BMECs
[65,67]. E6-derived BMECs exhibited a maximum barrier of 4,678 &+ 49 Qxcmz, and a minimum
barrier stability of 1,000 Qxcm2 was observed over 12 days for three independent biological
replicates (Figure 2.3a). For comparison, UM-derived BMECs exhibited maximum TEER of 3,980
+ 151 Qxcmz2 24 h after barrier induction, a value comparable to previously published results [67],

and maintained stability for a similar timeframe as E6-derived BMECs (Figure 2.3b).

PECAM-1 GLUT-1 Occludin PECAM-1 VE-cadherin

Claudin-5 _ GLUT-1 Occludin PECAM-1 VE-cadherin

Figure 2.2 Immunocytochemical analysis of BBB markers before and after purification. (a)
Immunocytochemical detection of PECAM-1 after 4 D E6 medium. Scale bar is 200 um. (b)
Immunocytochemical detection of GLUT-1, occludin, PECAM-1, and VE-cadherin after 4 D E6
medium and 2 D EC medium supplemented with bFGF and RA. All scale bars are 50 um. (c)
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Immunocytochemical detection of claudin-5, GLUT-1, occludin, PECAM-1, and VE-cadherin
following purification and induction of barrier phenotype. All scale bars are 50 pm.
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Figure 2.3 BMECs differentiated using UM and E6 medium demonstrate equivalent maximum
TEER and stability. For each medium, three filters were seeded with BMECs, and TEER was
measured in three different positions for each filter. Each plot is the result of one biological
replicate (n=1) with each daily TEER measurement the result of a technical n=9. Values are
reported as mean + standard deviation of these collective measurements. (a) BMECs differentiated
using E6 medium demonstrated maximum TEER values of at least 2,500 Qxcm2 for a minimum
of 11 days in three biological replicates (i-iii). TEER was measured approximately every 24 h for
the duration of the experiment. (b) BMECs differentiated using UM demonstrated maximum
TEER values of at least 2,500 Qxcm2 for a minimum of 12 days in three biological replicates (i-
iii). TEER was measured approximately every 24 h for the duration of the experiment.

E6-derived BMECs were next evaluated for efflux transporter activity (ETA) and
compared to UM-derived BMECs. Purified BMECs were incubated with rhodamine 123, a
fluorescent substrate for P-glycoprotein, in the presence and absence of P-glycoprotein inhibitor
PSCB833. Fluorescence accumulation increased in the presence of PSC833 for both E6-derived

BMECs (154 + 5%) and UM-derived BMECs (151 *+ 14%), which indicates inhibition of P-
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glycoprotein (Figure 2.4). Purified BMECs were also incubated with H2DCFDA, a fluorescent
MRP family substrate, in the presence and absence of MK-571, an MRP family inhibitor.
Fluorescence accumulation increased in the presence of MK-571 for both E6-derived BMECs (267
+ 19%) and UM-derived BMECs (249 + 31%), which indicates inhibition of MRP efflux
transporters (Figure 2.4). Differences in efflux transporter activity for the two sets of BMECs were
statistically insignificant for both P-glycoprotein and the MRP family, suggesting that the change
in differentiation medium did not have an effect on the efflux transporter activity of BMECs.
Overall, these results indicate that using E6 medium to differentiate iPSCs to BMECs, in
conjunction with updated seeding methods, reduces differentiation time and yields equivalent

functionality as compared to established UM-based differentiation protocols.
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Figure 2.4 EG6-derived BMECs and UM-derived BMECs demonstrate equivalent efflux
transporter activity. E6-derived BMECs and UM-derived BMECs were incubated with rhodamine
123 (R123) or H2DCFDA in the presence and absence of efflux transporter inhibitors, PSC833
and MK-571, respectively. Fluorescence accumulation within cells incubated with fluorescent
substrate in the presence of the desired inhibitor was normalized to fluorescence accumulation in
cells incubated with substrate but with no inhibitor. Each condition was performed using triplicate
wells, and cell count per condition was calculated as an average from 6 images taken from 1
additional well for each condition. All fluorescence values are normalized on per-cell basis and
reported as normalized mean fluorescence + standard deviation. Two-way ANOVA analysis
indicates no statistical difference (p > 0.05) in fluorescence accumulation between E6-derived
BMECs and UM-derived BMECs. All substrate and inhibitor conditions were repeated in an
additional independent differentiation per medium to confirm reported trends.

After demonstrating the successful use of E6 medium to differentiate IMR90-4 iPSCs to
BMECs, we sought to confirm the utility of this medium in other iPSC lines. Control iPSC lines
CD12 and CC3 as well as iPSC line SM14, from a preclinical PD patient carrying compound

heterozygous loss-of-function mutations in PARK2 associated with familial early-onset PD [108-
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110], were differentiated to BMECs using E6 medium (Figure 2.1). TEER measurements were
used to assess barrier fidelity in three independent biological replicates for each line, and TEER
exceeding 1,000 Qxcm2 was measured for a minimum of 8 days, with 5 out of 6 lines exhibiting
stability above 1,000 Qxcm2 for at least 11 days (Figure 2.5a-CD12, 2.5b-CC3, 2.5¢-SM14). This
barrier stability was comparable to results achieved in IMR90-4-derived BMECs differentiated in
both E6 and UM. Notably, CD12-derived BMECs achieved TEER in excess of 4,000 Qxcm2 10
days after purification, a maximum value that was also comparable to IMR90-4-derived BMECSs.

Next, we sought to validate efflux transporter activity in these lines by conducting
directional flux inhibition measurements. When treated with PSC833 and MK-571, CC3- and
CD12-derived BMECs exhibited increased transport of corresponding substrate across the
monolayer (Figure 2.5d). SM14-derived BMECs, however, showed increased substrate transport
across the barrier upon treatment with MK-571 but not PSC833, possibly indicating diminished P-
glycoprotein function or polarization. Paracellular permeability of fluorescein (Pe) was less than
1.95%10-7 cm/s for all lines, further confirming the passive barrier properties observed by TEER
(Figure 2.5e). These Pe measurements align with previously published values of BMECs derived

using UM [104,111].
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Figure 2.5 BMEC differentiation using E6 medium translates to additional iPSC lines. iPSC lines
CD12, CC3, and SM14 were differentiated to BMECs with E6 medium as described in Figure 1,
and TEER was measured approximately every 24 h. For each differentiation, three filters were
seeded with BMECs, and each filter was measured at three locations on the filter. Each plot is the
result of one biological replicate (n=1) with each daily TEER measurement the result of a technical
n=9. All values are mean = standard deviation of these nine total measurements per condition. (a)
CD12-derived BMECs achieved maximum TEER values exceeding 4,000 Qxcm?2 and maintained
TEER above 1,000 Qxcm2 for a minimum of 11 days in 3 independent biological replicates. (b)
CC3-derived BMECs achieved maximum TEER values exceeding 3,500 Qxcm2 and maintained
TEER above 1,000 Qxcm2 for a minimum of 8 days in 3 independent biological replicates. (c¢)
SM14-derived BMECs achieved maximum TEER values exceeding 2,500 Qxcm?2 and maintained
TEER above 1,000 Qxcm?2 for a minimum of 11 days in 3 independent biological replicates. (d)
Apical-to-basolateral flux of rhodamine 123 (R123) and H2DCFDA was measured across BMECs
in the presence or absence of PSC833 and MK-571, respectively. Fluorescence was normalized to
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cells not treated with inhibitor and reported as normalized mean fluorescence * standard deviation.
Each condition was performed using triplicate filters and statistics were calculated using a
technical n of 3. Statistical significance was determined using the Student’s unpaired t test (*,
p<0.1; **, p<0.05; ***, p<0.01). Data from one biological experiment are shown, and an additional
biological replicate was performed for each line to verify the observed trends. (e) The permeability
of sodium fluorescein was measured across BMECs. Each experiment was performed using
triplicate filters and data are presented as mean + standard deviation. Biological duplicates were
used to verify each measurement. The effective permeability (Pe) was calculated at less than
1.95%10-7 cm/s for all lines.

iPSC-derived BMECs have previously been shown to gain an elevated barrier phenotype
when co-cultured with astrocytes and pericytes [67]. In order to evaluate if BMECs differentiated
in E6 medium responded to such cues in a similar manner, iPSCs were differentiated to a mix of
astrocytes and glial progenitors [102]. Co-culture of this cell population (49% + 8% GFAP+, see
Additional File 1, Figure S1) with CD12-derived BMECs was initiated 24 h after subculture onto
Transwell filters, and co-culture was maintained in EC medium lacking bFGF and RA. Co-cultured
cells were seeded in the bottom of the well plates; therefore, no direct contact occurred between
BMECs and co-cultured cell types. As such, all observed differences are the result of soluble
factors released in the system. Compared to BMECs in monoculture, BMECSs in co-culture with
glia reached both a higher absolute maximum TEER (5,378 + 479 Qxcmz2 versus 4,227 + 370
Qxcmz, p <10-4) and maintained TEER above 1,000 Qxcmz2 in excess of 22 days (Figure 2.6a).
BMECs were also co-cultured with primary human brain pericytes (Figure A. 2.1) and achieved a
maximum TEER of 5,937 + 157 Qxcm2 (p < 10-6 versus monoculture) with a stable barrier
phenotype above 1,000 Qxcmz2 for longer than 22 days (Figure 2.6a). BMECs co-cultured with
both astrocytes and pericytes (35% + 13% astrocytes, 63% + 13% pericytes, Figure S1), achieved
the highest maximum TEER of 6,635 + 315 Qxcmz2 (p < 10-9 versus monoculture, p < 10-4 versus

astrocyte co-culture, p < 10-3 versus pericyte co-culture) and maintained TEER exceeding 1,000
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Qxcmz in excess of 22 days. These inductive effects were further verified through co-culture of
CC3-derived BMECs with astrocytes and pericytes. A similar statistically significant increase in
TEER was observed in co-cultured BMECs versus control BMECs, further validating the
responsive nature of E6-derived BMECs to soluble cues from astrocytes and pericytes (Figure
2.6b). Co-cultured and control BMECs grown on Transwell filters were stained for claudin-5 and
occludin, and no significant phenotypic change was evident between monocultured BMECs on
filters, BMECs in co-culture with astrocytes and pericytes, or BMECs grown in well plates (Figure
2.2). Thus, the barrier-promoting effects of co-culture with astrocytes and pericytes exceeds effects
of the two cell types alone, as expected from previous reports [67]. We note that media was not
changed after day O to ascertain stability without any external stimulation, and we suspect that
partial media exchanges could extend stability further. At present, we are also unsure why the
TEER drops precipitously after day 1 and rebounds over the course of a week. We hypothesize

this effect may be due to complete removal of bFGF, which is worthy of future exploration.
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Figure 2.6 E6-derived BMECs respond to inductive cues from astrocytes and pericytes. (a) Co-
culture of CD12-derived BMECs with astrocytes, pericytes, and a mixture of astrocytes and
pericytes achieved maximum TEER values exceeding 4,000 Qxcm?2 and maintained TEER above
1,000 Qxcm?2 for a minimum of 22 days under all co-culture conditions. Each condition was
conducted on triplicate filters with all BMECs purified from a single differentiation. Each filter
was measured at three different locations on the filter each day. Values are mean + standard
deviation from these collective nine technical replicates per condition per day. Maximum TEER
values achieved on day 8 of subculture were normalized to the TEER of the monoculture control.
Statistical significance was calculated using Student’s unpaired t test. (b) CC3-derived BMECs
were co-cultured with a mixture of astrocytes and pericytes, achieving a significant increase in
TEER 24 h after barrier induction (p<10-5, Student’s unpaired t-test). Each condition was
conducted on triplicate filters with all BMECs purified from a single differentiation. Each filter
was measured at three different locations on the filter each day. Values are mean * standard
deviation from these collective nine technical replicates per condition per day. BMECs were
subsequently stained for occludin and claudin-5 in both control and co-culture conditions. Scale
bars are 50 um.
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Protocols to differentiate iPSCs to BMECs for in vitro BBB modeling have not necessarily
achieved widespread adoption, potentially due in part to the time required to produce purified
BMECs and the cost associated with such differentiation and purification. The purpose of this

study was to decrease both the time and cost required for such differentiation while still achieving
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BMECs of comparable performance to established differentiation methods. These advancements
will potentially allow iPSC-derived BMECs to be more readily accessible to researchers, thereby
providing high-fidelity human in vitro BBB models for a wide range of applications.

In this study, existing BMEC differentiation protocols were modified to exclude the iPSC
expansion phase prior to initiation of differentiation [65,67,111]. By controlling initial iPSC
seeding density [111], maximum TEER values of purified BMECs from such differentiations
remained consistently in excess of 2,500 Qxcmz, and barrier fidelity, as indicated by TEER above
1,000 Qxcmz2, was maintained for a minimum of 8 days, as was similarly achieved in a recent
microfluidics-based model using UM-derived BMECs [114]. E8 medium was also used for iPSC
maintenance in place of mTeSR, as described by others [104]. Given that we routinely use E6
medium (a derivative of E8 medium that lacks growth factors promoting pluripotency) for neural
differentiations [102], we further explored its use for differentiating iPSCs to BMECs. Upon
differentiation in E6 medium, immunocytochemical analysis unexpectedly showed PECAM-1+
cells at 4 days of differentiation rather than 6 days. We note that changes in culture methods and
differentiation medium have previously been shown to alter differentiation times to lineages such
as neuroectoderm [102,115,116] and midbrain dopaminergic neurons [115,117], with all methods
ultimately resulting in cells expressing the same characteristic markers. Therefore, it is
unsurprising that changes made in differentiation medium resulted in altered differentiation
timelines. After establishing this accelerated differentiation timeline from iPSCs to BMECs using
E6 medium, BMECs were evaluated for BBB phenotype by TEER measurement and efflux
transporter activity. BMECs differentiated in E6 medium maintained a stable barrier above 1,000
Qxcmz for 8 days, longer than previously published reports using similar Transwell-based methods

[67,111] , while achieving similar maximum TEER values to UM-derived BMECs. BMECs
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differentiated using E6 medium and UM also had no statistical difference in efflux transporter
activity for P-glycoprotein and MRP family members. BMEC differentiation using E6 medium
was further validated in iPSC lines CD12, CC3, and SM14. CD12- and CC3-derived BMECs
demonstrated equivalent maximum TEER and long-term stability as IMR90-4-derived BMECs
differentiated in both E6 medium and UM. Notably, CD12-derived BMECs achieved TEER
greater than 4,000 Qxcm2 on days 9 and 10 of subculture, a value equivalent to the maximum
TEER achieved after initial induction of BMEC phenotype. Finally, SM14 iPSCs, which harbor
biallelic loss-of-function PARK2 mutations associated with familial early onset PD, yielded
BMECs with maximum TEER and long-term stability equivalent to BMECs derived from control
lines, similar fluorescein permeability, and equivalent MRP family efflux transporter activity.
Interestingly, SM14-derived BMECs did not show active P-glycoprotein in the apical-to-
basolateral transport assays. Studies on advanced PD patients have demonstrated increased brain
uptake of P-glycoprotein substrates [45]. Our data may indicate that patients with familial PD
mutations are predisposed to loss of P-glycoprotein function. However, our results are very
preliminary and would need to be rigorously confirmed across multiple iPSC lines from different
patients harboring the same mutation. As this manuscript is centered on the utility of E6 medium
for in vitro differentiation, we have not pursued these studies herein. Even so, this exciting result
indicates researchers can probe mechanisms of BBB regulation in the context of genetic disease
or evaluate molecular transport and toxicology over extended experimental time points. Our
methods can ostensibly be extended to other iPSC disease lines of interest, provided that the
genetic mutation does not impact barrier stability.

To further explore the utility of the model, we investigated the effect of co-culturing

BMECs with iPSC-derived astrocytes and primary human brain pericytes. Astrocytes and
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pericytes are known to aid in induction of BBB phenotype in the developing neurovascular
environment [8]. Though co-culture of BMECs with astrocytes and co-culture of BMECs with
pericytes individually were both found to increase barrier function as indicated by TEER, co-
culture with astrocytes and pericytes concurrently enhanced the TEER above that achieved through
co-culture with either cell type alone. This effect has been noted in other in vitro BBB models,
though the reported maximum TEER value from co-culture in this study exceeds previously
published in vitro TEER values by more than 700 Qxcmz2 [67]. Excitingly, this achievement
approaches in vivo TEER predictions of 8,000 Qxcm2 put forth by Smith and Rapoport [118]. In
addition, medium was not changed following barrier induction to minimize external influences on
barrier stability. Due to prospective increased metabolic burden in the co-culture system as
evidenced by a qualitative decrease in number of co-cultured cells between the start and end of the
experiment, we suspect that gradual media changes following barrier induction may further
improve the stability of the model by supporting neurovascular health. Owing to the extended
barrier phenotype observed, researchers may now conduct long-term experiments without concern

that barrier degradation may confound results.

2.5 Conclusion

The differentiation of iPSCs to BMECs using defined E6 medium shortened differentiation
time and produced BMECs of equivalent performance as BMECs differentiated according to
previously published protocols using UM. Stability of the model system has also been greatly
improved, with monocultured BMECs exhibiting enhanced stability for greater than 8 days and
co-cultured BMECs exhibiting stability of more than three weeks. We routinely produce E6 and

E8 medium in-house in large batches (see Methods), thus substantially reducing the cost of
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maintenance and differentiation to allow increased throughput of experiments. Thus, the overall
improvements described in this manuscript will enable iPSC-derived BMECs to become more
accessible to researchers and more broadly enable studies ranging from disease pathogenesis to

analyses of repeated drug dosing.
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Table A. 2.1 Primary antibodies used in immunocytochemistry experiments

2.6 Appendix

Antibod Clone or
Target Antigen Speci y Vendor product Dilution
pecies
number
PECAM-1 Rabbit Thermo Fisher | pp 10333.p 1:25
Scientific
Claudin-5 Mouse Therr_no I_:|_sher 4C3C2 1:50
Scientific
Occludin Mouse Therr_no l_:|_sher OC-3F10 1:100
Scientific
VE-Cadherin Goat R&D Systems AF938 1:100
GLUT-1 Mouse Thermo Fisher SPM498 1:50
Scientific
Glial fibrillary
acidic protein Rabbit Dako Z0334 1:500
(GFAP)
Platelet-derived Santa Cruz
growth factor 3 Rabbit Biotechnolo sc-432 1:100
(PDGER) 9y
NG2 Mouse Santa Cruz s¢-53389 1:50
Biotechnology
SMA Mouse S anta Cruz sc-130616 1:100
Biotechnology
Table A. 2.2 Secondary antibodies used in immunocytochemistry experiments
Species . S
Reactivity Host Conjugate Vendor Dilution
Rabbit Donkey Alexa Fluor 488 Thermo F|§her 1:200
Scientific
Rabbit Donkey Texas Red Thermo ﬁ_sher 1:200
Scientific
Thermo Fisher .
Mouse Donkey Alexa Fluor 488 Scientific 1:200
Mouse Donkey Texas Red Therr_no I_:l_sher 1:200
Scientific
Goat Donkey Alexa Fluor 488 Thermo F|§her 1:200
Scientific
Thermo Fisher )
Goat Donkey Texas Red Scientific 1:200
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Figure A. 2.1 Characterization of astrocytes and pericytes in coculture with iPSC-derived BMECs.
(a) IMR90-4 iPSC-derived astrocytes were fixed upon termination of the coculture experiment,
and the impure populations were stained for (i) GFAP. (b) IMR90-4 iPSC-derived impure
astrocytes and primary brain pericytes were fixed upon termination of the coculture experiment.
Astrocytes were stained for (i) GFAP, and pericytes were stained for (ii) PDGFR. Percentage of
GFAP+ and PDGFRp+ cells in (a) and (b) was determined by normalizing GFAP+ and PDGFR+
positive cells to total nuclei count in 6 frames per stain imaged, and scale bars 200 um. (¢) Primary
brain pericytes, absent co-culture with BMECs, were stained for PDGFRp, NG2, and aSMA at
passage 15 to verify identity. Scale bars are 50 um.
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Chapter 3

IPSC-DERIVED BRAIN ENDOTHELIUM EXHIBITS STABLE, LONG-TERM BARRIER
FUNCTION IN PERFUSED HYDROGEL SCAFFOLDS

Adopted from: Faley SL*, Neal EH*, Wang JX, Bosworth AM, Weber CM, Balotin KM, et al.
iIPSC-Derived Brain Endothelium Exhibits Stable, Long-Term Barrier Function in Perfused
Hydrogel Scaffolds. Stem Cell Rep. 2019;12:474-87 with permission from Elsevier Publishing.

3.1 Summary

There is a profound need for functional, biomimetic in vitro tissue constructs of the human
blood-brain barrier (BBB) and neurovascular unit (NVU) to model diseases and identify
therapeutic interventions. Here, we show that induced pluripotent stem cell (iPSC)-derived human
brain microvascular endothelial cells (BMECS) exhibit robust barrier functionality when cultured
in 3D channels within gelatin hydrogels. We determined that BMECs cultured in 3D under
perfusion conditions were 10-100 times less permeable to sodium fluorescein, 3 kDa dextran, and
albumin relative to HUVEC and human dermal microvascular endothelial cell controls, and the
BMECs maintained barrier function for up to 21 days. Analysis of cell-cell junctions revealed
expression patterns supporting barrier formation. Finally, efflux transporter activity was
maintained over 3 weeks of perfused culture. Taken together, this work lays the foundation for

development of a representative 3D in vitro model of the human NVU constructed from iPSCs.

3.2 Introduction

The neurovascular unit (NVU), comprised of brain microvascular endothelial cells
(BMECs) that form the blood-brain barrier (BBB), pericytes, neurons, and glial cells, tightly
regulates transport of substances between the bloodstream and the brain. Abnormal BBB and NVU

function is associated with a broad spectrum of neurological pathologies [119], and increasing
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evidence suggests a number of non-neural disorders, such as diabetes [120], are associated with
compromised BBB integrity and/or functionality, often giving rise to secondary complications and
cumulative neurological insults that increase the risk of additional neurodegenerative and
cerebrovascular disease. Animal models (in vitro and in vivo) have historically been the gold-
standard platform for investigating the complexities of human neurovascular disease. However,
the difficulties in translating information gleaned from animal models to successful clinical
intervention, which are exemplified by the lack of therapeutics that can effectively treat
neurodegenerative diseases, highlight the need to develop a functional in vitro tissue model of the
human NVU that will improve mechanistic understanding of disease progression and accelerate
the development of new treatment strategies.

Recent advances in biomaterials patterning and microfluidic device fabrication have
enabled a shift from standard 2D monolayer cell culture to 3D approaches that either seed cells on
the surface of porous scaffolds or embed cells within hydrogel matrices. This shift has highlighted
the fact that 3D culture techniques generally result in cell behavior that more closely mimics in
vivo phenotypes [121-123]. Approaches that rely on cell-laden hydrogels are particularly
attractive, as hydrogels mimic many aspects of the natural extracellular matrix (ECM) including
stiffness, enzymatic degradability, and (with appropriate material choice or RGD modification)
binding sites [124]. Cell-laden hydrogels cast with thicknesses in the few hundred-micron range
have allowed researchers to observe cell behavior in a more biomimetic, 3D environment.
Additionally, cell-laden hydrogels can be patterned so that channels supporting fluid flow exist
within the gel. Initial work in this area leveraged photolithographic and soft templating techniques
[125-127], and more recently many researchers have moved towards using 3D printing approaches

to pattern either the gel itself or a sacrificial template that is first embedded within the gel and
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subsequently removed to form a channel [128-130]. While these approaches are still generally
limited to forming channels with diameters on the 100 micron or larger scale, this advance enables
new investigations into phenomena occurring within and around arteriole and larger-sized vessels.
These platforms allow variation of multiple critical parameters, such as flow, shear, pressure, and
soluble biochemical concentration in a 3D geometry that mimics a natural vessel.

Accordingly, several reports have implemented advanced fabrication methods to develop
more complex in vitro BBB and NVU models. Thin-film, synthetic PEG hydrogels supporting
self-assembled NVU constructs have been used for high-throughput toxicity screening [131,132].
Meanwhile, microfluidic approaches have enabled the observation and measurement of NVU
function in a highly-controlled, perfused environment; these range from the commercially
available, sym-bbb [133] to highly complex, organ-on-a-chip platforms that provide powerful
methods for gaining critical insights into population-specific responses to environmental
perturbations with multiple readout mechanisms [134,135]. While there are some recent reports
that have incorporated hydrogel matrices into microfluidic devices [136,137], most of these
models rely on the use of solid substrates such as PDMS or glass [138]. Such BBB models are
well-suited to high-throughput, massively parallel drug screening efforts. However, scaffolds
should ideally be more biomimetic, such that the scale, biological matrix, cellular components,
and organization better approximate physiological processes, including both direct and indirect
cellular interactions. Of late, there have only been a few studies involving tissue-scale biological
scaffolds with 3D cultures of endothelial cells [139,140].

Indeed, cell fidelity has often been a limiting factor for recreating the BBB portion of NVU
models. Historically, BMECs have been isolated from primary animal sources [141], but as

described above, species differences can limit the predictive power of such non-human models
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[142]. However, BMECs from primary human sources are tedious to isolate, genetically
heterogeneous between donors, can only be obtained in low yield, and often come from unhealthy
tissue (e.g. brain tumor resections). Conversely, immortalized human BMECs can be obtained in
high yields from a clonal source but suffer from poor passive barrier properties that do not
appropriately mimic the in vivo BBB [143]. In recent years, the development of protocols to
differentiate human induced pluripotent stem cells (iPSCs) into BMECs has circumvented many
of these issues. iPSC-derived BMECs were initially characterized by expression of representative
BBB markers, active efflux transporter activity, permeability to a panel of small molecules that
correlate with in vivo uptake in rodents, and modest barrier properties as determined by
transendothelial electrical resistance (TEER) measurements of ~800 Qxcmz [144]. Subsequently,
retinoic acid (RA) was shown to boost the passive barrier properties of iPSC-derived BMECs
above 3000 Qxcm2[145]. Since these initial publications, others have validated the fidelity of these
cells and advancements have been made towards improving the differentiation procedure [146—
149]. In addition, these iPSC-derived BMECs, co-cultured with astrocytes on opposite sides of a
Transwell filter, have been incorporated into a microfluidic device which maintained BBB
properties over 10 days [150]. However, studies of iPSC-derived BMEC performance in
biomimetic 3D hydrogel scaffolds, which are a crucial step towards building representative in vivo-
like NVU models that can be used for disease modeling and preclinical validation of drug
efficacies, have been limited.

Ideally, a 3D NVU model constructed from iPSCs would be fully isogenic from a single
pluripotent source, exhibit robust BBB function (including passive and active barrier properties),
possess long-term stability, and be relatively simple to fabricate and implement. Herein, we

describe a process to fabricate such a model, with a focus on establishing a functional iPSC-derived
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BMEC layer within a continuously perfused channel. Using easily accessible materials
(unmodified, enzymatically-crosslinked porcine gelatin) and a straightforward fabrication
approach to assemble a platform that recirculates liquid through a single channel (Figure 3.1A-C),
we demonstrate that iPSC-derived BMECs assembled in 3D establish a robust barrier that remains
stable for up to three weeks under continuous perfusion. Furthermore, we found that BMECs in
perfused channels retain efflux transporter activity, a key functional characteristic of BBB
endothelium, for over two weeks in culture. Together, these results validate the performance of a
3D, continuously perfused biomimetic model of brain microvasculature with long-term functional

barrier properties.

3.3 Materials and methods

3.3.1 Cell culture

IMR90-4 [151] and CC3 [152] iPSCs were maintained on growth factor-reduced Matrigel
(VWR) in E8 medium (produced in-house as previously described) [147]. iPSCs were passaged
every 3-4 days with Versene (Thermo Fisher) as previously described. Differentiation to BMECs
was conducted as previously described. In brief, iPSCs were passaged to single cells with Accutase
(Thermo Fisher) and seeded overnight on Matrigel at a density of 12,500-15,800 cells/cm2 in E8
medium containing 10 uM Y27632 (Tocris). The following day, cells were fed with E6 medium
(produced in-house as previously described) [147], and media was changed every day thereafter.
On day 4, cells were switched to human endothelial serum-free medium (hESFM; Thermo Fisher)
containing 1% platelet-poor plasma-derived serum (PDS; Alfa Aesar), 20 ng/ml basic fibroblast
growth factor (bFGF; Peprotech), collectively referred to as EC culture medium, and 10 uM all-

trans retinoic acid (RA; Sigma). On day 6, cultures were collected with Accutase and either frozen
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in 60% EC culture medium, 10% DMSO (Sigma), 30% fetal bovine serum (FBS; Thermo Fisher),
and 10 uM Y27632 as previously described [153], or seeded directly into scaffolds. HUVECs and
uVas (Angioproteomie) were cultured in DMEM/F12 medium (Thermo Fisher) supplemented
with 5% FBS (Gibco), 10 mM L-glutamine (Corning), 50 pg/ml Ascorbic Acid (Thermo-Fisher),
0.75 U/ml Heparin (Thermo-Fisher), 15 ng/ml insulin growth factor 1 (IGF-1), 5 ng/ml vascular
endothelial growth factor (VEGF), 5 ng/ml bFGF, and 5 ng/ml epidermal growth factor (EGF) (all

from Peprotech).

3.3.2 Scaffold fabrication

External support frames for gelatin scaffolds were generated from thin slabs of PDMS cast
in small Peel-A-Way embedding molds (Fisher Scientific) transected by two intersecting needles
(Gauge 23 and 16, BD Biosciences). After removing the central section and bonding to a thin
PDMS film base, a barbed luer fitting (Cole Parmer) was attached to the inlet to facilitate easy
integration with the fluidic apparatus. Tubing (1/16th inch O.D., VWR) threaded through the
barbed inlet served as the channel mold (Figure 3.1A). PDMS frames (5 x 5 x 2 mm) were washed
and sterilized in 70% ethanol with sonication. Sterile solution of 10% (w/v) porcine gelatin (300
bloom, Sigma) combined 10:1 (v/v) with 10% (w/v) microbial transglutaminase (mTG, Modernist
Pantry) was poured into the assembled frames and allowed to polymerize in a 37 °C incubator for
four hours. The channel was formed by removal of tubing and was coated with 0.4 mg/ml collagen
IV (Sigma) and 0.1 mg/ml fibronectin (Sigma) and conditioned in complete medium overnight
before seeding channels with 3x106 cells/ml of either iPSC-derived BMECs, RFP-expressing

HUVEC:s, or pVas. The approximate volume of the channel (~800 um x 5 mm) is 2.5 pl.
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3.3.3 Cell seeding

IMR90-4-derived BMECs were reconstituted from frozen stock, whereas CC3-derived
BMECs, HUVECs, and pVas were seeded from live cultures. For quality control, TEER was
measured across BMECs seeded concurrently in Transwell filters and was consistent with previous
publications. Cells were suspended at 3x106 cells/ml in their standard medium and pipetted
through the inlet fitting to coat the bottom half of a channel. Cells were incubated for either 4 h or
overnight at 37 °C to facilitate attachment. The process was then repeated to seed the top half of
the channel. Cells were stained with 2 uM Calcein AM (Life Technologies) and imaged by
confocal microscopy (LSM 710, Zeiss) to confirm a confluent cell layer throughout channel before

connecting to perfusion (Figure 3.1C).

3.3.4 Scaffold culture and perfusion

On experiment day 0, hydrogels were placed in a Petri dish and either remained in static
culture or were connected to a perfusion system (Figure 3.1B). Under both conditions, the
hydrogels are submerged in ~40-45 ml of medium. Based on the design of the PDMS frame, the
upper surface of each hydrogel is in direct contact with the medium. For perfusion, a custom
peristaltic pump [154] circulated culture medium through the channel at 100 ul/min. For samples
perfused at rates greater than 100 ul/min, the flow rate was increased to the indicated value
following an initial 24-hour perfusion at 100 ul/min. As seen in Figure 3.1B, medium is extracted
through the open tube not connected to the hydrogel, circulated through the hydrogel, and expelled
back into the bulk reservoir. HUVECs were cultured in the same medium described above,
whereas BMECs and pVas were both cultured in hRESFM containing 1% PDS, 10 uM RA, and 10
uM Y27632. The media was unchanged throughout the course of each experiment. Components

used to construct the perfusion system are described in Figure A. 3.5.
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3.3.5 Permeability measurements

Permeability was measured by imaging diffusion of 2 uM sodium fluorescein (Sigma),
12.5 pg/ml 3 kDa AF680-conjugated dextran (Thermo Fisher), and 80 pg/ml Texas Red-
conjugated albumin (Thermo Fisher) across cell monolayers. During the course of the imaging
experiment, channels were perfused at a rate of 30 pul/min for 2 hours while obtaining fluorescence
images every 30 seconds using the LSM 710 confocal microscope with pinhole set to 1 Airy unit.
The resulting image intensity profiles were processed in FIJI [155] using a custom macro to
automate extraction of fluorescence intensity values of the channel region, the diffusion region
between channel and edge, and the edge of the gel. These values were then imported into a
MATLAB (MathWorks) script to calculate K [cm s-1], the permeability of gelatin scaffold and

cell layer combined, as detailed below and in Figure A. 3.6.

3.3.6 Efflux transporter activity assays

P-glycoprotein (Pgp) activity was assessed by measuring accumulation of fluorescent dye,
Rhodamine 123, in samples pre-incubated with and without Pgp specific inhibitor, cyclosporin A.
MRP activity was assessed by measuring fluorescence accumulation of fluorescent dye
H2DCFDA, in samples pre-incubated with and without MRP specific inhibitor, MK-571.
Specifically, non-inhibited controls were evaluated by perfusion (30 pl/min) with medium
supplemented with 10 uM Rhodamine 123 (Thermo Fisher) or 10 uM H2DCFDA (Thermo Fisher)
and 12.5 pg/ml 3 kDa dextran. Inhibited samples were pre-incubated in medium containing 10 pM
cyclosporin A (Tocris) or 10 uM MK-571 (Tocris) for 1 hour, then similarly perfused with the
medium supplemented with 12.5 pug/ml 3 kDa dextran and appropriate inhibitor/ dye cocktail (Pgp:
10 uM cyclosporin A and 10 uM Rhodamine 123; MRP: 10 uM MK-571 and 10 uM H2DCFDA).

Confocal z-stacks were obtained at 0 and 60 min of perfusion. For each sample, the change in
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intracellular fluorescence intensity was determined using FIJI by adding the cellular fluorescence
from each z-stack, then subtracting the cumulative fluorescence intensity of the initial z-stack from
the final z-stack (Al=lfinai-linitiar). The percent increase in fluorescence was calculated using the

formula:

Alinhibited - Alnon—inhibited % 100 ( 1 )

Alipnivitea
where Alinnibited IS the change in fluorescence calculated from channels exposed to cyclosporin A

and Alnon-inhibited IS the change in fluorescence calculated from channels not exposed to inhibitor.

3.3.7 FRAP measurements

In order to calculate the permeability of endothelial cell layers to sodium fluorescein,
dextran, and albumin based upon time lapse images, the diffusivity of each molecule in gelatin
was first determined through fluorescence recovery after photobleaching (FRAP) analysis.
Excellent in-depth reviews of the principles and mathematical theory for determining diffusion
coefficients based upon FRAP analysis have been previously described [156-158]. In summary,
an intense laser beam of known dimension is used to irreversibly bleach fluorophores within the
exposed sample region. The diffusion coefficient is related to the speed at which the fluorescence
the bleached region recovers, dictated by the speed at which bleached compounds diffuse out of
the region and are replaced by unbleached fluorophores. Hence, the diffusion coefficient is most
strongly related to the size of the compounds. Potential sources of error include immobilized
compounds (e.g. molecules that stick to a coverslip) and unbound fluorophore which could under-
or over-estimates of diffusion coefficients. To account for this, we performed FRAP analysis in
control samples using five different compounds ranging in molecular weight between ~300 to

66,000 Daltons. Using multiple compounds of varying molecular weight allowed us to verify
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accuracy of the FRAP method as diffusivity should relate directly to molecular weight. Our results
(Figure A. 3.6) indicated a strong linear relationship between diffusion coefficient and molecular
weight, suggesting these potential sources error having minimal impact and, thus, no further steps
to introduce correction for immobile molecules or unbound fluorophores were taken.

Uniform solutions of 10% (w/v) gelatin containing 10 pg/ml fluorescein (MW = 332
g/mol), 125 pg/ml Cascade Blue-Dextran (MW = 3,000 g/mol), 125 pg/ml Alexa-Fluor 680-
Dextran (MW = 3,000 g/mol), 0.5 mg/ml Oregon Green-Dextran (MW = 10,000 g/mol), or 100
pg/ml Fluorescein-BSA (MW = 66,000 g/mol) were crosslinked with 1% (w/v) mTG.
Approximately 200 pl of crosslinked gelatin solution containing individual fluorophores was
sandwiched between two glass slides (Fisher Scientific) to form a thin gelatin layer approximately
60 um in thickness. FRAP experiments were conducted using a Zeiss LSM 710 laser scanning
confocal microscope and the bleaching module included in Zen Black (Zeiss) imaging software.
For each trial, 10 pre-bleach images were obtained to calculate initial fluorescence intensity.
Samples were then bleached, using the zoom-bleaching function to increase efficiency, with the
appropriate laser (405 nm line of 30 mW Diode laser was used to bleach Cascade Blue Dextran,
the 488 nm line of 35 mW Argon laser bleached Fluorescein, Oregon Green-Dextran, and
Fluorescein-BSA, and 633 nm line of 5mW HeNe laser bleached Alexa-Fluor 680-Dextran) within
a central designated bleach region (diameter = 60 pixels, or ~100 um) until the bleached intensity
reached 50% of the initial fluorescence intensity. Subsequent acquisition of time series images
over the course of 100-500 seconds, depending on the dye, documented the fluorescence recovery.
The pinhole aperture was held at maximum for all samples. Laser power was set to maximum to
effectively bleach each dye through the entire thickness (z-axis) of the sample, such that

fluorescence recovery depended most upon diffusion along the x-y dimension. To minimize the
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effects of diffusion occurring during the process of photo-bleaching from skewing calculations
based upon FRAP data, image resolution was set to 512x512 pixels per frame to reduce scan time

(pixel dwell = 1.58 ps).

3.3.8 Calculating diffusivity from FRAP data

Diffusion coefficients for isotropic, nonreactive solutions were calculated from FRAP data
based upon Fickian diffusion, most notably outlined by Axelrod and Soumpasis [156,158] and
later optimized [157] to account for special consideration associated with photobleaching using
laser-scanning confocal microscopy. Most recently, a simplified method for extracting the
diffusion coefficients from confocal laser scanning FRAP data was described according to

Equation 2, where D is the diffusion coefficient (umz2/s), Rn is the nominal radius of the laser spot,

Re is the effective radius (1/2 diameter of bleached region), and tu2 is the half-recovery time [159].

, _Ri+RE (2)
8T1/2

Automated measurements performed by modified version of the freely available Frap-jython
macro for ImageJ [155,160] provided the half-recovery time from individual FRAP data sets and
identified the “FRAP frame” where fluorescence intensity within the bleached region reached a
minimum. This frame was then used to measure the effective radius (Re) from the plot profile
function in ImageJ. The nominal radius (Rn) was the same for every sample at 50 um. Calculated

diffusion coefficients based upon FRAP experiments are shown in Figure A. 3.6.

3.3.9 Diffusion imaging analysis
Using Fiji, each dataset was first aligned (if necessary), before identifying the coordinates
defining each region of interest corresponding to the areas comprising (1) channel interior, (2)

gelatin background (farthest point from channel) and (3) gelatin next to the channel were entered
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into a custom Fiji macro. The macro script used to obtain the intensity profiles corresponding to
the aforementioned region of interest is included as Figure A. 3.7. Diffusivity was then calculated
based on methods previously reported [127], first using Equation 3:

Ké (3)

Bi = = A-tand

Dgelatin

Where Bi is the Biot number, K (cm/s) is the permeability, 6 is the distance between the edge of
the channel and the edge of the gel (cm), Dgelatin (cm/s) is the diffusivity of the compound of interest
(e.g. 3 kDa dextran) in gelatin, and A is the slope of linear fit for the following relation describing
the change in fluorescence intensity versus time:

1=1In (A Iedge - Ichannel) . 1 (4 )

Igel - Ichannel At

Where ledge is the integrated fluorescence intensity profile corresponding to the edge of the gelatin
scaffold (also referenced as gel background), Ichannel is the integrated fluorescence intensity profile
of channel, and lgel correspond to the fluorescence intensity of the gel next to the channel (the
active area of dextran diffusion). The previous two equations are combined to yield a formula for
determining permeability (K):

Dgelatin . A . tanl ( 5 )

K =
1)

The intensity profiles extracted from imaging analysis were then imported into a MATLAB script
to calculate the permeability of cell layers to generate a plot corresponding to Equation 4, which
was used to determine A. This value was then used in Equation 5, along with known values for
Dgelatin and distance () to calculate the permeability (K) reflecting the combined permeability of
the gelatin matrix and cell monolayer. The MATLAB script used for these calculations is included

as Figure A. 3.8.
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Control scaffolds comprised of channels without cells lining the channel were used to
determine the permeability of the gelatin matrix alone (Kg). The permeability of the cell monolayer

(Kc) was then determined using the following equation:

11,1 (6)
k ke + ke
3.3.10 Shear calculations
Fluidic shear stress along the channel wall using the following equations:
_e (7)
=4

Where V is the mean fluid velocity (mm/s), Q is the pump flow rate, and A is the area of the
channel. An average channel diameter (d) of 800 um was used for all calculations. We then

calculated wall shear rate (y) using:

y=38 *g ( 8 )
Shear stress (t) is then calculated by:
T=yxu (9)

where W is viscosity. For all calculations, the media viscosity was approximated using the viscosity

for 1X PBS, 0.01 Pa [161].

3.3.11 Immunocytochemistry

At indicated time points, gelatin constructs were washed 3 times in 1X PBS, then fixed in
4% paraformaldehyde for 10 min at room temperature (RT). Fixed constructs were washed 3 times
in 1X PBS at RT, then incubated in 1X PBS supplemented with 5% donkey serum overnight at 4
°C. After washing with 1X PBS at RT, samples were incubated in 1X PBS containing 1 pg/ml
claudin-5 antibody (Alexa-Fluor 488 conjugate; 4C3C2; Thermo Fisher), 1 pg/ml occludin
antibody (Alexa-Fluor 594 conjugate; OC-3F10; Thermo Fisher), and/or 1 pg/ml VE-Cadherin
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antibody (PA519612, Thermo Fisher) overnight at 4 °C. Samples were washed 3 times in 1X PBS
before incubation with 1 mg/ml Alexa-Fluor 680 donkey anti-rabbit secondary antibody (Thermo
Fisher) overnight at 4 °C to fluorescently label bound VVE-cadherin antibodies. Unbound secondary
antibody was removed by washing 5 times in 1X PBS at RT. For actin labeling, cells were
incubated with Rhodamine Phalloidin (1:1000 dilution; Thermo Fisher) for 20 min at RT prior to
imaging. For nuclei labeling, cells were incubated with 1 pg/ml Hoechst (BD Bioscience) for 10

min at RT prior to imaging.

3.3.12 gPCR analysis

Cells were detached from the channel surface by first washing 2 times in 1X PBS for 5
min, then incubating the entire gel in 5 ml 0.25% Trypsin-EDTA (Gibco) at 37 °C for 10 min. Gels
were then washed twice with 5 ml Trypsin Neutralizing solution (Gibco), vigorously pipetting the
solution through the channels to dislodge remaining cells. Each collection tube included cells
collected from two channels (experimental replicates). The cell suspensions were pelleted by
centrifugation at 1000 G for 5 min. The supernatant was discarded and the pellet was resuspended
in 500 ul of room temperature TRIzol reagent (Thermo Fisher) for 10 min before storage at -80
°C. To extract RNA, samples were mixed with chloroform at a 1:5 v/v chloroform:TRIzol and
centrifuged at 12,000xg for 15 min at 4°C. RNA was subsequently isolated from the resulting
aqueous phase and reversed transcribed to cDNA via manufacturers’ instructions using an RNeasy
Mini Kit (Qiagen) and a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems),
respectively. g°PCR was performed on a BioRad CFX96 using a TagMan Universal PCR Master
Mix (Applied Biosystems), 15 ng cDNA per replicate per gene, and desired TagMan Gene
Expression Assays (Applied Biosystems) and manufacturers’ specified thermocycler parameters.

Gene expression was measured using N=3 biological replicates.

53



3.3.13 RNA sequencing and analysis

IMR90-4-derived BMECs were detached from channels and collected in TRIzol as
described above. Total RNA was isolated using the Direct-zol RNA MiniPrep Plus Kit (Zymo
Research) with DNase I treatment according to the manufacturer’s instructions. Samples were
submitted to VVanderbilt Technologies for Advanced Genomics (VANTAGE) for sequencing using
an lllumina NovaSeq6000. Sequences were aligned to the human transcriptome (GRCh38) using
HISAT2 [162] and a text file containing a list of known splice sites generated using the UCSC
Table Browser [163] and hisat2_extract_splice_sites.py. Alignments were assembled using
StringTie [164], and transcript levels (FPKM values) were extracted using Ballgown [165].
Pearson correlation coefficient was calculated by generating a scatter plot of FPKM values with
each sample on a separate axis and performing a linear regression of the plotted data. The RNA-
sequencing data referenced in this chapter were submitted to GEO under accession number GEO:

GSE122588.

3.4 Results and discussion

We first optimized scaffold composition and determined that iPSC-derived BMECs
performed best when seeded on gelatin hydrogels coated with collagen IV and fibronectin (Figure
A. 3.1), an approach determined to be effective in previously published protocols [145,147]. With
our intention to incorporate glial and neural cells in future NVU models, we initially explored
fabricating the scaffolds using alginate/gelatin composite hydrogels based upon previous reports
in the literature characterizing 3D culture of neural and glia cells [166]. We evaluated the ability
of IMR90-4-derived BMECs to adhere to the surface of tissue-culture plates coated with thin

hydrogel films comprised of 10% gelatin or 10% gelatin/ 0.25% alginate composite hydrogels
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both with and without subsequent adsorption of the collagen/fibronectin solution commonly used
in iPSC-derived BMEC cultures [144]. As shown in Figure A. 3.1A, visual inspection of cells 24
hours after seeding revealed that iPSC-derived BMECs failed to attach and grow on hydrogels
containing alginate, even with additional treatment with collagen/fibronectin. Although visually
indistinguishable in terms of cell morphology and viability, TEER measurements of BMECs
grown on gelatin hydrogels with and without additional collagen/fibronectin coating demonstrated
that gelatin treated with these additional ECM proteins yielded enhanced barrier properties (Figure
A. 3.1B). Thus, we elected to proceed with all experiments using scaffolds comprised of 10%
gelatin and channel surfaces coated with collagen/fibronectin solution 24 hours prior to cell
seeding. Visual comparison of IMR90-4-derived BMECs indicates that cell morphology remains

unchanged in the transition from 2D to 3D culture formats (Figure 3.1D-E).
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Figure 3.1 Cell-laden scaffold assembly and perfusion. (A) Fabrication of gelatin channel within
supportive PDMS rig and (B) fully assembled perfusion platform. (C) Schematic for cell seeding
and initiation of experiments. (D) BMECs stained with Calcein AM Ester following 7 days of
culture on the channel surface as shown by orthogonal confocal image. Scale = 100 um. (E)
Morphology comparison between Calcein AM-stained BMECs cultured in 2D tissue culture plates
(i. &ii.) and in gelatin channels (iii. & iv.). Scale = 50 pm.
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To evaluate the ability of iPSC-derived BMECs to recapitulate passive barrier function in
3D culture over the course of at least 2 weeks, the diffusive permeability of sodium fluorescein
(MW = 330 Da), 3 kDa MW dextran, and albumin (MW = 66 kDa) was measured and compared
to HUVECs and human dermal microvascular endothelial cell (uVas) cells. The use of these
tracers was intended to assess permeability to relatively small, medium, and large sized molecules.
In each cellular cohort, we compared samples cultured under static conditions versus continuous
perfusion (100 pl/min). Results from these experiments are summarized in Figures 3.2 and 3.3,
with all raw data located in Figure A. 3.2.

We initially examined the permeability of 3 kDa dextran in static versus perfused channels
on days 1, 7, and 14 of culture (Figure 3.2A-D). The permeability coefficients for 3 kDa dextran
in IMR90-4-derived BMECs were measured at nearly 2 orders of magnitude lower than HUVECs
on day 1 static (Kemec=1.2x10-7 cm/s, Krnuvec=1.2x10-5 cm/s) and perfused (Kemec=1.9x10-7
cm/s, Kruvec=1.2x10-5 cm/s) samples and roughly five times lower than pVas (Kpuvas=5x10-7
cm/s) (e.g. the BMECs exhibit a >100-fold and 5-fold stronger passive barrier compared to
HUVECs and pVas, respectively). These data indicate that the BMECs not only attach to the
gelatin matrix, but also immediately form a robust barrier that is tighter than the non-BBB
endothelial cells. In static culture, BMEC barrier function declined on day 7 (Kewvec=4.6x10-7
cm/s) and 14 (Kewmec=2.2x10-s cm/s), although it remained ~10-fold better than HUVEC
(KHuvec=7x10-6 cm/s and 2x10-5 cm/s, day 7 and 14 respectively) and pVas controls
(Kuvas=1.3x10-6 cm/s and 1.2x 10-s cm/s, day 7 and 14 respectively). In contrast, the barrier against
3 kDa dextran in BMECs that were continuously perfused for 2 weeks was comparable to initial
values (Kemec=4.3x 10-s cm/s on day 14), suggesting that exposure to shear might further stabilize,

and perhaps enhance, BMEC barrier integrity over time. A similar trend was observed in pVas
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(Kuvas =1.5x10-s cm/s on day 14), although the permeability coefficient for these cells remained
more than 10 times greater than BMECs. We also separate data compiled from different IMR90-
4 BMECs differentiations to show biological reproducibility (all data from Figures 3.2-3.3 are
compiled from more than 5 independent differentiations). The permeability to 3 kDa dextran from
two separate IMR90-4 BMECs differentiations (indicated as either D1 or D2) were measured at
day 14 under both static and perfused conditions. All BMEC cohorts exhibit permeability
coefficients over 10 times smaller than those for HUVEC/uVas controls. Furthermore, all BMECs
under perfusion are significantly less permeable than their non-perfused counterparts, further

highlighting reproducibility of the system.
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Figure 3.2 Quantitative comparison of cell monolayer permeability in perfused and non-perfused
channels. (A) Confocal images of 3 kDa dextran (Red) diffusion in gelatin channels lined with
either iPSC-derived BMECs or HUVECSs. Images show samples cultured for 7 days under static
conditions (Scale = 100 um). (B) Intensity profiles across channels lined with BMECs (top) or
HUVECs at 0 and 60 min of perfusion with 3 kDa dextran. (C) Graphical depiction of permeability
to 3 kDa dextran on days 1, 7, and 14 of culture under either static culture or continuous perfusion
at 100 pl/min. Average permeability coefficients are listed in (D). Data are compiled from at least
8 separate channel seedings, comprised of cells obtained from 5 independent differentiations. N >
3 independent biological replicates for all data points. Error = £ 1 SD, (*) indicates p < 0.05, (**)
indicates p < 0.01 based on one-way ANOVA. Individual values from each replicate (e.g.
measurements from individual devices) are listed in Figure A. 3.2.

To further explore the influence of perfusion upon barrier strength in BMECs, we measured

the diffusion coefficients of sodium fluorescein and albumin in addition to 3 kDa dextran after 14
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days of perfused or static culture (Figure 3.3). In order to validate these results in a different iPSC
line, we also measured permeability in CC3-derived BMECs [147] (Figures 3.2 and 3.3). Both
IMR90-4- and CC3-derived BMECs subjected to perfusion for 14 days exhibited permeability to
all compounds that was an order of magnitude lower than pVas controls. Additionally, IMR90-4-
derived BMECs subjected to perfusion exhibited permeability that was significantly lower
compared to non-perfused counterparts, confirming permeability trends across a spectrum of
molecular weights. Exclusion of aloumin suggests reduced vesicular transport, which is a hallmark
of the BBB. To further probe this finding, we used qPCR to quantify MFSD2A and CAV1
(caveolin-1) expression. MFSD2A, which is highly expressed in brain endothelium relative to lung
and liver endothelium and known to suppress endocytosis/transcytosis [167], was not expressed at
significantly different levels between BMECs and puVas (Figure A. 3.3). However, CAV1, an
important component of vesicular transport that is suppressed in BMECs and activated under
pathogenic conditions such as ischemia/reperfusion [168], exhibited ~8-fold higher expression in
uVas relative to BMECs. Coupled with the permeability data demonstrating reduced albumin
extravasation, these data suggest the BMECs suppress vesicular transport, although not necessarily
through MFSD2A upregulation. Since these BMECs are maintained in isolation, it is possible that
regulatory cues for MFSD2A provided by other cell types (e.g. pericytes) are not present. In future

model iterations, inclusion of these cell types could further suppress vesicular transport.
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Figure 3.3 Permeability coefficients for molecules of varying molecular weights. Comparison of
permeability for (A) sodium fluorescein, (B) 3 kDa dextran, and (C) albumin between pVas,
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IMR90-4-derived BMECs, and CC3-derived BMECs that were maintained under either static
conditions or continual perfusion for 14 days. (¢) indicate actual values of individual replicates. N

> 3 independent biological replicates for all data points. Error = £ 1 SD, (*) indicates p < 0.05
based on one-way ANOVA.

To further examine gene expression patterns, we used gPCR to quantify OCLN (occludin),
and SLC2A1 (GLUT-1) between IMR90-4-derived BMECs and pVas at day 14 under perfusion.
OCLN and SLC2AL1 are recognized as being relatively specific to BBB compared to peripheral
endothelium [169], and these genes were expressed at ~5-fold and ~11-fold higher levels,
respectively, in BMECs (Figure A. 3.3). Next, we used RNA sequencing to compare global gene
expression patterns in BMECs cultured for 1 day under static conditions and 14 days under
constant perfusion (Figure A. 3.7). The Pearson correlation coefficient between these samples was
0.91, which indicates a strong positive association and provides evidence that the BMEC gene
expression signatures are maintained under longitudinal perfusion.

Finally, to establish appropriate correlations between 2D and 3D barrier function, we
performed a similar dextran diffusion assay using CC3-derived BMECs and HUVECs cultured in
Transwell filters (Figure A. 3.4). Permeability values obtained from cells cultured in 2D were on
the same order of magnitude as those obtained in 3D channels (10-7 cm/s for BMECs, 10-5 cm/s
for HUVECS), thus validating the measurements made within the tissue construct. Interestingly,
permeability values for both BMECs and HUVECs remained stable over time in 2D, unlike the
steady increase in permeability observed in cells lining non-perfused channels, indicating a
possible role for nutrient exchange in maintaining barrier integrity in the 3D construct. To further
explore this potential impact of nutrient exchange, we examined the permeability in BMECs and
uVas in 3D culture under stop-flow conditions, in which samples were subjected to perfusion from

the medium reservoir, but for only 10 min per day; these experiments permitted nutrient exchange
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with minimal exposure to shear stress (we note that the scaffolds are designed such that the upper
surface of the hydrogel is in direct contact with the medium reservoir, which likely provides some
additional material exchange to the cells). Results from these stop-flow experiments revealed
permeability was similar to, and in some cases worse than, static conditions, suggesting that fluidic
shear stress does maintain barrier integrity within the context of the 3D culture platform (Figure
A. 3.4B). We note the possibility that the endothelial cells provide greater conditioning of the
medium in the Transwell system relative to the hydrogel system due to volume differences (2 ml
versus ~40 ml), and that shear stress-induced effects may compensate for these trophic factors in
the perfusion versus static conditions. However, because the goal of this work is to solely establish
the performance of the 3D BBB culture platform, these mechanisms were not explored further.
To validate that the observed permeability values corresponded to proper cell-cell junction
formation, cells were evaluated for junctional and cytoskeletal markers including occludin,
claudin-5, VE-cadherin, and F-actin. CC3-derived BMECs lining gelatin channels show robust
expression of both occludin and claudin-5 localized to intercellular junctions (Figure 3.4A). F-
actin expression (Figure 3.4B) similarly indicated strong intercellular localization in BMEC-lined
channels. In addition, F-actin staining patterns demonstrate the lack of cellular elongation in cells
exposed to fluidic shear, a property previously reported to be a unique characteristic of BMECs
[150,170-172]. This is particularly evident when BMEC morphology is compared to HUVEC and
pVas maintained under static (Figure 3.4C) and perfused (Figure 3.4D) conditions. HUVECs and
uVas also strongly expressed VE-cadherin along cell boundaries, but claudin-5 expression was
generally absent at cell boundaries and instead diffusely distributed within the cells. Claudin-5 is
essential for TJ formation and regulation of BBB permeability, particularly to small compounds

[173]. In contrast, claudin-5 is functionally insignificant in establishment of umbilical vein
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(HUVEC) barrier [174]. When compared to the fluorescein permeability data (Figure 3.3), these

overall data strongly suggest the formation of robust cell-cell junctions in BMECs in 3D culture.
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Figure 3.4 Immunofluorescent staining. (A) IMR90-4-derived BMECs labeled for occludin and
claudin-5 at day 1 under static conditions. Nuclei are counterstained with Hoechst. (B) IMR90-4-
derived BMECs labeled for F-actin at day 1 under static conditions and day 14 under perfused
conditions. (C-D) HUVECs, uVas, and IMR90-4-derived BMECs labeled for VE-cadherin and
claudin-5 at day 7 under static (panel C) and perfused (panel D) conditions. Each individual image
reflects a summative z-projection of individual confocal images without additional processing to
flatten images. For each fluorescence channel, the intensity scale is held constant across all
samples. As a result, in some images there is a perceived decrease in fluorescence signal for points
farthest from the objective that is reflective of channel curvature and slight variations in gelatin
topology rather than inherent signal. Scale = 50 pum.

Based on the comparisons between perfusion, static, and stop-flow permeability
experiments, we sought to further probe the effects of shear stress on barrier integrity. We found
that permeability in channels perfused at 100 pl/min heterogeneously declined between two
samples by day 21 (Figure 3.5A). One sample exhibited substantially worse permeability of
2.4x10-6 cm/s, while the other sample remained extremely tight at 5.8x10-s cm/s. At this time, we
observed signs of angiogenic sprouting at 21 days of perfusion (Figure 3.5C), which was not
evident in previous time points in either static or perfused samples and could explain the decline
in barrier function between samples.

Perfusion of the ~800 um diameter channel at a rate of 100 pul/min generates a wall shear
of approximately 32 mPa (0.3 dynes/cmz), well below the physiological range of ~1-3 Pa (10-30
dyne/cmz) estimated for brain microvasculature [175-178]. Compared to the permeability of
BMECs perfused at 100 pl/min, perfusion at 300 pl/min and 1000 pl/min (wall shear of
approximately 100 mPa {1 dyne/cmz} and 320 mPa {3.2 dyne/cm2}, respectively) for 14 days
yielded an overall reduction in passive barrier function. As shown in Figure 3.5B, the permeability
coefficient to 3 kDa dextran for BMECs perfused at 300 pl/min and 1000 pl/min was 2.9x10-7
cm/s and 4.8x10-7 cm/s, respectively, which is approximately 10 times more permeable than

BMECs perfused at 100 pl/min. This increase in permeability also corresponded to an increase in
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observed incidence of angiogenic sprouting observed on day 14 in channels perfused at higher
flow rates and day 21 in channels perfused at 100 pl/min (Figure 3.5C). Importantly, these values
are still 10-fold lower than BMECs maintained under static conditions, providing additional
evidence that perfusion, even at sub-physiological levels of shear, stabilizes barrier function over

time despite minor vascular sprouting.
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Figure 3.5 Relative impact of shear on BMEC permeability. (A) Permeability to 3 kDa dextran in
IMR90-4-derived BMECs perfused at 100 ul/min over 21 days. N > 3 independent biological
replicates for all data sets, except N=2 independent biological replicates for the day 21 time point.
(©) indicate actual values of individual replicates. Error bars indicates + 1 SD. (B) Permeability
coefficients to 3 kDa dextran in BMECs perfused for 14 days at 100, 300, and 1000 pl/min,
compared to the static control. (0) indicate actual values of individual replicates. N=2 independent
biological replicates for 1000 pl/min dataset, N > 3 independent biological replicates for all other
cohorts, (**) indicates p<0.01 as compared to static based upon one-way ANOVA and error bar
indicates £ 1 SD. (C) Images showing cell sprouting in channels perfused for 14 days (left) at 100
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and 1000 pl/min, and 21 days (right) at 100 pl/min. Top image is bright field, bottom image shows
cells stained by Rhodamine 123. Scale = 100 pm.

As discussed previously, a hallmark of brain endothelium is the expression of active efflux
transporter such as p-glycoprotein (Pgp), breast cancer resistance protein (BCRP), and MRPs.
Accordingly, numerous reports have demonstrated that iPSC-derived BMECs possess active
efflux activity determined by substrate inhibition assays [144,145,147]. Here, we sought to
characterize this efflux activity in IMR90-4-derived BMECs under 3D perfusion culture.
Intracellular accumulation of Rhodamine 123 (a Pgp substrate) was evaluated in the presence or
absence of cyclosporin A (a Pgp inhibitor) in BMECs after 14 days of perfusion. Similarly, MRP-
associated efflux activity was assessed by measuring intracellular accumulation of H2DCFDA in
the presence or absence of inhibitor MK-571. As shown in Figure 3.6A-B, BMECSs possess robust
Pgp activity after 14 days in culture as determined by an increase in intracellular fluorescence of
inhibited samples exceeding 80%, providing supporting evidence of the long-term functionality of
iIPSC-derived BMECs in this 3D culture format. Pgp activity was not influenced by perfusion rate
(200, 300, or 1000 pl/min) and remained stable at 21 days of perfusion at 100 pl/min.
Comparatively, uVas also exhibited increased uptake of Rhodamine and H2DCFDA in the
presence of inhibitors (Figure 3.6C). However, uptake was significantly lower than for BMECs,
likely indicating that BMECs have a higher efflux activity and/or expression of efflux transporters.
Although peripheral endothelial cells are not commonly known for possessing efflux activity, Pgp
expression has historically been observed in skin endothelial cells from papillary but not reticular

dermis [179]. Thus, some baseline efflux activity may reflect the source of these control cells.

69



14 Days 21 Days

(A) T=0 Min T=60 Min T=0 Min T=60 Min T=0 Min T=60 Min T=0 Min T=60 Min

| Cyclosporin

= s . =
100 pl/min i 300 pl/min i 1000 pl/min

(B) 14 Days 21 Days
= 100 -
X
@
b o o
@ 60 -
(%]
<
3
S 40 -
S
=
[V 20 -4
<
S
g 0 : . .
= 100 pl/min 300!/min 1000 pl/min 100 pl/min
(C) uVas Static muVas Perfusion =IMR90-4 Static =IMR90-4 Perfusion
*
e
100 + *
—

Percent Increase in Fluorescence (%)

PGP MRP

Figure 3.6 Assessment of efflux transporter activity reflects long-term BMEC functionality in
perfused channels. (A) Confocal images (z-projections) of IMR90-4-derived BMECs after 14 and
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21 days of perfusion at various flow rates that were imaged over the course of one hour of perfusion
with medium containing Rhodamine 123 alone (control; top row) or following a 1-hour pre-
incubation with cyclosporin A (bottom row). Each pair of control versus cyclosporin A
comparisons were conducted using separate channel devices from the same seeding and perfusion
cohort. Images reflect summative z-projections of confocal z-stacks without any further processing
to flatten images, and all images are presented using the same intensity scale. (B) The increase in
cellular Rhodamine 123 accumulation resulting from p-glycoprotein inhibition is quantified in
terms of cellular fluorescence intensity relative to non-inhibited controls. N > 2 independent
biological replicates for each data set. (¢) indicate actual values of individual replicates. (C)
Comparison of Pgp and MRP activity in channels lined with either pVas or BMECs after 14 days
of culture. N > 3 independent biological replicates for each data set. Error bars indicate = 1 SD.
(*) indicates p < 0.05 based on a one-way ANOVA.

In this study, we demonstrate the capability of iPSC-derived BMECs to form confluent 3D
monolayers that sustain barrier integrity for up to 3 weeks under continuous perfusion, as measured
by low passive diffusion to a cohort of molecular tracers, tight junction localization, and efflux
transporter activity. Overall, two of the most significant findings in this work are the longevity of
BMEC barrier function and relative barrier properties compared to the non-BBB controls,
particularly with respect to permeability of low molecular weight compounds. We note that
relative to uVas, iPSC-derived BMECs were significantly less permeable to fluorescein, which is
an important small molecule tracer for qualifying BBB integrity. The absolute permeability of
fluorescein is similar to results obtained from measurements in 2D Transwell platforms (10-6-10-7
cm/s) [147], indicating consistency in BMEC performance and robustness of the paracellular
barrier in 3D culture. Meanwhile, the exclusion of albumin and decreased CAV1 expression
suggest reduced vesicular transport in BMECs relative to non-BBB controls.

We further note that perfusion of BMEC-lined channels under low shear conditions has a
stabilizing effect on barrier integrity over time compared to non-perfused controls, with similar
performance in barrier function in BMECs derived from two separate iPSC lines. Our data indicate

that perfusion helps maintain long-term barrier function through a combined effect of shear-
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induced mechanical cues and continual medium circulation providing improved nutrient/waste
exchange. Recently, iPSC-derived BMECs co-cultured with astrocytes in perfused microfluidic
channels were reported to maintain in vivo-like TEER values for 12 days, where the authors
concluded that shear forces were not essential for the establishment of strong intercellular junctions
but did provide a clear stabilizing effect upon barrier integrity over time [150], which is consistent
with our findings. Another group has reported that shear forces are non-requisite for tight junction
formation in iPSC-derived BMEC monolayers, but that shear positively contributes to barrier
health by providing necessary mechanical cues as well as reducing ROS-mediated degradation
[170,180]. In our 3D system, increased shear forces above our initially tested values did not
strengthen or stabilize barrier function. However, these measurements are complicated by the
observation of increased angiogenic sprouting at earlier time points associated with higher flow
rates, and the cytoskeletal restructuring of angiogenic sprouting is known to increase the
permeability of brain endothelium [181]. It is likely that the increase in interstitial flow associated
with higher perfusion rates resulted in increased sprouting in BMEC monolayers, a process
normally inhibited by interactions with surrounding smooth muscle cells and astrocytes [182,183].
Thus, we hypothesize that incorporation of additional NVU cell types will further stabilize barrier
function by preventing angiogenic sprouting, which will be examined in future studies.
Interestingly, despite robust barrier function and expression of junction-associated VE-
cadherin, claudin-5, and occludin protein, our global expression data indicates low mRNA
transcript abundances for both endothelial and BBB-associated genes. Transcript levels in iPSC-
derived BMECs cultured for 1 day under static conditions were similar to iPSC-derived BMECs
cultured in 2D well plates [184], suggesting consistency with other models. We note that

transcriptional profiling has been performed on both mouse and human brain endothelial cells, and
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for canonical BBB/endothelial genes (e.g. OCLN, CLDN5, CDH5, PECAM1, SLC2A1, MFSD2A,
ABCB1), expression levels in mouse are consistently ~10-100-fold higher than human [185]. At
present, it is unclear whether low transcript abundance in iPSC-derived BMEC models reflects in
vitro culture conditions or a species difference, and more investigations are required in this area.
We also note that despite overall similarity between day 1 static cultures and day 14 perfusion
cultures, endothelial-specific genes become noticeably downregulated at the later time point. Thus,
although perfusion and shear stress may help stabilize barrier function through upregulation of
currently unknown signaling pathways, these factors potentially have a lower influence on
maintenance of vascular identity. We hypothesize that inclusion of pericytes and future
optimization of media composition will help promote maintenance of endothelial gene signatures
at these later time points. These investigations and more in-depth analyses of transcript data are
expected to identify more explicit differences between 2D and 3D cultures of iPSC-derived
BMECs, similar to other studies [186], as well as possible human-specific BBB gene expression

signatures.

3.5 Conclusion

Overall, we highlight the utility of our 3D model for exploring interactions between NVU
cell types, modeling neurovascular disease, and assessing treatment strategies. Since we have used
gelatin with a benign enzymatic crosslinking approach compatible with cell encapsulation [187],
we expect to be able to establish co-cultures that represent endogenous organization of NVU cell
types. Given advancements in the production of neurovascular cells from iPSCs, including diverse
subtypes of neurons, astrocytes, oligodendrocytes, microglia, pericytes, and smooth muscle, a fully

isogenic 3D model is a realistic possibility in the near future. Also, given prominent vascular
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contributions to neurodegenerative diseases [119], future iterations of this biomimetic 3D NVU
model could provide a useful platform for modeling disease phenotypes. Lastly, although this
model is not expected to replace standard Transwell setups for screening prospective therapeutic
compounds for BBB permeation, the performance of lead candidates could be further tested in
these 3D NVU systems, where a more physiological microenvironment is expected to improve

predictions of therapeutic efficacy.
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Figure A. 3.1 Effects of hydrogel composition upon EC attachment. (A) IMR90-4-derived
BMECs were seeded in 6-well plates coated with collagen/fibronectin solution (ECM Alone) or
thin hydrogels comprised of enzymatically crosslinked 10% gelatin (Gel Alone), 10% gelatin
treated with collagen/fibronectin (Gel + ECM), or 10% gelatin/0.25% Sodium-alginate treated
with collagen/fibronectin solution (Gel+Alg+ECM). Gelatin/alginate hydrogels were crosslinked
with mTG suspended in a 30 mM CaCl2 solution. Cells were labeled with 1 uM mitochondrial
stain, tertramethylrhodamineester (TMRM, Thermo Fisher) to identify live cells in fluorescence
images. Scale bar represent 100 um. (B) Graph illustrating the percent increase in maximum
TEER values obtained from IMR90-4-derived BMECs, initially differentiated at starting iPSC
densities of 120,000 or 150,000 cells per well [147], cultured on 7.5% gelatin hydrogels treated
with collagen/fibronectin solution relative to non-treated hydrogels. Results reflects data compiled
from 3 independent seedings from the 120,000 cells/well condition (N=3 Transwell filters per
seeding, or N=9 total) and 2 independent seedings from the 150,000 cells/well condition (N=3
Transwell filters per seeding, or N=6 total). Error bars indicate + 1 SD.
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(A)

Average SD N1 N2 N3
IMR90-4 (D1) |1.22389E-07 |5.9755E-08 |1.6227E-07 |5.4123E-08 |1.5077E-07
Day 1 (HUVEC 1.18354E-05 |3.9553E-06 |1.0857E-05 |9.66E-06 1.499E-05
uVas 4 95379E-07 |3.6477E-07 |2.7962E-07 |2.9571E-07 |9.1081E-07
IMR90-4 (D1) |4.55303E-07 |2.0771E-07 |4.0714E-07 |6.819E-07 |2.7686E-07
Day 7 |HUVEC 6.9814E-06  |1.7915E-05 |8.7731E-07 |1.158E-06 |1.8909E-05
uVas 1.30489E-06 |3.0378E-07 |1.0538E-06 [1.217E-06 |1.6438E-06
IMR90-4 (D2) [1.82649E-07 |1.0749E-07 |3.0547E-07 |1.5376E-07 |9.3933E-08
IMR90-4 (D1) |2.15148E-06 |3.6044E-06 |1.8057E-07 |4.1224E-06 |3.1932E-06
Day 14 |HUVEC 1.95006E-05 |3.6499E-05 |2.7554E-05 (2.9059E-05 |1.8894E-06
uVas 1.23186E-06 |2.1343E-07 |1.2382E-06 |1.017E-06 |1.4438E-06
CC3 1.98234E-07 |1.019E-07 |9.247E-08 |2.9578E-07 |2.0645E-07
(B) Perfused Culture
Average SD N1 N2 N3
IMR90-4 (D1) | 1.94198E-07| 1.8145E-08| 2.0702E-07| 1.8138E-07| 1.8057E-07
Day 1 |HUVEC 1.19041E-05| 2.0004E-05| 2.0793E-05| 3.0155E-06| 2.8306E-05
uVas 5.95E-07 2.25E-07 5.30E-07 4.16E-07 7.56E-07
IMR90-4 (D1) | 1.40283E-07| 8.6925E-08| 9.3816E-08| 2.4042E-07| 8.6609E-08
Day 7 |HUVEC 7.61697E-06, 6.4097E-06| 8.5993E-06| 1.1918E-05] 2.334E-06
uVas 5.30E-07 1.04E-08| 1.3171E-06| 1.6912E-06| 1.1606E-06
IMR90-4 (D2) | 3.21978E-09| 1.733E-09| 5.2198E-09| 2.2743E-09| 2.1652E-09
IMR90-4 (D1) | 4.27278E-08 3E-08| 4.7624E-08| 6.9907E-08| 1.0653E-08
Day 14 |HUVEC 2.28263E-05| 1.1676E-05| 1.8236E-05| 2.2458E-05| 2.7785E-05
uVas 1.56426E-06/ 1.3679E-06) 2.9212E-06| 1.3171E-06| 4.5456E-07
CC3 4.24561E-08| 2.7269E-08| 2.5754E-08| 2.7707E-08| 7.3907E-08

Figure A. 3.2 Permeability measurement data. Calculated values for 3 kDa dextran in (A) static
and (B) perfused channels lined with HUVEC, pVas, IMR90-4-derived BMECs, or CC3-derived
BMECs. Two explicitly different IMR90-4-derived BMEC batches were used to directly compare
biological variance (denoted as D1 and D2).
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Figure A. 3.3 qPCR analysis of BBB related markers. Relative expression of MSFD2A, CAV1
(Caveolin-1), OCLN (Occludin), and SLC2A1 (GLUT-1) in IMR90-4-derived BMECs versus
MVas cells isolated from channels after 14 days of continual perfusion. GAPDH was used as the
housekeeping gene. N=3 independent biological replicates for each condition. Error bars indicate
+ 1 SD. Statistical significance was calculated using the student’s unpaired t-test: *, p<0.05; **,
p<0.01; n.s., p>0.05.

(A) (B)
BMEC 6.4 132 Fluorescein 507 +436
Day 7 HUVEC | 114 41 uVas |3 kDa dextran 13.9+27
BMEC 58102 Albumin 0.03 z0.05
Day 14 HUVEC | 1092154 Fluorescein 168 +50.8
BMEC |3 kDa dextran 102 97
Albumin 0.02 +0.001

Figure A. 3.4 Permeability measurements from 3D stop-flow conditions and 2D Transwell
controls. (A) Permeability of CC3-derived BMECs and RFP-HUVECs to 3 kDa dextran when
cultured on Transwell filters. (B) Permeability values from diffusion of sodium fluorescein, 3 kDa
dextran, and albumin across cell monolayers after 14 days under stop-flow conditions. IMR90-4-
derived BMECs and pVas were subjected to 10 min of media perfusion per day at 100 pl/min for
14 days. For all experiments, data represent mean + SD calculated from N=3 independent
biological replicates.
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Figure A. 3.5 Perfusion system assembly components. (A) Fully assembled fluidic culture
apparatus used for continual and stop-flow perfusion experiments. (B) List of individual

components used to construct perfusion system. The total volume of medium within the perfusion
system during an experiment is estimated to be between 40-45 ml.
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Figure A. 3.6 Measuring diffusion coefficients in gelatin matrix using FRAP analysis. Related to
Figure 2 and Experimental Procedures. (A) Calculated diffusion coefficient values based upon N
> 3 experiments. (B) Comparison of molecular weight to calculated diffusion coefficient. Slope of
the line is -0.53 with an R-squared value of 0.997, which correlates with previous reports [188].

(C) Half-recovery times of fluorescein and dextran FRAP experiments.

(D) Effective radius

measurements of bleached samples. Error bars indicate + 1 SD. (E) Screen capture illustrating ROI
delineations for image processing in Fiji. (F) Representative plot of Log (C) versus time generated
from intensity profiles in MATLAB. The slope of the linear plot corresponds to Lambda () and
is used in Equation S4 to calculate the diffusion coefficient.
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/l[Analyze confocal timelapse data sets for permeability measurements

//Find Background Intensity of Gelatin
makeRectangle (0,1020, 1024, 10);

// 'add roi (X, y, width, height)
macro "Show Statistics” {
if (nSlices>1) run("Clear Results");

getVoxelSize(w, h, d, unit);

n = getSliceNumber();
for (i=1; i<=nSlices; i++) {
setSlice(i);
getStatistics(area, mean, min, max, std);
row = nResults;
if (nSlices==1)
setResult("Area ("+unit+""2)", row, area);
setResult("Mean ", row, mean);
setResult("Std ", row, std);
setResult("Min ", row, min);
setResult("Max ", row, max);

¥
setSlice(n);
updateResults();
saveAs("Results"”,"path\\file.csv");

//Find Intensity of Channel
makeRectangle (0,100, 1024, 300);
/ladd roi (x,y,w,h)
macro "Show Statistics” {
if (nSlices>1) run("Clear Results");
getVoxelSize(w, h, d, unit);
n = getSliceNumber();
for (i=1; i<=nSlices; i++) {
setSlice(i);
getStatistics(area, mean, min, max, std);
row = nResults;
if (nSlices==1)
setResult("Area ("+unit+""2)", row, area);
setResult("Mean ", row, mean);
setResult("Std ", row, std);
setResult("Min ", row, min);
setResult("Max ", row, max);
¥
setSlice(n);
updateResults();
saveAs("Results”, "path\\name.csv");

¥
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/[Find Intensity of Gelatin near channel
makeRectangle (0,450, 1024, 560);

// 'add roi (X, y, w,h)
macro "Show Statistics” {
if (nSlices>1) run("Clear Results");

getVoxelSize(w, h, d, unit);

n = getSliceNumber();
for (i=1; i<=nSlices; i++) {
setSlice(i);
getStatistics(area, mean, min, max, std);
row = nResults;
if (nSlices==1)
setResult("Area ("+unit+""2)", row, area);
setResult("Mean ", row, mean);
setResult("Std ", row, std);
setResult("Min ", row, min);
setResult("Max ", row, max);

}
setSlice(n);
updateResults();
saveAs("Results","path\\filename.csv");

}

//Analyze Time Series
makeLine(0,512,1024,512,1);
/fadd line of interest
11(x1,y1,x2,y2,width)
macro "Stack profile Data" {
if (!(selectionType()==0 || selectionType==5 || selectionType==6))
exit("Line or Rectangle Selection Required");
setBatchMode(true);
run("Plot Profile");
Plot.getValues(x, y);
run("Clear Results™);
for (i=0; i<x.length; i++)
setResult("x", i, X[i]);
close();
n = nSlices;
for (slice=1; slice<=n; slice++) {
showProgress(slice, n);
setSlice(slice);
profile = getProfile();
sliceLabel = toString(slice);
sliceData = split("\n");
if (sliceData.length>0) {
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line0 = sliceData[0];
if (lengthOf(sliceLabel) > 0)
sliceLabel = sliceLabel+ " ("+ line0 + ™)";

¥
for (i=0; i<profile.length; i++)
setResult(sliceLabel, i, profile[i]);
}
setBatchMode(false);

updateResults;
saveAs("Results"”, "path\\filename.csv");

Figure A. 3.7 Fiji macro script
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%% Calculate permeability from confocal imaging datasets

Dgelatin=20.9 %From FRAP Data 10k=12.6, 3k=20.9
Distance_microns = 1120 %distance from channel edge to gel edge

%%Import measurements from fiji macro

ledge = xlsread('C:\path\ GelBG.csv',1,'B2:B241");%%Average Intensity at no-flux
region

Channel_lo = xlsread('C:\pathChannelBG.csv',1,'B2:B241"); %%Intensity within
channel

Igel= xlsread('C:\path\GelNearChannelBG.csv','B2:B241");%%Average intensity of

gel

%% Convert slice/frame number to time interval
Slice = xlIsread('C:\path\Profile.csv','Profile’,'C1:IH1");
Time_minute = Slice*.5;

Time_second = Time_minute*60;

%%Calculating C for each timepoint
C_numerator=ledge-Channel_lo;
C_denominator = Igel-Channel_lo;
C=C_numerator./C_denominator;

%% Graphing logC versus time
X = Time_second;

y=C;

plot=semilogy(X,y);

%%Fit logC versus time to extract Lambda (slope)
curvefit = fitlm(x,y,'poly1’);
coeff=curvefit.Coefficients.Estimate;
Rvalue=curvefit.Rsquared.Ordinary;
output = xIswrite('C:\path\curvefit.xlsx', coeff,1);

%Use Lambda to calculate K (permeability) in microns/second
Lamda = xlIsread('C:\path\curvefit.xIsx',1,’A2:A2");
K=(Dgelatin/Distance_microns)*(Lamda*tan(Lamda));
K_cm = K*10000; %% conversion to cm/s
outputValue = {;'’K cm/s";'Lambda’;'Rsquared'}
values=[;K_cm; K;Lamda;Rvalue];
result= table(outputValue, values);
%Save results in excel file
writetable(result,'C:\path\Results.xIsx','Sheet',1,'Range’,'A1:B3’)

Figure A. 3.8 MATLAB code
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Chapter 4

A SIMPLIFIED, FULLY DEFINED DIFFERENTIATION SCHEME FOR PRODUCING
BLOOD-BRAIN BARRIER ENDOTHELIAL CELLS FROM HUMAN IPSCS

Adopted from Neal EH, Marinelli NA, Shi Y, McClatchey PM, Balotin KM, Gullett DR, et al. A
Simplified, Fully Defined Differentiation Scheme for Producing Blood-Brain Barrier Endothelial
Cells from Human iPSCs. Stem Cell Rep. 2019;12:1380-8 with permission from Elsevier
Publishing.

4.1 Summary

Human induced pluripotent stem cell (iPSC)-derived developmental lineages are key tools
for in vitro mechanistic interrogations, drug discovery, and disease modeling. iPSCs have
previously been differentiated to endothelial cells with blood-brain barrier (BBB) properties, as
defined by high transendothelial electrical resistance (TEER), low passive permeability, and active
transporter functions. Typical protocols use undefined components, which impart unacceptable
variability on the differentiation process. We demonstrate that replacement of serum with fully
defined components, from common medium supplements to a simple mixture of insulin,
transferrin, and selenium, yields BBB endothelium with TEER in the range of 2000-8000 Qxcm2
across multiple iPSC lines, with appropriate marker expression and active transporters. The use of
fully defined medium vastly improves the consistency of differentiation, and co-culture of BBB
endothelium with iPSC-derived astrocytes produces a robust in vitro neurovascular model. This
defined differentiation scheme should broadly enable the use of human BBB endothelium for

diverse applications.
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4.2 Introduction

The blood-brain barrier (BBB) is composed of brain microvascular endothelial cells
(BMECs), which strictly maintain central nervous system (CNS) homeostasis by regulating
material exchange between the bloodstream and parenchyma [8]. Disruption of the BBB is
strongly implicated in many neurodegenerative diseases [93], and its functions are also
influenced by peripheral conditions that can reduce its fidelity and result in CNS damage [189].
Conversely, an intact BBB prevents efficient delivery of therapeutics to the CNS. Thus, a better
understanding of BBB properties is vital for the treatment of CNS disorders.

In vitro BBB models are often utilized to study mechanisms of neurovascular regulation
and dysfunction during disease and also can serve as a tool for high throughput screening of
BBB-permeant compounds. Historically, most BBB models have been constructed from primary
animal sources, but it is well-recognized that a human model would be preferred owing to
general species’ differences [51,62]. However, until recently, in vitro human BBB models were
limited to either primary [64] or immortalized BMECs [190], whereas each source has
downsides in terms of yield and barrier fidelity.

In 2012, human pluripotent stem cells (hPSCs) were successfully differentiated to
BMECs, as determined by elevated TEER (~850 Qxcmz2), representative permeability to a cohort
of small molecules, and active efflux transporter function [65]. The addition of retinoic acid
(RA) during the differentiation process further enhanced passive barrier function (TEER ~3000
Qxcmz) [67]. These BMECs have been utilized for mechanistic interrogations [191] and are
effective for modeling BBB-specific disease mechanisms [192]. However, limitations still exist
in the differentiation process. TEER has been estimated in vivo up to 8000 Qxcmz2 based on

radioactive ion permeabilities [193], and although this value may not be the absolute upper limit
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in humans, hPSC-derived BMECs in monoculture typically exhibit about half of this TEER
threshold [192,194,195]. Moreover, BMEC differentiation generally relies on the use of serum-
containing medium, which limits consistency and reliability of the final purified population.
Despite advancements in standardization of the differentiation process [111,195], more worKk is
needed to achieve optimum results.

Here, we detail an unexpected improvement to the BBB differentiation procedure when
transitioning to serum-free methods. By replacing the serum component of the differentiation
medium with fully defined factors, we can consistently achieve TEER maxima of 2000-8000
Qxcmz in BMEC monocultures across multiple induced pluripotent stem cell (iPSC) lines, with
expected marker expression and transporter activity. The defined procedure also consistently
generated a barrier phenotype in BMECs derived from several disease-specific lines that was equal
or better than BMECs derived in serum. Moreover, the exclusion of serum significantly enhanced
the responsiveness of BMECs to co-culture with astrocytes, with maximum TEER values
reproducibly exceeding 9000-10500 Qxcm2. These advances in differentiation technique are
expected to have a positive impact towards using iPSC-derived BMECs to model age- and disease-

related declines in BBB function.

4.3 Materials and methods

4.3.1 Endothelial cell medium preparation

Basal endothelial medium (human endothelial serum free medium; Thermo Fisher
Scientific) was supplemented with 50x diluted B27 (Thermo Fisher Scientific), 200x diluted B27,
100x N2 (Thermo Fisher Scientific), or ITS mixture consisting of 2.14 mg/L insulin (Sigma

Aldrich), 10.7 mg/L holo-transferrin (R&D Systems), and 14 pg/L sodium selenite (Fisher
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Scientific). These media were further supplemented with 20 ng/mL basic fibroblast growth factor
(bFGF; Peprotech) and 10 uM retinoic acid (RA; Sigma Aldrich) for differentiation days 4 to 6
and for subculturing cells onto plates and Transwell filters. bFGF and RA were removed from the

medium 24 h after subculturing to induce barrier phenotype.

4.3.2 iPSC maintenance

CC3, CD10, HD70-2, and TSP8-15 iPSCs were maintained in E8 medium [101], prepared
as previously described [195], on growth factor reduced Matrigel (Corning). Lines CC3, CD10,
and HD70-2 have been described elsewhere [107,108], and line TSP8-15 was derived for this
manuscript using previously described methods [196]. iPSCs were passaged upon reaching 60-
80% confluence. For passaging, iPSCs were washed once with Versene solution (Thermo Fisher
Scientific) and incubated with Versene solution for 5 minutes at 37°C. Cells were then collected

in E8 medium and redistributed to Matrigel-coated plates at the desired density.

4.3.3 iPSC differentiation to BMECs

iIPSCs were washed once in DPBS (Thermo Fisher Scientific) and incubated with Accutase
(Stem Cell Technologies) for 3 min at 37°C. The resultant single cell suspension was collected via
centrifugation, resuspended in fresh E8 medium, and density was counted using a Countess Il
(Thermo Fisher Scientific). Trypan blue was used to measure viability, and cells were seeded
according to the measured live cell count. Cells were seeded at a density of 15,800 cells/cm2 in E8
medium containing 10 uM Y-27632. Differentiation was initiated 24 h after seeding by changing
medium to E6 medium [102]. Medium was changed daily for 4 days. Next, cells were given human
endothelial serum free medium (hESFM; Thermo Fisher Scientific) supplemented with 20 ng/mL
bFGF, 10 uM RA, and either PDS or a serum-free supplement (B27, N2, or ITS). Medium was

not changed for 48 h. Following this treatment, cells were washed once with DPBS and incubated
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with Accutase for 20 min to 45 min, until a single cell suspension was formed. Cells were collected
via centrifugation and plated, also referred to as subculturing, onto substrates coated in a mixture
0f 400 pg/mL collagen IV (Sigma Aldrich) and 100 pg/mL fibronectin (Sigma Aldrich). Substrates
were either tissue culture polystyrene plates (Fisher Scientific) or Transwell filters with 1.1 cm2
polyethylene terephthalate membranes and 0.4 um pores (Fisher Scientific). Plates were coated for
a minimum of 1 h, up to overnight, and filters were coated for a minimum of 4 h, up to overnight.
Cells were replated using a ratio of 1 well of a 6-well plate to 3 wells of a 12-well plate, 3 Transwell
filters, or 6 wells of a 24-well plate. Media was then changed to basal endothelial medium with
desired supplement but lacking bFGF and RA. 24 h after subculture, TEER was measured using
STX2 chopstick electrodes and an EVOM2 voltohmeter (World Precision Instruments)
approximately every 24 h, and reported values are corrected for the resistance of an empty

Transwell filter. Cells were used for all functional assays 24 h after the removal of bFGF and RA.

4.3.4 iPSC differentiation to astrocytes

CC3 iPSCs were differentiated to astrocytes as previously described [195]. Briefly, CC3
iIPSCs were collected and density was determined as described above for BMEC differentiation.
Cells were seeded at a density of 2.5x10s cells/cm2 in E8 medium containing 10 uM Y-27632.
Differentiation was initiated 24 h after seeding by changing medium to E6 medium supplemented
with 10 uM SB431542 (Tocris) and 1 uM dorsomorphin dihydrochloride (Tocris) [102]. Medium
was replaced every 24 h for six days, after which cell clumps were manually transferred to a fresh
Matrigel-coated plate with E6 medium containing 10 ng/mL ciliary neurotrophic factor (CNTF;
Peprotech), 10 ng/mL epidermal growth factor (EGF; Peprotech), and 10 uM Y-27632. Medium
was subsequently changed every 72 for 30 days to E6 containing CNTF and EGF but lacking Y -

27632. On day 30, cells were collected using Accutase, centrifuged to pellet, and split via a ratio
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of 1 well of a 6-well plate to 1 full plate. Medium changes (E6 containing 10 ng/mL CNTF and 10
ng/mL EGF) were performed every 48 h, and cells were passaged upon reaching approximately
80% confluency. Cells were cultured a minimum of two passages prior to being cryopreserved in
E6 medium containing 10% DMSO (Sigma-Aldrich) and 10 uM Y-27632. Astrocytes were seeded
for co-culture at a ratio of 1 well of a 6-well plate to 9 wells of a 12-well plate and maintained in
E6 medium containing 10 ng/mL CNTF and 10 ng/mL EGF until initiation of co-culture. Upon
initiation of co-culture, astrocytes were changed to basal endothelial medium containing 200x B27

but lacking bFGF and RA.

4.3.5 TEER measurement

All TEER plots presented are the results of a biological N=1. Each time point is the result
of a technical N=9 as BMECs were purified onto triplicate filters for all conditions tested, and each
filter was measured in 3 locations per time point. All data are represented as mean + standard
deviation for these collective measurements. All results were confirmed in a minimum of two
additional biological replicates (specific numbers of biological replicates are noted in the main
text). Following the medium change on day O of subculture to remove bFGF and RA, no further

medium changes were performed for the duration of the experiments.

4.3.6 Immunocytochemistry

Cells were washed twice with DPBS and incubated with either 4% paraformaldehyde
(Sigma Aldrich) for 20 min or 100% ice-cold methanol for 10 min. Cells were then washed three
times with DPBS for a minimum of 5 min per wash. Cells fixed in 4% paraformaldehyde were
pre-blocked for a minimum of 1 h at room temperature in DPBS with 5% donkey serum (Sigma
Aldrich) and 0.3% Triton X-100 (Sigma Aldrich), referred to as PBS-DT. Cells fixed in methanol

were pre-blocked for a minimum of 1 h at room temperature in DPBS with 5% donkey serum,
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referred to as PBSD. Cells were then incubated with primary antibody (listed in Table A. 4.1) at
the desired dilution in PBS-DT or PBSD overnight at 4°C. Cells were rinsed once with DPBS and
washed five times with a minimum of 5 min per wash using DPBS with 0.3% Triton X-100 (PBS-
T) or DPBS. Secondary antibodies (listed in Table A. 4.2) were diluted in the same buffers used
for primary antibodies and incubated with cells for 1-2 h at room temperature. Following this
incubation, nuclei were labeled using 4',6-Diamidino-2-pheny-lindoldihydrochloride (DAPI;
Thermo Fisher Scientific) or Hoechst 33342 trihydrochloride trinydrate (Thermo Fisher Scientific)
diluted in PBS-T or DPBS for 10 min. DAPI solution was then removed, cells rinsed once with
PBS-T or DPBS, and cells were washed four times with PBS-T or DPBS for a minimum of 5 min

per wash. Cells were visualized on a Leica DMi8 microscope.

4.3.7 Sodium fluorescein permeability assay

BMECs on Transwell filters were replaced with fresh medium (hESFM plus B27) 1 h prior
to the start of the assay. Medium was then aspirated from the apical chamber of the Transwell filter
and replaced with 10 uM sodium fluorescein (Sigma Aldrich) diluted in fresh medium. 200 pL of
medium was immediately removed from the basolateral chamber of each filter, transferred to a 96-
well plate, and replaced with 200 uL of fresh medium. This process was repeated every 30 min for
a total of 2 h (5 time points). The process was conducted concurrently on a Transwell filter coated
with collagen/fibronectin solution but lacking cells. Fluorescence of the collected samples was
measured using a BioTek Synergy H1 multi-mode microplate reader or Tecan Infinite M1000Pro
microplate reader. The Pe value was calculated as previously described [197]. The assay was
performed for a biological N=3. For each replicate, the flux of sodium fluorescein across cell

monolayers was measured using 3 Transwell filters as well as one Transwell filter coated with
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collagen IV and fibronectin but not containing cells. Transport across a Transwell filter lacking

cells was also measured to correct permeability values for mass transfer resistance due to the filter.

4.3.8 Efflux transporter activity assay: substrate accumulation

iIPSCs were subcultured onto 24-well plates and treated with endothelial medium lacking
bFGF and RA for 24 h prior to the assay. For inhibitor conditions, BMECs were incubated with
10 uM cyclosporin A (CsA; Fisher Scientific) or 10 uM MK571 (Sigma Aldrich) for 1 h at 37°C.
After this incubation, cells were incubated with 10 uM rhodamine 123 (Sigma Aldrich) or 10 uM
2', 7'-dichlorodihydrofluorescein diacetate (H2DCFDA; Thermo Fisher Scientific) with or without
their respective inhibitors for 1 h at 37°C. Following this incubation, 3 wells per condition were
washed twice with DPBS and lysed using DPBS containing 5% Triton-X. The remaining well of
cells for each condition was fixed using 100% ice-cold methanol. The fluorescence of the lysed
cells was measured using a BioTek Synergy H1 multi-mode microplate reader or Tecan Infinite
M1000Pro microplate reader. Fixed cells were incubated with DAPI for 10 min, and each well of
cells was imaged in 6 locations using a Leica DMi8 microscope. Nuclei were counted using Fiji
[198] , and fluorescence values were normalized on a per-cell basis to these counts. All conditions
were performed using triplicate wells to calculate mean + standard deviation. Reported trends were

confirmed across two additional biological replicates.

4.3.9 Efflux transporter activity assay: directional transport

BMECs on Transwell filters were incubated with 10 uM CsA or 10 uM MK-571 diluted
only in the apical chamber for 1 h at 37°C. Next, BMECs were incubated with 10 uM rhodamine
123 or 10 uM H2DCFDA with or without CsA or MK-571, respectively, for 1 h at 37°C. At the
end of the incubation, 200 puL of medium was removed from the basolateral chamber of each filter,

and fluorescence was measured using a BioTek Synergy H1 multi-mode microplate reader or a
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Tecan Infinite M1000Pro microplate reader. Fluorescence values were normalized to medium
collected from the basolateral chamber of BMECs not treated with inhibitor. The assay was
performed using triplicate filters, and reported values were calculated as mean + standard

deviation. Reported trends were confirmed across two additional biological replicates.

4.3.10 Quantification of tight junction expression

Raw microscope images were exported in 16-bit TIF format for computational image
analysis using a custom MATLAB script (original code included in the Supplemental
Information). Briefly, junction and nuclear channels were binarized by comparing the intensity of
each individual pixel to the average pixel intensity in the surrounding 10-pixel or 50-pixel
neighborhood for junctions and nuclei, respectively. This approach was adapted from algorithms
used to identify blood vessels and mitochondria from fluorescence microscope images in previous
publications [199,200]. Individual nuclei were detected using a built-in MATLAB function
(bwconncomp) for identifying discrete objects in binary images. Finally, the total number of
junction-positive pixels was divided by the number of DAPI-positive pixels in the field of view as
a confluency-normalized metric of junction density. Secondary confirmation of algorithm results
was performed using the MorphoLibJ plugin [201] for Fiji [198] to determine the number of
junction-positive pixels per image. The nuclear channel for the image was then binarized and the
DAPI-positive pixels determined. Normalized junctional density was calculated as performed in

the MATLAB script (Figure A. 4.2), and relative differences in junctional density were confirmed.

4.3.11 Statistical analyses

All data are expressed as mean + standard deviation. Student’s unpaired t-test was used to

determine statistical significance for all efflux transport accumulation and directional transport
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assays. Statistical significance was verified across all biological replicates, where a minimum of

three independent experiments was performed.

4.4 Results and discussion

The confounding influence of serum and serum-derived proteins on hPSC differentiation
has been well-documented [202], and the development of fully defined differentiation protocols is
thus recognized as an important step for standardizing hPSC research applications. As such, we
sought to replace the serum in our BBB differentiation process with more defined components.
Our most recent differentiation scheme seeds iPSCs at a defined density, followed by
differentiation for four days in fully defined E6 medium [195], then two days in a basal endothelial
medium supplemented with platelet-poor plasma-derived serum (PDS), basic fibroblast growth
factor (bFGF), and RA. Afterwards, BMECs are purified for phenotypic analyses (Figure 4.1a). A
direct comparison of two different lots of PDS showed marked differences in the passive barrier
properties of the final BMEC population derived from CC3 iPSCs (Figure 4.1b), a line that has
been used previously with good success [195]. Specifically, 44% of BMEC differentiations failed
to reach TEER exceeding 1000 Qxcm?2 using a single lot of PDS (N=9 biological replicates; data
not shown), while differentiations conducted using a second lot of PDS consistently reached TEER
maxima in excess of 2000 Qxcm2. We decided, therefore, to replace PDS with B27, a common
serum alternative in neural cultures [203], tested at either 50x (the manufacturer’s
recommendation) or 200x dilution (Figure 4.1a). Surprisingly, while a pre-qualified batch of PDS
could produce BMECs with the expected maximum TEER of ~4000 Qxcm2, B27
supplementations produced maximum TEER above 8000 Qxcm?2 (8734 + 349 Qxcm2 in 200x

B27) (Figure 4.1c). CC3-derived BMECs (Figure 4.1d) and CD10-derived BMECs (Figure 4.1e),
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female and male control lines [107,108], respectively, consistently achieved maximum TEER
values in excess of 3000 Qxcm2 across more than 10 independent CC3 differentiations and in

excess of 2000 Qxcm?2 across 4 independent CD10 differentiations.
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Figure 4.1 Exclusion of serum during the differentiation of iPSCs to BMECs yields robust passive
barrier properties. (A) Differentiation scheme, including media variations and timing. (B) iPSCs
differentiated concurrently with different batches of serum exhibit varying passive barrier
phenotype as assessed by TEER. (C) iPSCs were differentiated concurrently using PDS, 50x
diluted B27, or 200x diluted B27. (D-E) CC3 BMECs (panel D) and CD10 BMECs (panel E)
produce equivalent TEER profiles at 50x and 200x B27 dilutions. Trends were confirmed across
biological N=3.

To follow up on the TEER measurements, we assayed other properties of iPSC-derived
BMECs under serum-free conditions. Immediately prior to purification, BMECs expressed
occludin, claudin-5, VE-cadherin, GLUT-1 and PECAM-1, indicating acquisition of a BBB

phenotype as typically seen in PDS (Figure 4.2a). BMECs were again evaluated 48 h after
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purification and expressed occludin, claudin-5, VE-cadherin, and GLUT-1 (Figure 4.2b).
Paracellular permeability was assessed using sodium fluorescein, and all replicates had effective
permeabilities less than 2.5x10-7 cm/s, similar to BMECs differentiated in PDS [195] (Figure 4.2c).
Collectively, these results indicate that replacement of serum with B27 during differentiation
produces BMECs with robust passive barrier properties, with the added benefit of eliminating
reliance on an undefined material with substantial lot-to-lot variability. BMECs were next
evaluated for efflux activity of P-glycoprotein and multidrug resistance protein (MRP)
transporters. P-glycoprotein activity was assessed by measuring fluorescence accumulation in
purified BMECs incubated either with rhodamine-123, a fluorescent P-glycoprotein substrate, or
rhodamine-123 containing cyclosporin A, a P-glycoprotein inhibitor. BMECs incubated with
inhibitor showed a significant increase in fluorescence accumulation, indicating active P-
glycoprotein function (Figure 4.2d). Similarly, purified BMECs were incubated with H2DCFDA
with or without MK-571, an inhibitor of the MRP family, and showed increased fluorescence
accumulation compared to control cells, indicating MRP activity (Figure 4.2d). Directionality of
P-glycoprotein and MRP transport was assessed by measuring the transport of fluorescent
substrate across the monolayer of purified BMECs cultured on Transwell filters. Increased apical
to basolateral substrate transport (mimicking blood to brain) was observed upon BMEC treatment
with cyclosporin A and MK-571, indicating expected P-glycoprotein and MRP polarization
(Figure 4.2e). Last, we co-cultured BMECs with astrocytes, an important constituent of the
neurovascular unit previously reported to improve BBB functionality [204], and re-evaluated
TEER. Interestingly, BMECs co-cultured with astrocytes reach higher TEER by day 11 of

subculture than BMECs in monoculture, exceeding 9000 Qxcmz in biological replicates (Figure
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4.2f). These results indicate BMEC responsiveness to astrocytic cues, and the overall dataset

validates the BMEC phenotype in serum-free conditions.
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Figure 4.2 Further evaluation of passive and active barrier functions of BMECs differentiated
under serum-free conditions. (A) Immunocytochemical detection of occludin, claudin-5, VE-
cadherin, GLUT-1, and PECAM-1 on day 6 of differentiation. All scale bars are 50 um. (B)
Immunocytochemical detection of occludin, claudin-5, VE-cadherin, and GLUTL1 48 h following
purification. All scale bars are 50 um. (C) Effective permeability of sodium fluorescein for
biological N=3. Data are reported as mean + standard deviation from technical triplicates. (D)
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Intracellular fluorescence accumulation was measured in cells incubated with P-glycoprotein and
MRP substrates and inhibitors. All values are reported as mean + standard deviation from technical
triplicates. Statistical significance was determined using Student’s unpaired t-test (***p<0.001).
Trends were confirmed across biological N=3. (E) Apical to basolateral flux of rhodamine 123
(R123) and H2DCFDA in the presence or absence of cyclosporin A (CsA) and MK-571,
respectively. Data are reported as normalized mean * standard deviation from technical triplicates.
Statistical significance was determined using Student’s unpaired t-test (**p<0.01). Trends were
confirmed across biological N=3. (F) TEER measurements in CC3-derived BMECs co-cultured
with CC3-derived astrocytes. Trends were confirmed across biological N=3.

Recently, it was reported that iPSC-derived BMECs from Huntington’s Disease (HD)
patients exhibit defunct barrier properties that correlate with the severity of the CAG repeat,
including an inability to form any physical barrier as measured by TEER and compromised P-
glycoprotein activity [205]. Our group had experienced similar unreported difficulties when
differentiating patient-derived HD and tuberous sclerosis complex (TSC) iPSCs to BMECs using
serum-based methods. Given the striking increase in TEER and improved consistency achieved
when differentiating control iPSCs using serum-free medium, we investigated whether this method
could rescue the phenotype in disease lines. HD70-2 iPSCs, harboring a 70 CAG repeat [107], and
TSP8-15, harboring a nonsense TSC2 mutation (characterization provided in Figure A. 4.1), were
differentiated using either B27 or PDS, and TEER of resultant BMECs from both conditions was
assessed (Figure 4.3a and Figure 4.3b, respectively). Notably, for both disease lines, TEER was
elevated in BMECs differentiated using B27 rather than PDS across multiple biological replicates
(Figure 4.3c).

Given the previous challenges observed in differentiating HD lines to BMECs, we further
evaluated the BBB phenotype in HD70-2-derived BMECs. Purified HD70-2-derived BMECs
show clear expression of claudin-5, occludin, VE-cadherin, and GLUT-1, as expected for brain

endothelium (Figure 4.3d). We subsequently quantified the fidelity of claudin-5 and occludin
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expression in HD70-2-derived BMECs and CC3-derived BMECs by normalizing the areal
expression of the junction proteins to cell count (Figure 4.3e). Though no differences in occludin
localization were observed, HD70-2-derived BMECs expressed significantly less claudin-5 per
cell than CC3-derived BMECs. HD70-2-derived BMECs also displayed active P-glycoprotein
function as evidenced by a significant increase in fluorescence accumulation in cells treated with

inhibitor (Figure 4.3f). Thus, the HD70-2 iPSC line can successfully produce BMECs.
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Figure 4.3 Serum-free differentiation improves BMEC fidelity in iPSC lines harboring known
disease mutations. (A) HD70-2 and (B) TSP8-15 iPSCs were differentiated to purified BMECs
using either PDS or 200x diluted B27, and TEER was measured approximately every 24 h after
purification. (C) Differentiations were replicated for an additional biological N=2 to examine
reproducibility. (D) Immunocytochemical detection of occludin, claudin-5, VE-cadherin, and
GLUT-1 in purified HD70-2 BMECs. All scale bars are 50 um. (E) Normalized junctional area
for claudin-5 and occludin in HD70-2-derived BMECs and CC3-derived BMECs was calculated
across a minimum of 3 fields per marker. Statistical significance was determined using Student’s
unpaired t-test (**p<0.01). (F) Intracellular fluorescence accumulation was measured in purified
HD70-2 BMECs incubated with rhodamine 123 (R123) in the presence or absence of the inhibitor
cyclosporin A (CsA). All values are reported as mean + standard deviation from technical
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triplicates. Statistical significance was determined using Student’s unpaired t-test (***p<0.001).
Trends were confirmed across biological N=3.

To further simplify the differentiation scheme, we sought to identify specific components
of B27 that were essential to a successful BMEC differentiation. To this end, iPSCs were
differentiated using N2, a chemically defined, serum-free supplement with known component
concentrations [206], in place of B27. The resultant BMECs consistently achieved maximum
TEER values greater than 2500 Qxcm?2 across seven biological replicates, indicating the presence
of an intact endothelial monolayer and suggesting a successful differentiation outcome (Figure
4.4a). We further noted that selenium, insulin, and transferrin were among the conserved
components between N2 and B27 and are also core components of E6 medium [102]. We therefore
posited that basal endothelium medium supplemented with insulin, transferrin, and selenium
(referred to as ITS) might be suitable for BMEC derivation. This hypothesis was supported by the
resultant BMEC monolayers differentiated in ITS also achieving maximum TEER values greater
than 2500 Qxcm?2 across seven biological replicates (Figure 4.4a). The long-term stability of CC3-
derived BMECs was tracked and found to be similar to that of BMECs differentiated using B27
and N2 (Figure 4.4b). The ITS scheme was further tested in CD10-derived BMECs to ensure the
method was applicable across iPSC lines, and the long-term TEER stability was similar to CC3-
derived BMECs (Figure 4.4c). VE-cadherin, occludin, claudin-5, and GLUT-1 were also
uniformly expressed in cells differentiated in ITS (Figure 4.4d). Additionally, cells differentiated
in ITS displayed restricted paracellular permeability to sodium fluorescein (Figure 4.4e) and active
P-glycoprotein and MRP function (Figure 4.4f), indicating acquisition of the BMEC phenotype.

Thus, the undefined, serum-based differentiation procedure used to previously produce BMECs
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from iPSCs can ultimately be reduced to three fully defined media additives without compromising

passive barrier integrity.
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Figure 4.4 Fully defined differentiation medium produces BMECs. (A) iPSCs were differentiated
to BMECs using either 1x N2 supplement or a custom cocktail of insulin, transferrin, and selenium
(ITS). TEER was measured approximately every 24 h hour after purification. Biological N=7 per
condition. (B) The long-term stability of CC3-derived BMECs and (C) CD10-derived BMECs
differentiated using 200x diluted B27, 1x N2 (CC3 only), or ITS was tracked via TEER
measurements. Biological N=3 per condition per line. (D) Immunocytochemical detection of
occludin, claudin-5, VE-cadherin, and GLUT-1 in purified CC3 BMECs differentiated in ITS.
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Scale bars are 50 um. (E) Effective permeability of sodium fluorescein across biological N=3 for
CC3-derived BMECs differentiated using ITS. Data are reported as mean + standard deviation
from technical triplicates. (F) Intracellular fluorescence accumulation was measured in CC3-
derived BMECs differentiated using ITS incubated with P-glycoprotein and MRP substrates and
inhibitors. All values are reported as mean * standard deviation from technical triplicates.
Statistical significance was determined using Student’s unpaired t-test (**p<0.01, ***p<0.001).
Trends were confirmed across biological N=3.

The variability of differentiation outcomes resulting from batch-to-batch changes in serum
composition and quality constitutes a significant hurdle in the use of iPSCs for research and
prospective regenerative medicine applications. In this study, we sought to address this issue in
the context of BMEC differentiation through the replacement of serum with more defined
supplements. This advancement ultimately mitigates procedural variability, thereby providing
researchers with more reliable and robust iPSC-derived BMECs to interrogate neurovascular
function.

The present study was motivated by our initial observations that different lots of PDS (the
serum component in our differentiation medium) produced BMECs of dramatically different
quality and in some cases resulted in completely failed differentiations. Qian et al. recently
published a fully defined differentiation procedure in which iPSCs were differentiated to BMECs
as a homogenous population through a mesoderm intermediate [184], whereas all previous BMEC
differentiation procedures have relied on a co-differentiation approach in which the resultant
BMECs must be purified from the mixed neural/endothelial cultures. Despite these differences in
approach, we suspected that the use of fully defined components may translate to the co-
differentiation system used by the majority of researchers. Indeed, in our first experiments,
BMECs differentiated using B27 yielded maximum TEER in excess of 8000 Qxcm2 in

monoculture. We note that this female iPSC line (CC3) did not always produce BMECs with
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TEER up to in vivo levels under these defined conditions, nor did the male control line CD10.
Indeed, TEER often fell within a range of 2000-5000 Qxcm2. We attribute a significant portion of
this variability to differences in user skill, noting that subtle differences in culture techniques
during iPSC maintenance and differentiation can result in noticeably different TEER profiles and
maxima. Additionally, we have observed that BMEC performance, particularly at later timepoints
in subculture, appears to be influenced by conditioning of the medium by the BMECs. We
speculate that metabolic differences between iPSC lines and passages may influence this
conditioning and thereby contribute to the observed TEER variability. Regardless, both iPSC lines
consistently produced BMECs with maximum TEER above 2000 Qxcmz, with no differentiations
failing to reach TEER above 1000 Qxcm2 across a total of 14 independent biological replicates
and multiple users. Such maximum values are in line with values achieved using previously
established methods [67,111], with the benefit of utmost reproducibility. Additionally, co-culture
with astrocytes elevated TEER further, exceeding 9000 Qxcm2 across multiple biological
replicates. For reference, we previously showed that BMECs differentiated with serum and co-
cultured with astrocytes in serum-containing medium exhibited maximum TEER of ~5000 Qxcm?
[195]. To our knowledge, this TEER value was previously unattainable using serum-based
procedures. We suspect two possibilities for this enhanced response to astrocyte co-culture. First,
the removal of serum during differentiation may alter BMEC properties and make the cells more
responsive to soluble cues from astrocytes. Second, given that serum was previously present during
co-culture, its absence may yield healthier astrocytes, which then communicate more effectively
with BMECs. We intend to follow up on this outcome, but regardless, our results indicate that
serum-free system may have substantial utility for assessing mechanisms of neurovascular

crosstalk.
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Following rigorous assessments of TEER, BMECs differentiated using B27 were evaluated
for other characteristic BBB properties. The effective permeability of sodium fluorescein across
the monolayer was on the order of 10-7 cm/s across three biological replicates, in line with
previously published data by our group and others [111,195]. BMECs differentiated using B27
were shown to have active P-glycoprotein and MRPs as evidenced by increases in fluorescent
substrate accumulation and expected P-glycoprotein polarization. The BMECs also expressed
expected BBB markers, including tight junction proteins and GLUT-1. These results further
suggest that the substitution of serum with B27 in the differentiation procedure ultimately results
in BMECs of equal fidelity to previously reported methods.

Next, we evaluated the performance of BMECs differentiated from two iPSC lines
harboring mutations implicated in neurological/neurodegenerative disease. BBB dysfunction is
associated with multiple neurodegenerative diseases and is increasingly being recognized as a
potential therapeutic target in the treatment of such diseases [93,207]. Human iPSCs therefore
present an unprecedented opportunity to model neurovascular function in health and disease, and
to assess drug treatments in vitro. However, iPSC lines with disease-causing mutations are often
more difficult to handle and differentiate, as mutations can impart features such as genomic
instability [107]. These difficulties confound interpretation of experimental results as it is often
unclear whether observed outcomes are a true feature of the disease in question or rather due to
other factors, such as sensitivity to in vitro culture conditions unrelated to the disease phenotype.
To address this issue, we differentiated iPSCs from patients with HD and TSC using both serum-
based and B27-based procedures. For both sets of iPSCs, we routinely observed higher maximum
TEER in BMECs differentiated using B27 as compared to those using serum in three independent

biological replicates. Furthermore, HD iPSC-derived BMECs differentiated in B27 were found to
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express key molecular markers of BBB phenotype, though claudin-5 expression had lower fidelity
in HD iPSC-derived BMECs as compared to control BMECs, and possessed active P-glycoprotein.
These results contrast with a previous report where BMECs differentiated from an HD iPSC line
with a similar CAG repeat could not form any appreciable barrier and had lower efflux activity
relative to control BMECs [205]. Our findings certainly do not invalidate either the previous
observations or the proposed mechanism behind the barrier defects, especially since the HD lines
in each study were not identical, but they do again caution that a failure to produce the appropriate
BBB phenotype in a given cell line may not always reflect the disease being modeled. More
broadly, the ability to create high-fidelity BMECs from disease lines should open new
opportunities to investigate neurodegenerative diseases from a holistic neurovascular perspective.

Last, despite the advantages of B27 as a serum-free supplement, we were concerned that
its composition is proprietary. BBB function can be influenced by different components that
regulate diverse signaling pathways [208]; therefore, if the goal of an experiment is to dynamically
investigate the influence of any one particular component on BBB function in real-time, it is
desirable to precisely control the composition of the medium. We thus evaluated a chemically
defined supplement (N2), as well as a defined mixture of insulin, transferrin, and selenium.
Regardless of the supplement composition, resultant BMECSs achieved passive barrier properties
well above that which is considered to be a functional barrier (TEER above 500-1000 Qxcm2)
[209]. BMECs also displayed active p-glycoprotein and MRP function. We further note that,
although we used Matrigel as the substrate for differentiation, it could be replaced with a fully
defined substrate to further standardize this procedure. Overall, the use of fully defined medium

represents a robust, reproducible, and cost-effective approach to investigating BBB physiology in
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vitro in both healthy and diseased states, thereby facilitating broader adoption of iPSC-derived

BMEC models across the greater research community.

4.5 Conclusion

In this study, we have described a serum-free differentiation protocol to produced brain
microvascular endothelial cells from human induced pluripotent stem cells. The exclusion from
serum in this process greatly reduced the variability in differentiation outcomes as compared to
previous protocols which relied on serum use. Furthermore, BMECSs produced using this improved
protocol retained expression of canonical BMEC markers, exhibited physiologically relevant
transendothelial electrical resistance values, and responded strongly to inductive cues from
inductive cues from astrocytes. This protocol could be further simplified to a fully defined media
system in which BMECs were cultured in basal medium supplemented with insulin, transferrin,
and selenium. Overall, these advancements should enable broader adoption of the iPSC-based

model.
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Table A. 4.1 Primary antibodies used in immunocytochemistry experiments

4.6 Appendix

Clone or product

Target Antibody Species Vendor Dilution
number
Claudin-5 Rabbit Abcam ab15106 1:50
Claudin-5 Mouse Thermo I_:|§her 4C3C2 1:50
Scientific
Occludin Mouse Thermo I_jsher OC-3F10 1:100
Scientific
VE-cadherin Goat R&D Systems AF938 1:100
GLUT-1 Mouse Thermo Fisher SPM498 1:50
Scientific
PECAM-1 Rabbit Thermo Fisher RB-10333-P 1:25
Scientific
Table A. 4.2 Secondary antibodies used in immunocytochemistry experiments
Species Reactivity Host Conjugate Vendor Dilution
Rabbit Donkey Alexa Fluor 488 The”.“o I_:l_sher 1:200
Scientific
Mouse Donkey Alexa Fluor 488 Therr_no I_:l_sher 1:200
Scientific
Mouse Donkey Alexa Fluor 555 Therr_no I_:l_sher 1:200
Scientific
Goat Donkey Alexa Fluor 488 Therr_no I_:l_sher 1:200
Scientific
Rabbit Donkey Alexa Fluor 546 Thermo Fisher 1:200
Scientific
Mouse Donkey Alexa Fluor 647 Thermo I_:l_sher 1:200
Scientific
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Figure A. 4.1 TSP8-15 iPSC characterization

109



clear

directory=uigetdir;

files=dir(directory);

sm=ones(3)/9;

s=ones(10)/100;

ss=ones(50)/2500;

export={"Image’,'Number of Nuclei','Junction Area (normalized to DAPI)','Mean Contiguous Junction

Length (pixels)','Mean Junction Width (pixels)'};

for o=1:length(files)

if length(files(o).name)>4
if strcmp(files(o).name(end-3:end),".tif")

raw=imread([directory,'/",files(0).name]);
raw=double(raw)/255;
junct=raw(:,:,1)+raw(:,:,2);
nuc=raw(:,:,3);
nuc=nuc-prctile(nuc(:),1);
nuc=nuc/prctile(nuc(:),99);
js=conv2(junct,sm,'same’);
jss=conv2(junct,s,'same";
Jp=js-jss;
ip(1:5,)=0;
ip(:,1:5)=0;
jp(end-5:end,:)=0;
jp(:,end-5:end)=0;
jp(jp<0)=0;
jp=jp/prctile(jp(:),99.5);
ns=conv2(nuc,sm,'same");
nss=conv2(nuc,ss,'same");
jc=jp>0.15;
jc=bwareaopen(jc,20);
NP=ns-nss;
nc=np>0.15;
nc=bwareaopen(nc,50);
temp=double(jc);
temp(:,:,2)=0;
temp(:,:,3)=double(nc)-double(jc);
showproc=[raw;temp];
imshow(showproc), title(files(o).name), pause(0.1)
imwrite(showproc,[directory, '/ files(0).name(1:end-4),.png"])
export{end+1,1}=files(o).name;
nuclei=bwconncomp(nc);
export{end,2}=nuclei.NumObjects;
export{end,3}=sum(jc(:))/sum(nc(:));
junctions=bwconncomp(jc);
je=edge(jc);
me=sum(je(:))/junctions.NumObijects;
ma=sum(jc(:))/junctions.NumObijects;
mean_length=(me+sqrt(me”2-16*ma))/4;
mean_width=ma/mean_length

110



export{end,4}=mean_length;
export{end,5}=mean_width;
end
end
end
xIswrite([directory,'/','matlab export'],export);
save([directory,'/",'raw data'])

Figure A. 4.2 MATLAB script for junction quantification
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Chapter 5

INFLUENCE OF BASAL MEDIA COMPOSITION ON BARRIER FIDELITY IN IPSC-
DERIVED BLOOD-BRAIN BARRIER ENDOTHELIAL CELLS

5.1 Summary

We recently described a serum-free protocol for differentiating human induced
pluripotent stem cells (iPSCs) to blood-brain barrier (BBB) endothelial cells. Here, we follow up
on this work by exploring the influence of various basal media on the differentiation process and
BBB properties in the purified endothelial cells. iPSCs were differentiated to BBB endothelial
cells under serum-free conditions with varying basal media compositions. Immunocytochemistry
was used to validate endothelial identity. BBB functional assays, including transendothelial
electrical resistance (TEER), sodium fluorescein permeability, and efflux transporter activity and
polarization, were performed using a conventional Transwell setup. RNA sequencing and
pathway analysis was used to infer how media composition influences cellular transcriptional
profile. Phospho-proteomic analysis was used to determine downstream pathway activation.
Differentiation of iPSCs using two basal media with publicly available compositions —
DMEM/F12 (DMEM medium) and Neurobasal Medium (NB medium) successfully yield VE-
cadherin+ endothelial cells with canonical BBB expression markers. Strikingly, NB medium
produced BBB endothelial cells with TEER values routinely exceeding 7,000 Qxcm?2 in
monoculture, whereas BBB endothelial cells differentiated in DMEM medium routinely formed
barriers of markedly lower fidelity (~2,000 Qxcm?2). This effect was highly dynamic and could
be reversed by switching to the other basal medium. No significant differences in sodium
fluorescein permeability were observed in either medium. Differences in efflux transporter

activity were evident. RNA sequencing revealed modest changes in transcriptional activity, but
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in combination with phosphor-proteomic analysis, suggested pathway activation that may
explain in part differences in BMEC behavior as a result of basal media composition. We
provide robust evidence that basal media composition can strongly influence the barrier
phenotype in iPSC-derived BBB endothelial cells. The ability to fully define the components of
the medium should greatly expand studies revolving around the influence of extracellular cues

on BBB function.

5.2 Introduction

The differentiation of human induced pluripotent stem cells (iPSCs) to endothelial cells
with blood-brain barrier (BBB) properties has greatly extended capabilities in in vitro
neurovascular modeling and understanding the role of the human BBB in disease. As first
described in 2012 [210], iPSC-derived brain microvascular endothelial cells (BMECs) express
canonical endothelial and BBB markers, form a passive barrier as measured by transendothelial
electrical resistance (TEER), express a cohort of active efflux transport proteins, and exhibit
representative permeability to well-characterized small molecules that correlates well with in vivo
uptake in rodents. Retinoic acid (RA) treatment was subsequently shown to upregulate VE-
cadherin expression, as well as significantly increase TEER and multidrug resistance protein
(MRP) activity [211]. Since these initial studies and others that validated the BBB phenotype
[204,212-217], iPSC-derived BMECs have been incorporated into increasingly complex
neurovascular models ranging from 2D Transwell setups to 3D microfluidic chips that incorporate
neurons, astrocytes, and pericytes from either primary or iPSC sources [214,218-222]. Such
models have also proven useful for analyzing diseases that afflict the neurovascular unit [223-

225].
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Despite their considerable utility, one persistent limitation of iPSC-derived BMECs is that
the majority of differentiation protocols utilized undefined components such as serum. The use of
undefined components in any iPSC differentiation workflow can be a major source of variability.
As such, we recently described a series of improvements to the canonical iPSC-to-BMEC
differentiation procedure that removed all undefined components in the cell culture media
[226,227]. Overall, these changes vastly improved the consistency of differentiation and certain
properties in the BMECs (for example, responsiveness to co-culture with astrocytes). However,
one problem still remained: the basal medium used in the later stages of differentiation and after
purification of the BMECs (human endothelial serum-free medium, or hESFM) has a proprietary
composition. Thus, despite the removal of serum from the differentiation procedure, exquisite
control over the extracellular milieu exposed to the BMECs remains limited. Given that recent
studies have highlighted the dynamic responsiveness of BMECs to blood-born cues in vivo
[33,228,229], we reasoned that it would be beneficial to further define how media cues influence
iIPSC-derived BMEC function in vitro.

To this end, we examined replacement of hESFM with either Neurobasal Medium (NB) or
Dulbecco’s Modified Eagle Medium/Nutrient Mixture F12 (DMEM/F12, referred to hereafter as
DMEM). In contrast to hESFM, the full compositions of NB and DMEM are publicly available
through their manufacturer. Both media contain amino acids, vitamins, nutrients, and inorganic
salts at varying compositions, thus providing a useful testbed for assessing how such differences
might influence the BBB phenotype in vitro. Here, we show that BMECs exhibit markedly
different passive and active barrier properties depending on the composition of basal media.
However, RNA sequencing and pathway analysis did not reveal overt differences in transcriptional

identity as a result of basal media choice, suggesting that phenotypic differences may be the results
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of post-transcriptional regulation events. Overall, our results demonstrate the plasticity and
responsiveness of iPSC-derived BMECs to their extracellular environment. Moving forward, the
use of basal media with defined composition should ultimately enable studies into how specific

biological factors explicitly regulate distinct BBB properties.

5.3 Materials and methods

5.3.1 iPSC maintenance

iPSCs were maintained as previously described [226,227]. CC3 [108] and CD10 [107]
IPSCs were maintained in E8 medium [101], prepared as previously detailed [226], on tissue
culture plates coated with growth-factor reduced Matrigel (Corning). iPSCs were passaged with

Versene (Thermo Fisher Scientific) upon reaching 60-80% confluency.

5.3.2 iPSC differentiation to BMECs

iIPSCs were differentiated to BMECs as previously described, with minor modifications
[227]. iPSCs were washed once with PBS (Thermo Fisher Scientific), dissociated with Accutase
(Gibco) for 3 minutes, and collected by centrifugation. iPSCs were then resuspended in E8 medium
containing 10 uM Y27632 (Tocris) and seeded onto Matrigel-coated 6-well plates at a density of
15,800 cells/cm2. The following day, the cells were switched to E6 medium [102] to initiate
differentiation. Media was changed every day for 4 days. On day 4, the cells were switched to EC
medium, which consisted of a basal medium supplemented with 200x B27 (Thermo Fisher
Scientific), 10 uM all-trans retinoic acid (RA; Sigma-Aldrich), and 20 ng/mL basic fibroblast
growth factor (bFGF; PeproTech). The basal medium was either neurobasal medium (NB; Thermo

Fisher Scientific #21103049) or DMEM/F12 with Glutamax (DMEM; Thermo Fisher Scientific
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#10565018). Cells were then left to incubate for 48 hours in EC medium without a media exchange.

On day 6, resultant BMECs were purified and assayed as described below.

5.3.3 Purification of iPSC-derived BMECs

On day 6 of differentiation, iPSC-derived BMECs were purified similar to previous
descriptions [210,211,226,227]. Briefly, cells were washed once with DPBS, incubated with
Accutase until a single cell suspension was achieved (approximately 20-45 min), and collected via
centrifugation. Cells were resuspended in EC medium and plated onto Transwell filters (Fisher
Scientific) or cell culture plates (Corning) coated with 400 ug/mL collagen IV (Sigma-Aldrich)
and 100 pg/mL fibronectin (Sigma-Aldrich). In all experiments, BMECs were purified using the
same basal medium as during differentiation (e.g. if cells were differentiated in EC medium made
from DMEM, they were subsequently subcultured into EC medium made from DMEM). Media
was changed approximately 24 h after subculture to EC medium lacking bFGF and RA. In certain
experiments, BMECs were changed to different basal media containing 200x B27 at specified time
points. With the exception of these noted experiments, medium was not changed again after the

removal of bFGF and RA for the duration of culture.

5.3.4 TEER measurements

After purification of BMECs onto Transwell filters (Fisher Scientific), TEER was
measured approximately every 24 hours using a World Precision Instruments EVOM?2

voltohmmeter with STX2 chopstick electrodes.

5.3.5 Fluorescein permeability measurements

Three Transwell filters plated with BMECs and one Transwell filter coated with collagen

IV and fibronectin but containing no cells were used for each basal medium condition tested. All
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permeability assays were conducted 24 hours after removal of bFGF and RA from EC medium,
referred to as day 1 of subculture. One hour prior to commencement of the assay, BMECs on
Transwells received a full medium change in both apical and basolateral compartments. At the
start of the assay, medium was fully aspirated from the apical portion of all Transwell filters and
replaced with EC medium containing 10 uM sodium fluorescein (Sigma-Aldrich). 200 uL of
medium was immediately removed from the basolateral chamber of each filter, transferred to a 96-
well plate, and replaced with 200 pL of fresh medium containing no fluorescein. This process was
repeated every 30 minutes for a total of five time points with cells incubated at 37°C between
medium removal and replacements. At the conclusion of the assay, the fluorescence of the
collected samples was measured using a Tecan Infinite M1000Pro microplate reader, and effective

permeability (Pe) values were calculated as previously described [197].

5.3.6 Efflux transporter assay — substrate accumulation

BMECs were purified onto 24-well cell culture plates and treated with EC medium lacking
bFGF and RA for 24 hours prior to measuring transporter activity. For each efflux transporter
studied, BMECs were incubated with fluorescent transporter substrate with or without transporter
inhibitors. For inhibitor conditions, BMECs were treated with 10 uM cyclosporin A (CsA; Sigma-
Aldrich), a P-glycoprotein inhibitor, or 10 uM MKS571 (Sigma-Aldrich), an MRP1 inhibitor for 1
hour at 37°C. After 1 hour, medium was aspirated from all wells and replaced with medium
containing 10 uM rhodamine 123 (R123; Thermo Fisher Scientific), a P-glycoprotein substrate)
or 10 uM 2',7'-dichlorodihydrofluorescein diacetate (H2ZDCFDA; Thermo Fisher Scientific), an
MRP family substrate, with or without their respective inhibitors. Following a 1 hour incubation
at 37°C, BMECs were washed three times with PBS. Three wells of BMECs per condition were

lysed in PBS containing 5% Triton X-100 (Sigma-Aldrich), and one well per condition was fixed
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in ice cold 100% methanol. The fluorescence of the collected cell lysates was measured using a
Tecan Infinite M1000Pro microplate reader. Cells fixed in methanol were incubated with DAPI
for 10 minutes and subsequently imaged at 6 locations per condition using a Leica DMi8
microscope. Nuclei at each location were counted using Fiji [198] and used to determine cell
density per well of each condition. Measured fluorescence values were subsequently normalized

on a per cell basis using these counts.

5.3.7 Immunocytochemistry

Cells were washed twice with PBS before fixation in 4% paraformaldehyde (PFA; Thermo
Fisher Scientific) for 20 minutes or ice-cold 100% methanol for 10 minutes. Following fixation,
cells were washed with PBS three times for five minutes per wash. Cells fixed in 4% PFA were
blocked in PBS containing 5% donkey serum (Sigma-Aldrich) and 0.3% Triton X-100 (Sigma-
Aldrich), collectively referred to as PBS-DT, for a minimum of 1 hour. Cells fixed in methanol
were blocked in PBS with 5% donkey serum but lacking 0.3% Triton X-100, referred to as PBSD,
for a minimum of 1 hour prior to primary antibody addition. Primary antibodies were diluted in
either PBS-DT or PBSD, depending on the buffer used to block the cells, to the appropriate dilution
(Table A. 5.1), and incubated overnight at 4°C.

Following overnight incubation, cells were rinsed once with DPBS and washed for an
additional five times, 5 minutes per wash. Secondary antibodies (Table A. 5.2) were diluted 1:200
into PBS-DT or PBSD and incubated for 1-2 hours at room temperature. Finally, cells were rinsed

once and washed four times, 5 minutes per wash, and imaged using a Leica DMi8 microscope.

5.3.8 RNA sequencing and pathway analysis
On day 1 of subculture, BMECs that had been plated on 6-well cell culture plates coated

with collagen IV and fibronectin were washed once with PBS and collected via scraping and
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centrifugation. Resultant cell pellets were resuspended in 500 uL of TRIzol (Thermo Fisher
Scientific) and stored at -80°C. After collection of 3 biological replicates per media condition,
RNA from each sample was isolated using a Direct-zol Miniprep kit (Zymo Research), following
the manufacturer’s instructions with inclusion of a DNase treatment step. Isolated RNA samples
were submitted to the Vanderbilt Technologies for Advanced Genomics (VANTAGE) facility for
sequencing using an Illumina NovaSeq6000.

Raw sequencing reads were obtained for 9 paired-end samples (3 biological replicates for
the 3 conditions identified as CD3254, RA and DMSO) and run through a bulk RNA-Seq pipeline
governed by the Snakemake (5.2.4) workflow management system [230]. Quality control was
monitored with FastQC v0.11.8 before and after quality and adapter trimming, as performed by
Trim Galore v0.5.0. Trimmed paired-end sequences were then aligned to the human genome
(GRC38) with STAR 2.60c, utilizing Gencode genomic feature annotations (v26). Once
quantitated, the feature counts were used for downstream analysis. The average mapped reads
count was 41M reads (85% of total reads).

Gene counts and sample metadata were used for differential gene expression using DESeq2
[231], between the condition groups: DMEM vs NB. For each testing pair, we analyzed differential
gene expression results quantitatively and visually. For the up- and down-regulated groups of top
genes, we also performed functional gene enrichment analysis for Gene Ontology and KEGG

pathways.

5.3.9 Phospho-proteome analysis
The relative phosphorylation levels of various kinases were measured using a Proteome
Profiler Array human phosphor-kinase array kit (R&D Systems) according to the manufacturer’s

instructions. Briefly, on day 1 of subculture, BMECs subcultured onto 6-well cell culture plates
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were washed once with DPBS, incubated with Accutase, and collected via centrifugation at 1000
rpm for 4 minutes. Cells were resuspended in 1 mL of DPBS, and cell density was determined
using a Countess I1. Cells were again centrifuged at 1000 rpm for 4 minutes and resuspended in
Lysis Buffer 6 at a concentration of 107 cells/mL. The resultant cell suspensions were incubated
on ice for 30 minutes, followed by centrifugation at 14,000xg for 5 minutes. Supernatants were
transferred to clean microfuge tubes, and protein content was determined using a Pierce BCA
protein assay kit (Thermo Fisher Scientific). Lysates were stored at -80°C until the day of the
assay. On the day of the assay, all kit components were prepared as directed by the manufacturer’s
instructions, and 400 pg of protein per condition was diluted in Array Buffer 1 for incubation with
kit membranes. Chemiluminescence for all membranes was detected using a Li-Cor Biosciences
Fc imaging system at exposure times of 30 seconds, 2 minutes, and 10 minutes. Data collected
from the 2 minute exposure were selected for presentation as this time maximized signal intensity

while minimizing background signal.

5.4 Results and discussion

As described in the methods, CC3 iPSCs were differentiated for 4 days in E6 medium and
2 days in EC medium (Figure 5.1A), where the basal media that previously consisted of hESFM
was replaced with either NB or DMEM. The standard additives to EC medium (RA, B27
supplement, bFGF) were unchanged from our previous protocol [227]. Following purification,
BMECs were maintained in whichever media had been previously used during differentiation. As
judged by immunocytochemistry, no overt differences in marker expression were observed (Figure
5.1B). Notably, BMECs differentiated in NB or DMEM both displayed a VE-cadherin+

endothelial signature with robust expression of tight junctions. However, TEER measurements
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revealed significant differences in passive barrier function. Whereas BMECs differentiated and
subcultured in NB exhibited TEER in line with maximum values previously observed in hRESFM
(7000-8000 Qxcmz), BMECs differentiated and subcultured in DMEM consistently formed lower
fidelity barriers. BMECs differentiated and subcultured in a 50:50 mixture of NB:DMEM
exhibited maximum TEER of ~2000 Qxcmz, highlighting that the observations were a direct result
of basal media composition (Figure 5.1C). These relative differences were confirmed in BMECs
derived from CD10 iPSCs. Despite these dramatic differences in TEER between the
differentiation condition, sodium fluorescein permeability was not significantly different between
BMECs in either DMEM or NB medium (Figure 5.1D), but this result was unsurprising given that
in vitro permeability differences are not observed in Transwell assays when TEER exceeds 500-

1000 Qxcm2 [209].
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Figure 5.1 Differentiation of iPSCs to BMECs in NB and DMEM basal media. (A) Differentiation
scheme to produce BMECs using either neurobasal (NB) or DMEM/F12 with Glutamax (DMEM)
basal media with appropriate supplements. BMECs were purified on day 6 for further analyses.
(B) Purified BMECs differentiated from CC3 and CD10 iPSCs both DMEM and NB basal media
exhibit robust expression of canonical BBB endothelium markers, namely VE-cadherin, claudin-
5, occludin, and GLUT-1. Scale bars are 50 um. (C) CC3 BMECs differentiated using DMEM,
NB, or a 50:50 mixture of DMEM and NB display strikingly different TEER as a result of media
composition. (D) Despite differences in TEER, permeability to sodium fluorescein was unchanged
between conditions. Permeability for all basal medium conditions was measured for a biological
N=3, and for each biological replicate, flux was measured across triplicate Transwell filters
containing cells. Permeability values for cells on Transwells were corrected for mass transfer
resistance due to the filter using the measured permeability across the included empty filter. All
permeability values reported herein are therefore effective permeability values.

To clarify whether these results were simply suboptimal differentiations (e.g. if
differentiation in DMEM produces worse BMECs because a critical factor is missing from the
medium), we characterized the dynamic responsiveness of BMECSs to media composition. We first
differentiated and subcultured BMECs in DMEM medium, then switched to NB medium after 1
day (Figure 5.2A) or 7 days (Figure 5.2B). In both cases, the switch to NB medium yielded a
statistically significant increase in TEER, showcasing that diminished passive barrier function in
DMEM was reversible and not the result of an intrinsic defect acquired during the differentiation
process. Similarly, differentiation and subculture in NB medium, followed by a switch to DMEM
medium, also yielded a statistically significant decrease in TEER, though the effect was less
pronounced (Figure 5.2C). Overall, our data suggest that basal media can impart a significant

influence on passive barrier function.
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Figure 5.2 iPSC-derived BMECs maintain capacity for dynamic response to media composition
changes throughout culture. CC3 BMECs differentiated in DMEM were switched to EC medium
containing either DMEM or NB on (A) day 1 or (B) day 7 of subculture; cells switched to NB on
either day exhibited a strong increase in TEER. (C) In contrast, cells differentiated in NB and

switched to DMEM on day 1 of subculture display a dramatic decrease in TEER as compared to
TEER of BMECs given fresh NB on day 1.

We next assessed how media composition influenced efflux activity in iPSC-derived
BMECs cultured in either well-plates (for accumulation assays) or Transwell filters (for
polarization assays). We utilized pairings of rhodamine 123 (a p-glycoprotein substrate) with
cyclosporin A (CsA, a p-glycoprotein inhibitor) and 2',7'-dichlorodihydrofluorescein diacetate
(H2DCFDA, an MRP substrate) with MK-571 (an inhibitor of MRP1). In the accumulation assays,

both p-glycoprotein and MRP1 were shown to be active regardless of media composition. No
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difference in p-glycoprotein activity was observed between BMECs differentiated in either
DMEM or NB medium (Figure 5.3A). However, activity of MRP1 was significantly higher in

BMECs differentiated in DMEM relative to NB medium (Figure 5.3B).
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Figure 5.3 BMECs differentiated using NB and DMEM display active efflux transporter activity.
CC3 BMEC:s differentiated using DMEM and NB exhibited active (A) P-glycoprotein activity and
(B) MRP efflux activity. Accumulation was measured for each transporter for a biological N=3,
and substrate accumulation was normalized in each replicate to the accumulation in cells lacking
inhibitor. All values are reported as mean +* standard deviation, and statistical significance was
determined using Student’s unpaired t-test. ***p<0.001

Given the rather striking differences in performance between BMECs differentiated using
NB and DMEM, we next employed RNA sequencing to identify differentially regulated genes
and/or signaling pathways to gain insight into potential mechanisms of these phenotypic
differences. RNA was collected from three independent differentiations of CC3 BMECs in either
DMEM or NB, sequenced, and analyzed for differential expression using DESeq2 [231]. Our
analysis identified 19,086 genes with a nonzero total read counts within these samples, and
differential expression was found to cluster strongly with basal media condition (Figure 5.4A).
Using an adjusted p<0.1, we identified 3,153 genes as being upregulated (17%) and 2,436 genes
as being downregulated (13%) under DMEM conditions as compared to neurobasal conditions. Of
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these upregulated genes, 1070 genes were upregulated at least 2-fold under DMEM conditions,
and 105 genes were at least 5-fold upregulated under DMEM conditions. 756 genes were
downregulated a minimum of 2-fold under DMEM conditions, and 40 genes were downregulated
a minimum of 5-fold under DMEM conditions (Figure 5.4B). Though we identified a large cohort
of these differentially expressed genes, we were initially surprised by the lack of differential
expression of tight junction proteins as might be expected by the large differences in TEER
observed between the two conditions. Despite a relatively large number of differentially expressed
genes, pathway analysis revealed only a single KEGG pathway downregulated in DMEM BMECs
(0<0.1), while 12 KEGG pathways were upregulated in DMEM BMECs (g<0.1) (Figure 5.4C).
Given that differences in basal medium did not seem to strongly alter the transcriptomic
profile of iPSC-derived BMECs, we hypothesized that differences in BBB properties may instead
be the result of changes in kinase activity altering pathway activities via phosphorylation events.
We determined the relative phosphorylation levels of multiple proteins using a commercially
available phospho-kinase kit. In general, BMECs differentiated in NB possessed a larger number
of phosphorylated proteins than BMECs differentiated in DMEM (Figure A. 5.1). We focused on
differences in ERK1/2, CREB, FAK, c-Jun, and HSP60, as these proteins were phosphorylated in
both conditions (Figure 5.4D). The starkest contrast was observed in ERK1/2 phosphorylation,
which was markedly less phosphorylated in BMECs differentiated in DMEM compared to NB,
and FAK phosphorylation, which was notably more phosphorylated in BMECs differentiated in
DMEM compared to NB (Figure 5.4E). Collectively, our results suggest that changes in basal
media composition can have a dramatic effect on cell performance and influence signaling

pathway activation with only modest alteration of the transcriptional identity of the cells.
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Figure 5.4 RNA sequencing, pathway, and phospho-proteomic analysis of BMECs provides
insight into basis of functional differences. (A) CC3 BMECs differentiate using DMEM and NB
underwent RNA sequencing analysis and were found to cluster strongly based on basal media
composition across biological N=3 per media condition. (B) Subsequent analysis identified
differentially regulated genes under each media composition. (C) Despite the plethora of
differentially expressed genes, a small number of pathways were found to be differentially
regulated. (D) Phospho-proteomic analysis identified multiple kinase substrates phosphorylated to
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varying degrees under the different media conditions. (E) These differences in phosphorylation
level were quantified to assess relative levels of pathway activation.

In this study, we explored how basal media composition influences BBB properties in
IPSC-derived BMECs. We determined that basal media has a profound influence on both the
passive and active BBB phenotype. RNA sequencing revealed many differentially expressed
genes, although changes to signaling pathways were minimal. Phosphoproteome analysis was used
to confirm activation status in specific cases. Our results benchmark BMEC performance in
different media and will serve as a resource in this area moving forward.

These findings have utmost importance for a variety of in vitro applications ranging from
drug screening to disease modeling. For example, in drug screening applications, although TEER
was above the minimal threshold necessary to prevent paracellular leakage, substantial differences
were observed in efflux transporter expression and activity. Notably, ABCB1 was found to be
significantly upregulated in BMECs in DMEM as compared to NB (log2 fold change of 3.45), but
this change in transcript expression did not result in a functional change in P-glycoprotein activity,
as measured by substrate accumulation, between conditions. ABCC4 was the only member of the
ABCC family found to be differentially regulated (log2 fold change of -1.15) between the two basal
media compositions. Despite this modest change in expression for one MRP family member, MRP
activity was significantly higher in BMECs in DMEM. Thus, permeability differences could vary
widely depending on media composition, without any direct relevance to pathology at the BBB in
vivo. Similarly, BBB responses to negative stimuli (inflammation, oxidative stress, etc.) could be
altered by BMEC status in different media. Increased FAK activity is associated with integrin

engagement, growth factor response, and cell survival; in BMECs in DMEM, elevated FAK
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activity could be responsible for reduced baseline TEER and these BMECs would perhaps be more
responsive to conditions that yield paracellular barrier disruption.

We initially believed that the differences in BMEC properties between the basal media
conditions might be the result of changes in the metabolic pathways within the cells. Surprisingly,
though, pathway analyses did not identify differences in metabolic state but rather differences in
endothelial behavior. Upregulated pathways in DMEM BMECs include axon guidance, Wnt
signaling, ECM-receptor interactions, and focal adhesions. Perhaps most surprising of this cohort
is the identification of axon guidance. However, identification of this pathway may actually be
expected given the increased understanding of the interplay between developing vasculature and
neural cells [232], and it has previously been identified using molecular profiling of mouse retinal
microvascular cells [233]. Canonical Wnt signaling has well documented roles in CNS
angiogenesis [24] as well as development and maintenance of blood-brain barrier properties [8].
In nonpathological conditions, levels of canonical Wnt signaling are lower in mature BBB
endothelium compared to developing BBB endothelium [234]. However, the pathway has been
shown to become re-activated in experimental autoimmune encephalitis and in multiple sclerosis,
likely in an effort for endothelial cells to stabilize and/or restore barrier function [235]. Though
outside the scope of the present study, the ability to study this phenomenon in vitro through
alterations in media composition could prove to be an invaluable tool to study the pathophysiology
of such diseases. Finally, the behavior of iPSC-derived BMECs has previously been shown to be
strongly dependent upon matrix composition [236,237]. The results of the present study indicate
that media composition also strongly influences in vitro behavior as well as interaction with

extracellular matrices. Future study of the interplay between media composition, extracellular
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matrix composition, and endothelial behavior will enable the development of more in vivo-like

BBB models.

5.5 Conclusion

We have demonstrated that basal media composition can influence both passive and active
barrier properties in iPSC-derived BMECs. Moving forward, the ability to explicitly control media
composition should enable new research avenues into how any additive (nutrients, metabolites,
hormones, etc.) influences the BBB phenotype. This advancement could also improve drug
transport predictions by mimicking differential concentrations of soluble cues in health and

disease.
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Table A. 5.1 Primary antibodies used in immunocytochemistry experiments.

5.6 Appendix

Clone or product

Target Antibody Species Vendor Dilution
number
Claudin-5 Mouse Thermo I_:|§her 4C3C2 1:50
Scientific
Occludin Mouse Thermo |_3|§her OC-3F10 1:100
Scientific
VE-cadherin Goat R&D Systems AF938 1:100
GLUT-1 Mouse Thermo Fisher SPM498 1:50
Scientific
Table A. 5.2 Secondary antibodies used in immunocytochemistry experiments.
Species Reactivity Host Conjugate Vendor Dilution
Mouse Donkey Alexa Fluor 555 Therr_no I_:l_sher 1:200
Scientific
Goat Donkey Alexa Fluor 488 Therr_no I_:l_sher 1:200
Scientific

131




&w ® 8

= L X
w
=
o
.9
e .o ¢eo oo
LA LR
m
pa

Figure A. 5.1 Complete phospho-proteome array for CC3 BMECs differentiated using DMEM
and NB. Coordinates for substrates may be found in manufacturer’s instructions.
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Chapter 6

ROLE OF SCAFFOLDING PROTEIN IQGAP2 IN BLOOD-BRAIN BARRIER
ENDOTHELIAL CELLS

6.1 Summary

Previous studies have identified retinoic acid as well as other nuclear retinoid receptor
agonists as potent mediators of human induced pluripotent stem cell (iPSC)-derived brain
microvascular endothelial cell (BMEC) maturity. Here, we use RNA sequencing to explore the
transcriptional identities of iPSC-derived BMECs of varying maturity in an effort to identify
potential contributors to the restrictive blood-brain barrier (BBB) phenotype. We identify IQGAP2
as being significantly upregulated in mature BBB endothelium and validate its expression in vivo.
This work highlights the potential predictive power of iPSC-derived BMEC in vitro models for

understanding mechanisms of in vivo BBB regulation and dysfunction.

6.2 Introduction

Brain microvascular endothelial cells (BMECSs), which line brain capillaries and form the
blood-brain barrier (BBB), coordinate the exchange of molecules and signals between the blood
stream and central nervous system (CNS) with exquisite precision and specificity [8]. This
regulation is the result of BMEC expression of a host of molecular transporters [93], tight junction
proteins [238], efflux transporters [239], and suppressed rates of nonspecific pinocytosis and
transcytosis [6]. Dysfunction of these transport systems is increasingly associated with many
neurodegenerative diseases, including Alzheimer’s disease [4], Parkinson’s disease [240], and
multiple sclerosis [241], as well as in normal aging processes [41]. Unfortunately, the increased

recognition of the vascular contribution to neurodegenerative diseases has not resulted in an
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increased understanding of the molecular and mechanistic underpinnings which impart the
specialized nature of the BBB. Indeed, little is known about the BBB-specific proteins and
molecular mechanisms responsible for this phenotype as the proteins often used to characterize
BBB function may be found in other endothelial beds in the body [242]. This lack of insight hinders
effective therapeutic intervention at the BBB and thus represents a significant global health
concern.

In part, the identification of BBB-specific proteins has been impeded by a lack of
adequately representative models. Traditional animal models, such as mouse [52], pig [56,57], and
cow [55], suffer from a lack of species homology [62], while primary [64] and immortalized [243]
human BMEC sources fail to recapitulate key in vivo characteristics in a scalable manner. BMECs
produced from induced pluripotent stem cell (iPSC) sources overcome many of these challenges
by providing a fully human system which more closely recapitulates in vivo behavior
[65,67,111,192,195,204,205,244]. The addition of retinoic acid (RA) to the model was found to
significantly increase transendothelial electrical resistance (TEER) as well as VE-cadherin
expression, suggesting that RA-mediated signaling events serve a prominent role in maturation of
the BBB [67,245]. Recent work by Stebbins, et al., identified activation of nuclear retinoid X
receptor (RXR) isoform a, known to bind to DNA response elements and in turn regulate gene
transcription, by small molecular agonist CD3254 sufficient to induce increased TEER in BMECs
similar to that induced by the addition of RA [191]. Though the aforementioned studies did not
identify genes responsible for mediating these improvements in BMEC phenotypes, the collective
works suggest that the maturity and fidelity of iPSC-derived BMECs may be modulated through
small molecule treatment, thereby providing an ideal platform with which to interrogate human-

specific mechanisms of BBB function.
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To this end, we used RNA sequencing to assess the transcriptional identities of BMECs
differentiated using CD3254 and RA. Through these studies, we identified IQGAP2 as a potential
novel contributor to the human BBB phenotype. IQGAP2 is one of three members of the
evolutionarily conserved scaffolding protein IQGAP family [246]. As molecular scaffolds, these
proteins coordinate a vast array of cellular processes [246], including cytoskeletal architecture
[247] and intracellular signaling [248—250]. Each protein contains a calponin homology domain
(CHD), a poly proline protein-protein domain (WW), 1Q domain consisting of calmodulin binding
IQ motifs, and the Ras GTPase-activating protein (GAP)-related domain [247,248]. IQGAP2
expression was originally believed to be liver-specific but has since been identified in other tissues
[251], including the kidneys [252] and testis [253], both organs in which barrier function in critical
to proper physiological function. Moreover, its expression has not previously been conclusively
shown in human brain capillaries [254], nor has its expression been shown in databases of RNA
sequencing data [32,255]. Here, we demonstrate the ability of iPSC-derived BMECs to identify
novel contributors to the blood-brain barrier phenotype with in vivo relevance. This predictive
power stands to provide unprecedented insight into blood-brain barrier function in health and

disease and to help identify much needed therapeutics.

6.3 Materials and methods

6.3.1 Maintenance of iPSCs

CC3 [108] and CD12 [107] iPSCs were maintained in E8 medium [101], prepared as
previously described [195], on growth factor reduced Matrigel (Corning). iPSCs were passaged
upon reaching 60-80% confluence using Versene (Gibco). iPSCs were not used for experiments

after passage 40.
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6.3.2 Differentiation of iPSCs to BMECs

IPSCs were differentiated to BMECs as previously described [195,244]. Briefly, iPSCs
were seeded onto Matrigel-coated tissue culture plates at a density of 15,800 cells/cm2 in E8
medium containing 10 uM Y27632 (Tocris). Approximately 24 h later, differentiation was initiated
via a full media change to E6 medium [102]. Cells were cultured in E6 medium for 4 days with
media changes once daily. On the fourth day of differentiation, cells were switched to human
endothelial serum free medium (hESFM; Gibco) with platelet poor plasma derived serum (PDS;
Alfa Aesar) or 200x B27 (Gibco), collectively referred to as EC medium, supplemented with 20
ng/mL basic fibroblast growth factor (bFGF; Peprotech), and 10 uM all-trans retinoic acid (RA,;
Sigma-Aldrich). Media was not changed for 48 h. After this two-day incubation, cells were washed
1x with DPBS (Gibco), incubated with Accutase until a single cell suspension was obtained (~25-
45 min), and collected via centrifugation. Cells were resuspended in EC medium containing 20
ng/mL bFGF and 10 uM RA and plated onto tissue culture plates or Transwell filters coated with
collagen IV (400 pg/mL; Sigma-Aldrich) and fibronectin (100 pg/mL; Sigma-Aldrich). Media was
changed 24 h later to fresh EC medium (containing no bFGF or RA) to induce barrier.
Transendothelial electrical resistance (TEER) was measured approximately every 24 h using an

EVOM2 with STX2 chopstick electrodes (World Precision Instruments).

6.3.3 RNA isolation and sequencing

CC3 BMECs were differentiated as described above with minor modifications [244]. On
day 4 of differentiation, cells were switched to hESFM with 200x B27, 20 ng/mL bFGF, and either
10 uM RA, 10 uM CD3254 (Tocris), or an equal volume of DMSO (Sigma-Aldrich). Cells were
subsequently purified in the same media they were given on day 4 onto Transwell filters and 6-

well cell culture plates coated in collagen IV and fibronectin. 24 h after the removal of bFGF and
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RA, CD3254, or DMSO from the media, BMECs purified onto 6-well plates were washed once
with DPBS, collected using a cell scraper (Fisher) in an addition 1mL of DPBS, and pelleted via
centrifugation. Cell pellets were resuspended in 500 puL of TRIzol (Life Technologies) and stored
at -80°C until the day of isolation.

On the day of isolation, RNA from all RA, DMSO, and CD3254 samples was isolated
according to manufacturer’s instructions using a Direct-zol Miniprep kit (Zymo Research) with
DNase | treatment. All samples were isolated at the same time to prevent batch effects. Isolated
samples were submitted to the Vanderbilt Technologies for Advanced Genomics (VANTAGE)
facility for sequencing using an lllumina NovaSeq6000.

Raw sequencing reads were obtained for 9 paired-end samples (3 biological replicates for
the 3 conditions identified as CD3254, RA and DMSO) and run through a bulk RNA-Seq pipeline
governed by the Snakemake (5.2.4) workflow management system [230]. Quality control was
monitored with FastQC v0.11.8 before and after quality and adapter trimming, as performed by
Trim Galore v0.5.0. Trimmed paired-end sequences were then aligned to the human genome
(GRC38) with STAR 2.60c, utilizing Gencode genomic feature annotations (v26). Once
quantitated, the feature counts were used for downstream analysis. The average mapped reads
count was 41M reads (85% of total reads).

Gene counts and sample metadata were used for differential gene expression using DESeq2
[231], between the condition groups: CD3254 vs DMSO and RA vs DMSO. For each testing pair,
we analyzed differential gene expression results quantitatively and visually. For the up- and down-
regulated groups of top genes, we also performed functional gene enrichment analysis for Gene

Ontology and KEGG pathways.

137



6.3.4 Quantitative polymerase chain reaction

BMECs differentiated using DMSO, CD3254, and RA as described above were purified
onto collagen IV and fibronectin coated plates. BMECs were washed once with DPBS and
incubated with Accutase until detached. Cells were collected via centrifugation and resuspended
in 500 puL of TRIzol. RNA from samples was isolated using a RNeasy Mini kit (Qiagen), according
to manufacturer’s instructions. Sample concentrations were measured using a Qubit Fluorometer
(Thermo Fisher Scientific) and Qubit RNA BR assay kit (Thermo Fisher Scientific). cDNA was
generated from samples using a cDNA High Capacity Reverse Transcription Kit (Applied
Sciences) without RNase inhibitor according to manufacturer’s instructions. PCR reaction
mixtures were prepared using TagMan gene expression assays for IQGAP2 and GAPDH (Thermo
Fisher Scientific), TagMan gene expression master mix, and 15 ng of cDNA per 20 pL reaction.

Changes in fluorescence for all samples were measured using a BioRad CFX96 thermocycler.

6.3.5 Protein extraction and western blot

Protein was isolated from samples on day 1 of subculture for BMECs and upon reaching
confluence for all other cell types. Fresh RIPA buffer (Sigma-Aldrich) with 1% v/v protease
inhibitor cocktail (Sigma-Aldrich) and 1% v/v phosphatase cocktail inhibitor 3 (Sigma-Aldrich)
was prepared on the day of isolation. On this day, BMECs were washed once with DPBS, collected
using a cell scraper (Fisher Scientific), and pelleted via centrifugation. Cell pellets were
resuspended in prepared RIPA buffer, incubated on ice for 30 min, and centrifuged for 15 min at
12,000%g at 4°C. Cleared supernatants were transferred to clean microcentrifuge tubes and stored
at -20°C. Protein from all other cell types was collected in a similar manner with the exception

that cells were collected using Accutase or TrypLE (Gibco) rather than cell scraping.
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Protein concentration for all samples was determined using a Pierce BCA protein assay.
Samples were prepared by diluting 20 pg of protein in 1x Laemmli buffer (Bio-Rad) and ultrapure
water (Gibco) to a final volume of 20 pL. Samples were then heated at 95°C for 5 min, placed on
ice for an additional 5 min, and centrifuged briefly. After, samples were loaded into 4-20%
Criterion TGX midi protein gels (Bio-Rad), along with Precision Plus Protein Dual Color Standard
(Bio-Rad), and run at 80V until all samples fully entered the gel. VVoltage was subsequently
increased to 160V until the desired degree of protein separation was achieved. Protein gels were
transferred onto iBlot 2 nitrocellulose membranes (Thermo Fisher Scientific) using an iBlot 2 gel
transfer device (Thermo Fisher Scientific). Membranes were blocked for a minimum of 30 min at
room temperature (RT) in Intercept (TBS) blocking buffer (Li-Cor Biosciences) on an orbital
shaker. Membranes were incubated with desired primary antibodies (Table A. 6.1) diluted in
blocking buffer with 0.05% Tween-20 (Sigma-Aldrich) overnight at 4°C on an orbital shaker.

Following primary antibody incubation, blots were rinsed once and washed 3 times, 5 min
per wash, with tris buffered saline (TBS; Corning) with 0.05% Tween-20 (collectively TBS-T).
Blots were incubated with appropriate secondary antibodies (Table A. 6.2) diluted in TBS-T for
1-2 h at RT on an orbital shaker. Blots were washed as described above and imaged using a Li-
Cor Odyssey CLx Imager. The intensity of resultant bands was quantified using Image Studio Lite

software.

6.3.6 Development of IQGAP2 antibody

A peptide corresponding to amino acid residues 1460-1474 of human IQGAP2 was
synthesized with an amino terminal Cys RSIKLDGKGEPKGAK and conjugated to maleimide-
activated KLH, maleimide-activated BSA, and SulfoLink resin using manufacturer protocols

(ThermoFisher). The peptide-KLH conjugate was used to immunize rabbits (Cocalico
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Biologicals). Rabbit antisera was tested for the presence of antibodies recognizing the IQGAP2
peptide by dot blot analysis using the peptide-BSA conjugate. The rabbit antibodies were affinity-
purified from the antisera using the peptide-SulfoLink resin. Briefly, 5 ml of rabbit sera was diluted
1:1 with PBS and passed over a 2 ml peptide-SulfoLink column. After extensive washing with
PBS, bound antibodies were eluted with 8.5 ml 0.1 M Glycine pH 2.2 and collected in a tube
containing 1.5 ml of 1 M Tris pH 8. The affinity-purified antibodies were used at a 1:200 dilution

for Western analysis.

6.3.7 Caco2 maintenance

Caco2 cells (ATCC) were cultured in 6-well cell culture plates coated with 0.1% gelatin
(Sigma-Aldrich). Plates were coated with 0.1% gelatin for a minimum of 30 min at 37°C prior to
use. Caco2s were maintained in DMEM containing glucose, sodium pyruvate, and L-glutamine
(Corning) with 1x MEM non-essential amino acids (Sigma-Aldrich), 1x antibiotic/antimycotic
(Gibco), and 10% heat inactivated fetal bovine serum (Gibco). Cells were passaged upon 80-100%

confluence using TrypLE Express (Gibco).

6.3.8 HUVEC maintenance

Human umbilical vein endothelial cells (HUVECSs) were cultured on 0.1% gelatin-coated
6-well plates in EBM-2 media (Lonza) with full growth bullet kit (Lonza). HUVECs were

passaged upon reaching confluence using TrypLE Express.

6.3.9 Immunohistochemistry

Human brain cortex, lung, and liver tissue sections were acquired from the Cooperative
Human Tissue Network and Dr. Matthew Schrag at VVanderbilt University Medical Center. Flash

frozen tissue was submitted to the Vanderbilt Translational Pathology Shared Resource for

140



embedding in optical cutting temperature (OCT) and cryosectioning. For staining, sections were
thawed and washed once with DPBS for 5 min at RT. Sections were subsequently fixed in 4%
paraformaldehyde (Thermo Fisher Scientific) for 10 min at RT. Following fixation, tissues were
rinsed once with DPBS and washed 3 times with DPBS, 5 min per wash. Sections were blocked
in DPBS containing 5% donkey serum (Sigma-Aldrich) and 0.3% Triton X-100 (Sigma-Aldrich),
collectively referred to as PBS-DT, for a minimum of 1 h at RT and incubated with primary
antibodies (Table A. 6.1) diluted in PBS-DT overnight at 4°C. The following day, samples were
rinsed once with DPBS and washed 3 times with DPBS, 5 min per wash. Samples were incubated
with appropriate secondary antibodies (Table A. 6.2) diluted in PBS-DT for 1-2 h at RT. Nuclei
were subsequently labeled using 4',6-Diamidino-2-pheny-lindoldihydrochloride (DAPI; Thermo
Fisher Scientific). Samples were washed with DPBS as before, and samples were mounted using
ProLong Gold Antifade Mountant (Thermo Fisher Scientific). Sections were imaged using a Leica

DMi8 microscope or Olympus FV-1000 inverted confocal microscope.

6.3.10 Fluorescence in-situ hybridization

Transcripts were detected using an RNAscope assay (Advanced Cell Diagnostics) with
probes against IQGAP2 according to manufacturer’s instructions, with minor modifications.
Briefly, fresh frozen tissue sections were thawed and incubated with ~3 drops of RNAscope
Protease IV for 30 min at RT. During this incubation, 1X wash buffer was prepared by diluting 10
mL of 50X wash buffer in 490 mL ultrapure water. Following incubation, samples were washed
once with DPBS, and ~3 drops of IQGAP2 probe was added to the sample. The probe was
incubated for 2 h at 40°C in a humidified tray. Samples were then washed 5 times with 1X wash
buffer for 2 min per wash at RT. 3 drops of Amp 1-FL were added per sample, incubated for 30

min at 40°C, and washed 5 times with 1X wash buffer for 2 min per wash at RT. Next, samples
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were incubated with 3 drops of Amp 2-FL for 15 min at 40°C, followed by 5 washes for 2 min in
1X wash buffer at RT. 3 drops of Amp 3-FL were incubated with samples for 30 min at 40°C,
followed by 5 washes as before. Finally, 3 drops of Amp 4-FL were added and incubated for 15
min at 40°C followed by thorough washes with 1X wash buffer. Samples were counterstained with
DyL.ight 488 labeled Lycopersicon esculentum (tomato) lectin (1:100 in 1X wash buffer; Vector
Laboratories) to label vasculature for 30 min at RT. Samples were washed again with 1X wash
buffer five times, mounted in VECTASHIELD antifade mounting medium with DAPI (Vector

Laboratories), and imaged using a Leica DMi8 microscope.

6.3.11 Immunocytochemistry

Cells were rinsed twice with DPBS and incubated with 4% paraformaldehyde or 100%
methanol (Fisher Scientific) for 20 min or 10 min, respectively. Following fixation, cells were
washed 3 times with DPBS, 5 min per wash. Fixed cells were blocked using PBS-DT if fixed using
paraformaldehyde or DPBS with 5% donkey serum (PBSD) if fixed using methanol for a minimum
of 1 h at RT. Cells were incubated with desired primary antibodies (Table A. 6.1) diluted in PBS-
DT or PBSD overnight at 4°C. The next day, cells were rinse once with DPBS or DPBS with 0.3%
Triton X-100 (PBS-T) and washed 5 times with DPBS, 5 min per wash. Secondary antibodies
(Table A. 6.2) diluted in PBS-DT or PBSD were incubated with cells for 1-2 h at RT. Nuclei were
labeled using a 10 min incubation with 4',6-Diamidino-2-pheny-lindoldihydrochloride (DAPI;
Thermo Fisher Scientific) or Hoechst 33342 trihydrochloride trihydrate (Thermo Fisher
Scientific). Cells were subsequently rinsed once with DPBS or PBS-T, washed 4 times with DPBS

or PBS-T, 5 min per wash, and imaged using a Leica DMi8 microscope.
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6.4 Results and discussion

Previous work has shown that activation of nuclear retinoic acid receptors in iPSC-derived
BMECs by all-trans retinoic acid (RA) sufficient to elevate transendothelial electrical resistance
(TEER) and VE-cadherin expression [67]. This effect was found to be the result of an increase in
the maturation of iPSC-derived BMECs, and the effect could be recapitulated, in part, by treatment
of differentiating cells with retinoid X receptor alpha (RXRa) agonist CD3254 [191]. However,
no genes have yet to be implicated in imparting this BBB phenotype, and identification of such
genes and related signaling pathways could provide valuable insight into potential routes to
restoring BBB dysfunction. To this end, we differentiated CC3 iPSCs to BMECs as previously
described [244], with minor modifications, and analyzed the transcriptomes of the resultant
purified cells. Specifically, BMECs were treated with DMSO (vehicle control), RA, or CD3254
during the differentiation to produce BMECs of varying maturity (Figure 6.1A). Principle
component analysis of the transcriptomes found 78% variance within the first component,
indicating that retinoic acid signaling was the primary driver of differences in transcriptional
landscapes (Figure 6.1B).

Despite its utility in achieving a more mature BMEC phenotype, RA signaling is known to
be involved in a wide range of signaling cascades in development [256], many of which are likely
not involved in producing the specialized BMEC phenotype. This logic may be extended to the
effects of treatment with CD3254, despite its targeted activation of a single receptor. We therefore
reasoned that genes upregulated under both RA treatment (Figure 6.1C) and CD3254 treatment
(Figure 6.1D) bore the highest likelihood for contributing to the specialized BMEC phenotype.

IQGAP2 was found to be highly upregulated under both RA treatment (p=1.7x10-79, log2(fold
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change)=6.33) and CD3254 treatment (p=7.51x10-31, log2(fold change)=4.04) conditions and

was selected for further interrogation.
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Figure 6.1 RNA sequencing of iPSC-derived BMECs of varying fidelity. (A) iPSCs were
differentiated in E6 medium for 4 days before expansion in endothelial medium containing DMSO,
RA, or CD3254. Resultant cells were subsequently purified, and barrier formation was induced by
the removal of bFGF from the medium. RNA was subsequently extracted from these cells and
submitted for sequencing. (B) Principal component analysis indicates that the DMSO/RA/CD3254
treatments were the primary driver of transcriptional differences between the cell populations. (C)
Volcano plot highlighting differentially expressed genes in RA versus DMSO conditions. (D)
Volcano plot highlighting differentially expressed genes in CD3254 versus DMSO conditions.
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We next worked to verify the results of our RNA sequencing experiments using
quantitative polymerase chain reaction. We repeated the differentiation conditions used in our
RNA sequencing experiments in CD12 iPSCs, a male control iPSC line, differentiated using PDS
(Figure 6.2A). Transcript expression levels were measured and found to follow expression trends
found in RNA sequencing (Figure 6.2B). Though encouraged by these results, we recognized that
post-transcriptional regulation events might prevent differences in transcript expression from
resulting in differences in protein expression. We assessed the level of IQGAP2 expression in
iPSC-derived BMECs in DMSO, RA, and CD3254 differentiation conditions, as well in Caco2
epithelial cells and HUVECs. IQGAP2 protein expression levels were found to align with
transcript expression trends (Figure 6.2C). IQGAP2 expression in HUVECs was strikingly less
than 1QGAP2 expression in Caco?2 cells, indicating that IQGAP2 expression is not endothelial-
specific. Finally, as IQGAP family proteins are scaffolding proteins and are capable of performing
multiple functions within cells, we assessed cellular localization via immunocytochemistry to
provide potential insight into its function. IQGAP2 was found to localize to cell-cell borders in
Caco2 cells as well as in CC3 BMECs differentiated using RA. In contrast, IQGAP2 expression
was found to be perinuclear in HUVECs with no expression evident in cell-cell contacts (Figure

6.2D).
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Figure 6.2 Characterization of IQGAP2 expression in vitro. (A) iPSCs were differentiated to
immature or mature BBB endothelium, and IQGAP2 expression was assessed using gPCR and
western blot. (B) qPCR results for IQGAP2 follow trends found in RNA sequencing data. (C)
IQGAP2 expression was assessed in BMECs differentiated using DMSO, RA, and CD3254 as
well as in Caco2 and HUVEC controls. (D) Immunocytochemical detection of IQGAP2 in Caco2s,
HUVECs, and BMECs. Scale bars are 50 um.

Though iPSC-derived BMECs closely recapitulate many in vivo characteristics of the
human BBB, these cells are an in vitro model system, and as such, we worked to clarify that
IQGAP2 expression patterns were not the result of an in vitro artifact. IQGAP2 is not predicted to
be expressed in brain endothelial cells by multiple transcriptomic databases [32,255], and available
protein expression data is inconclusive [254]. Commercially available IQGAP2 antibodies
validated for immunohistochemistry of human tissue are limited, and the high degree of similarity

between members of the IQGAP family made antibody specificity a point of concern. Therefore,
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we developed a polyclonal antibody against human IQGAP2 specific to known isoforms of this
protein. Using this antibody, we detected IQGAP2 expression in brain vasculature in human
cortical slices, though its expression pattern was heterogeneous amongst vessels (Figure 3A). We
further validated IQGAP2 expression in brain vasculature using fluorescence in situ hybridization
and found expression heterogeneity similar to that of the protein expression (Figure 3B). Finally,
we wished to validate the specificity of our antibody through staining of human liver tissue where
IQGAP2 expression is most widely documented [251]. As expected, abundant IQGAP2 expression

was found within this tissue (Figure 3C).
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Figure 6.3 In vivo detection of IQGAP2 in human tissues. (A) IQGAP2 expression in human
brain cortex. (B) IQGAP2 mRNA transcripts in human brain cortex vasculature. (C) IQGAP2
expression in human liver. Scale bars are all 50 um.

148



6.5 Conclusion

Collectively, these results indicate that iPSC-derived BMECs are not only useful for drug
screening purposes and targeted interrogation of in vivo findings. Instead, this model possesses
predictive power and may be used to as a tool to rapidly uncover mechanisms of BBB maintenance
and dysfunction with in vivo relevance in a fully human, highly reproducible environment. Moving
forwards, efforts to explore the potential role of IQGAP2 in mediating BBB function may provide

insight into the specialized nature of this critical biological interface.
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Table A. 6.1 Primary antibodies used in immunocytochemistry and immunohistochemistry

experiments.

6.6 Appendix

Target Antibody Species Vendor Clons or preel/e! Dilution
number
IQGAP2 mouse EMD Millipore BB9 1:1000
IQGAP2 Rabbit Abcam ab204225 1:100
Vanderbilt
IQGAP2 Rabbit Antibody Protein -- 1:200
Resource
VE-cadherin Goat R&D Systems AF938 1:100
CD31 Mouse Abcam JC/70A 1:25

Table A. 6.2 Secondary antibodies used in immunocytochemistry and immunohistochemistry

experiments.

Species Reactivity Host Conjugate Vendor Dilution
Mouse Donkey Alexa Fluor 555 Thermo I_:l_sher 1:200
Scientific
Mouse Donkey Alexa Fluor 488 Therr_no I_:l_sher 1:1000
Scientific
Goat Donkey Alexa Fluor 488 Thermo I_:l_sher 1:200
Scientific
Rabbit Donkey Alexa Fluor 488 Therr_no I_:l_sher 1:200
Scientific
Rabbit Donkey Alexa Fluor 555 Therr_no I_:l_sher 1:200
Scientific
-- Lectin DyL.ight 488 Vector Laboratories 1:100
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Chapter 7

HIGH-THROUGHPUT CRISPR/CAS9 SCREEN TO IDENTIFY MODULATORS OF
PARACELLULAR PERMEABILITY

7.1 Summary

The blood-brain barrier is characterized in part by robust expression of tight junction
proteins. These tight junctions strictly limit the paracellular passage of materials down to the level
of ions. Disruption of this paracellular barrier is associated with many chronic and acute
neurodegenerative disorders, such as Alzheimer’s disease. Unrestricted extravasation of blood-
borne materials leads to vasogenic edema [257], interrupted synaptic transmission, and even
cognitive dysfunction [258]. Therefore, therapeutic intervention at this paracellular barrier is a
highly promising strategy target in the treatment of such disorders. Here, we present a high
throughput CRISPR screen coupled with high content imaging to identify novel regulators of
blood-brain barrier paracellular permeability. The results of this screen implicate previously
known genes in the maintenance of this barrier as well as genes known to be upregulated in mature
endothelium. This screen is the first of its kind to identify modulators of BBB-specific function

and represents a new phase in interrogating genomic regulation of the BBB.

7.2 Introduction

The prevalence of neurodegenerative disorders, such as Alzheimer’s disease, Parkinson’s
disease, and stroke, continues to grow in tandem with the growing, aging global population
[2,259]. Such diseases are the leading cause of disability worldwide [260], and as such, pose
significant personal and economic burdens which are likely to increase in coming years [2]. These

disorders have historically been characterized by the dysfunction of neurons and glia [261], both

151



of which require highly regulated ionic and molecular microenvironments to signal properly and
form functional neural networks [6]. The composition of these microenvironments is maintained
by the blood-brain barrier (BBB), composed of brain microvascular endothelial cells (BMECs)
which line brain capillaries. BMECSs control material flux across the BBB into the central nervous
system (CNS) parenchyma through their robust expression of a cohort of molecular transporters
[20], efflux transporters [262], and tight junction proteins [263] and suppression of nonspecific
transcytosis [72]. Dysfunction of the BBB is increasingly associated with many neurodegenerative
disorders [13] as well as in natural aging processes [41] and thus is a promising target for
therapeutic intervention in the treatment of such diseases.

The paracellular flux of material across the BBB is restricted down to the level of ions by
tight junction complexes formed between adjacent BMECs, which more closely resemble
epithelial tight junctions than endothelial junctions found in peripheral beds [264,265]. The
proteins which form these complexes have been well characterized and include occludin, the first
identified tight junction protein [266], as well as several members of the claudin family [265]. The
formation of these tight junctions is supported by junctional adhesion molecules (JAMs) and
zonula occludens (ZO) proteins, which function as scaffolding proteins and connect tight junctions
to the actin cytoskeleton [238]. Since identification of these proteins, significant effort has been
placed on understanding their role in maintaining the BBB paracellular barrier. In foundational
work by Nitta, et al., claudin-5 deficient mice were found to have the permeability of their BBB
altered in a size-specific manner [267]. Specifically, loss of claudin-5 resulted in a loss of
restriction against small molecules (<800 Da) but did not permit extravasation of larger molecules
such as serum albumin across the barrier. When more significant degeneration of tight junctions

occurs, such as is evident in many neurodegenerative diseases, passage of large circulating
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molecules, such as thrombin, fibrinogen, and albumin, from the blood stream into the central
nervous system parenchyma results in exacerbated BBB disruption, neuronal injury, and
neuroinflammation [240]. Therefore, the proteins and pathways which regulate the formation and
fidelity of tight junctions are ideal candidates for therapeutic intervention

Unfortunately, many of the molecular constituents and signaling pathways which underpin
the highly restrictive nature of the BBB remain poorly understood. Previous attempts to identify
genes important to BBB have relied upon transcriptome analyses to identify genes specifically
upregulated in neurovasculature [26,32,72,74,242,255,268,269]. These studies provide invaluable
insight into previously unknown mechanisms of BBB regulation, but the works relied upon in vivo
studies followed by tedious isolation and extensive transcriptome analysis. The current and
impending burden of neurological disease necessitates the development of high throughput
screening methods for BBB functional genomic elements. To this end, we performed a high-
throughput CRISPR screen in barrier-forming Caco?2 cells to identify modulators of paracellular
permeability. Approximately 8400 genes were screened for their potential contribution to the
restrict paracellular barrier phenotype and analyzed using high-content imaging of cell-cell
junctions. Overall, this study is the first of its kind to identify regulators of BBB-specific functions

using CRISPR screening techniques.

7.3 Materials and methods

7.3.1 Preparation of complete growth medium
Complete growth medium was prepared by supplementing DMEM (Corning; 10-013-CV)
with 10% heat-inactivated fetal bovine serum (FBS; Thermo Fisher Scientific), 1X penicillin-

streptomycin (Gibco) or 1X antibiotic-antimycotic (anti-anti; Thermo Fisher Scientific), and 1X
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MEM non-essential amino acid solution (Sigma-Aldrich). FBS was heat-inactivated by heating at

56°C for 30 min followed by rapid cooling on ice.

7.3.2 Preparation of transduction medium

Transduction medium was prepared by supplementing DMEM (Corning; 10-013-CV) with
1X MEM non-essential amino acid solution (Sigma-Aldrich). Transduction medium contained no

serum as well as no antibiotics or antimycotics.

7.3.3 Preparation of transfection medium

Transfection medium was prepared similarly to complete growth medium with the

omission of anti-anti.

7.3.4 Preparation of 2X anti-anti medium

2X anti-anti medium was prepared similarly to complete growth medium. However, anti-

anti was added to the medium to a final concentration of 2X rather than 1X.

7.3.5 Preparation of serum-free barrier formation medium

Neurobasal medium (referred to as HB NB) was prepared by the Vanderbilt Cell Culture

Resource Lab according to compositions publicly available through Thermo Fisher Scientific.

7.3.6 Generation of Cas9-expressing Caco2 cells

Approximately 24 h before transduction, Caco?2 cells were seeded at a density of 31,600
cells/cmz2 onto 24-well cell culture plates coated with 0.1% gelatin (Sigma) in complete growth
medium. On the day of transduction, cells were washed once with DPBS (Gibco), incubated with
TrypLE Select (Gibco) for 3 min at 37°C, and collected as a single-cell suspension. Density of the

collected cells was determined using a Countess Il (Thermo Fisher) automated hemocytometer.
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Based on the measured density, one well of Caco2s were transduced at a multiplicity of infection
(MOI) of 0.3 with Edit-R lentiviral mKate2-tagged, constitutively expressed Cas9 nuclease
(Dharmacon) under the hEFla promoter in transduction medium containing 5 pg/mL polybrene
(EMD Millipore). Complete growth medium was added to transduced cells at a 3:1 dilution 5 h
after the initiation of transduction, and medium was completely changed 48 h after the initiation
of transduction. Medium was changed every 48 h thereafter until selection via fluorescence

activated cell sorting (FACS).

7.3.7 Fluorescence activated cell sorting

Transduced Caco2s harboring Cas9 expression were purified via FACS. Briefly, cells were
washed once with DPBS, incubated for 3 min at 37°C, and collected via centrifugation. Pelleted
cells were resuspended at a density of 5x10s cells/mL in phenol-red free DMEM medium (Gibco;
#21063-029) supplemented with 10 uM Y27632 (Tocris) and 1X penicillin-streptomycin (Gibco).
Cells underwent clonal sorting onto 96-well plates coated with 0.1% gelatin and using a 5-laser
FACS Aria Ill (BD Biosciences) with a 100 um nozzle. Sorted cells were collected in sterile
filtered conditioned medium supplemented with 10 uM Y27632, 10 mM HEPES (Gibco), and 1X
penicillin-streptomycin. Clones were supplemented with an additional 100 uL of complete growth
medium per well approximately 24 h after sorting. Medium was changed to complete growth
medium 48 h after sorting and fully changed every 48 h thereafter. Two clones, referred to as C6

and F7, respectively, were selected for further analysis and experimental use.

7.3.8 Cell maintenance

Both Cas9-expressing and non-Cas9-expressing Caco2s were cultured on 0.1% gelatin in
complete growth medium. Cells were passaged upon reaching 80-100% confluence using TrypLE

(Gibco). For small scale experiments, Cas9-Caco2s were cultured in 6-well cell culture plates
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(Corning). For screening experiments, Cas9-Caco2s were cultured in T175 cell culture treated

flasks.

7.3.9 Protein isolation and western blotting

Cells were rinsed once with DPBS, incubated with TrypLE Express for 3 min at 37°C, and
collected via centrifugation. Pellets were lysed in RIPA buffer (Sigma-Aldrich) containing 1%
protease inhibitor cocktail (Sigma-Aldrich) and 1% phosphatase inhibitor cocktail 3 (Sigma-
Aldrich) and incubated on ice for 30 min. Samples were then centrifuged for 15 min at 12,000xg
at 4°C. Cleared supernatants were transferred to clean microcentrifuge tubes and stored at -20°C
until used for further analysis.

Protein concentration was measured using a Pierce BCA protein assay (Thermo Fisher
Scientific). Using concentrations determined by the BCA assay, 20 pg of protein per sample was
diluted in 1x Laemmli buffer (Bio-Rad) and ultrapure water (Gibco) to a total volume of 20 uL.
Samples were subsequently heated for 5 min at 95°C, placed on ice for 5 min, and loaded into 4-
20% Criterion TGX precast midi protein gels (Bio-Rad). Gels were resolved and transferred to
nitrocellulose membranes using an iBlot2 transfer machine (Thermo Fisher Scientific).
Membranes were blocked in Intercept blocking buffer (TBS-based; Li-Cor) for a minimum of 30
min at room temperature on an orbital shaker. Blots were incubated with primary antibody
overnight at 4°C on an orbital platform. The following morning, blots were washed 3 times, 5 min
per wash, with 1x TBS with 0.05% Tween-20 (collectively TBS-T; Sigma-Aldrich). Blots were
incubated with secondary antibodies for 1-2 h at room temperature on an orbital shaker, washed

as previously described, and imaged using an Odyssey CLx imager (Li-Cor).
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7.3.10 Immunocytochemistry

Cells were washed twice with DPBS and fixed using 4% paraformaldehyde (Thermo Fisher
Scientific) for a minimum of 10 min at room temperature. Following fixation, cells were washed
three times with DPBS, 5 min per wash. Cells were blocked using DPBS containing 5% donkey
serum (Sigma-Aldrich) and 0.3% Triton X-100 (Sigma-Aldrich), collectively referred to as PBS-
DT, for aminimum of 1 h at room temperature. Cells were incubated with primary antibody (Table
A. 7.1) diluted in PBS-DT overnight at 4°C. The following morning, cells were rinsed once and
washed five times with DPBS containing 0.3% Triton X-100, referred to as PBS-T, with a
minimum of 5 min per wash. Cells were incubated with secondary antibody (Table A. 7.2) for 1-
2 h at room temperature. Nuclei were labeled after incubation with secondary antibody using
Hoechst 33342 trihydrochloride trihydrate (Thermo Fisher Scientific). Stained cells were rinsed

once and washed four times with PBS-T prior to imaging using a Leica DMi8 microscope.

7.3.11 Transfection of synthetic CRISPR reagents

CRISPR RNA (crRNA) and trans-activating RNA (tracrRNA) were resuspended in 10 mM
Tris buffer, pH 7.4, all purchased from Dharmacon, were resuspended to create 1 uM and 10 uM
working stocks, respectively. For reverse transfection, tracrRNA was further diluted to 333 nM in
Opti-MEM reduced serum media (Thermo Fisher Scientific). Dharmafect 1 (Dharmacon) was
diluted in Opti-MEM to a concentration of 0.8 uL of Dharmafect 1 per 10 uL of total diluted
reagent. crRNA and tracrRNA were mixed such that the concentration of 10 uL of the
crRNA:tracrRNA complex was 125 nM upon addition of prepared diluted Dharmafect 1. The
crRNA:tracrRNA complex was allowed to incubate with Dharmafect 1 for a minimum of 20 min

prior to cell addition.
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During this incubation time, cells were washed once with DPBS (Thermo Fisher Scientific)
and incubated with TrypLE Express (Thermo Fisher Scientific) for 3 min at 37°C. Cells were
collected via centrifugation and resuspended in transfection media to a final concentration of
550,000 cells/mL. 80 pL of this cell suspension was added to each well for reverse transfection,
bringing the final concentration of the crRNA:tracrRNA complex to 25 nM. Cells were incubated
for 48 h at 37°C and then received a full media change to complete growth medium before use in

further assays.

7.3.12 Preparation of synthetic crRNA library

The following Edit-R crRNA libraries were purchased from Dharmacon in 96-well plate
format, containing 0.1 nmol of crRNA per well, for use in our arrayed screen: human protein
kinase, human GPCR, human phosphatase, human ion channel, human druggable genome, human
protease, human transcription factors, and human ubiquitin enzyme. Library plates were
centrifuged briefly to collected crRNA at the bottom of each well. crRNA was resuspended in 100
uL of 10 mM Tris pH 7.4 buffer to a final concentration of 10 uM (Dharmacon) using a Multidrop
Combi (Thermo Fisher Scientific). Plates were incubated for a minimum of 70 min at room
temperature on an orbital shaker to ensure complete resuspension. tracrRNA was resuspended in
10 mM Tris pH 7.4 buffer to a final concentration of 100 uM and also incubated for a minimum
of 70 min at room temperature on an orbital shaker to ensure complete resuspension. Screening
plates were prepared by transferring 2.5 uL of each well of 10 uM crRNA to flat-bottom, black-
walled 96-well nCLEAR cell culture plates (Greiner Bio-One) using a Bravo liquid handler
(Agilent Technologies). 7.5 pL of 333 nM tracrRNA, prepared by diluting 100 uM tracrRNA stock
in Opti-MEM reduced serum medium (Thermo Fisher Scientific) was then added to each well

containing crRNA. 2.5 puL of non-targeting crRNA and TJP1 crRNA, both at 10 uM
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concentrations, were added to 4 wells each in all prepared screening plates, and 7.5 pL of 333 nM
tracrRNA was subsequently added to each of these wells. Fully prepared plates were subsequently

sealed and stored at -80°C until use.

7.3.13 Transfection of arrayed CRISPR reagents

On the day of seeding for the screen, selected library plates were removed from the -80°C
freezer, warmed until reagents frozen within each well were thawed, and were transferred into a
biosafety cabinet after spraying with copious amounts of 70% ethanol (Fisher Scientific). Plate
seals were removed, and 10 pL of Dharmafect 1 transfection reagent (Dharmacon) diluted in Opti-
MEM to a final deliverable concentration of 0.8 uL Dharmafect 1 per well was added to each well
using a Multidrop Combi. Prepared plates were incubated for a minimum of 30 min at room
temperature, during which time clone F7 Cas9-Caco2s were collected for seeding.

Cas9-Caco2s cultured in T175 flasks were washed once with DPBS and incubated with
TrypLE Express for a minimum of 5 min at 37°C before collection via centrifugation. Cell pellets
were resuspended in prepared transfection medium, and density of the suspension was determined
using a Countess Il automated hemocytometer (Thermo Fisher Scientific). The concentration of
live cells was adjusted to 550,000 cells/mL using transfection medium, and 80 uL of this cell
suspension was delivered to each well of the prepared 96-well plates, bringing the total volume of

each well to 100 pL.

7.3.14 Maintenance of transfected cells

Approximately 24 h after reverse transfection, 100 uL of 2X anti-anti medium was
delivered to each seeded well using a Multidrop Combi, bringing the effective antibiotic-
antimycotic concentration to 1X. Approximately 24 h after the addition of 2X anti-anti medium,

cell medium was completely changed for the transfected cells using a BioTek EL406 plate washer
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to remove remaining transfection reagents, and all wells received 200 puL of complete growth
medium. Culture medium was fully changed 48 h later, and cells were given 200 uL of serum-free
barrier formation medium. Cells received half medium changes with this serum-free medium every
48 h for an additional 2 media changes. Cells were subsequently fixed after 6 days of culture in

serum-free medium using the methods detailed below.

7.3.15 Immunocytochemistry for arrayed plates

8% formaldehyde was prepared by diluting 37% formaldehyde (Sigma-Aldrich) in DPBS.
Using a BioTek EL406 plate washer with peristaltic pump, 100 uL of DPBS was added to each
well to be fixed. 200 uL of liquid was then aspirated from each well, bringing the total volume of
each well to 100 pL. 100 pL of prepared 8% formaldehyde was added to each well, and plates
were fixed for a minimum of 20 min at room temperature on an orbital shaker. Following fixation,
liquid was fully aspirate from each well, and 200 uL of DPBS was added to each well. At this
point, plates were either used immediately for immunocytochemistry or stored at 4°C for future
use.

On the day of staining, DPBS was fully aspirated from all wells using a BioTek EL406
plate washer, and cells were blocked using 50 uL of PBS-DT per well, prepared as described in
Section 7.3.10. Cells were blocked for a minimum of 1 h at room temperature before adding 50
uL of Alexa Fluor 488-conjugated ZO-1 antibody (Table A. 7.1) diluted in PBS-DT per well. Cells
were incubated with primary antibody overnight at 4°C. The following morning, 50 uL of Hoechst
33342 trihydrochloride trinydrate (Thermo Fisher Scientific) diluted in PBS-T was added to each
well to mark nuclei and incubated for a minimum of 10 min at room temperature. 150 pL of PBS-
T was subsequently added to each, following full aspiration of all liquid in each well. 100 pL of

PBS-T was added to each stained well.
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7.3.16 High-content imaging

Stained plates were imaged using an ImageXpress MicroXL automated microscope imager
(Molecular Devices). Four images were captured per well for all conditions. Acquired images were

exported in tagged image file format (TIFF) for subsequent analysis.

7.3.17 Imaging analysis

Collected images were analyzed using the MATLAB script in Figure A. 4.2. The outputs
from this script were averaged across the four images collected per well to generate average results
per gene using the MATLAB script in Figure A. 7.1. Averaged well values were subsequently
normalized to untreated controls and non-targeting crRNA controls using MATLAB script in
Figure A. 7.2. Normalized values for all plates screened were finally compiled into one searchable

Excel file using the MATLAB script in Figure A. 7.3.

7.4 Results and discussion

High throughput CRISPR screening to rapidly identify modulators of paracellular
permeability will provide insight into potential mechanisms of barrier regulation that would
require years to achieve through traditional techniques. The technical constraints of performing a
high throughput screen necessitate the use of cells which may be extensively expanded in culture,
can withstand the sheer force of a peristaltic pump, and have limited matrix requirements for
growth. Furthermore, the chosen cell type must adequately recapitulate the highly restrictive
paracellular barrier phenotype we wish to interrogate. Caco2 cells are an intestinal epithelial cell
line which have previously been used to model the BBB [270,271]. These cells may be greatly
expanded in culture and form extensive tight junctions similar to those present at the BBB [272],

making them ideal for use in high throughput screening applications.
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To this end, Caco2 cells were transduced with lentivirus containing a vector for mKate2-
tagged, constitutively expressed S. pyogenes cas9. Caco2s harboring this fluorescent insert,
hereafter referred to as Cas9-Caco2s, were clonally selected by mKate2 signal using fluorescence
assisted cell sorting (Figure 7.1A) to ensure uniform levels of Cas9 expression and activity in cells
used for screening. We verified Cas9 expression levels in our transduced cells via western blots
and selected two clones, termed C6 and F7, for further analysis (Figure 7.1B). Following the stress
of the genetic manipulation and single cell selection, we verified that our Cas9-Caco2 variants
were still capable of forming the tight junctions vital to our screen (Figure 7.1C).

The fidelity of the restrictive barrier formed by tight junctions in both endothelial and
epithelial is often functionally evaluated via measurement of transendothelial/epithelial resistance
(TEER). We therefore cultured clone C6 and clone F7 Cas9-Caco2s in their normal, serum-
containing growth medium on Transwell filters and measured resistance across the monolayer
approximately every 24 h. Resistance across the monolayer in both clones failed to exceed 200
Qxcmz, the generally accepted minimum threshold for barrier function, at any point during the 10
day culture span. However, recent work from our group developing serum-free differentiation
methods to produce brain microvascular endothelial cells from human induced pluripotent stem
cells highlighted the increase in TEER achieved through the use of B27 supplement in place of
serum in culture medium. Therefore, after seeding cells onto Transwell filters in their normal
growth medium, we cultured clone C6 and F7 Cas9-Caco2s in serum-free medium consisting of
basal media prepared in accordance to the publicly available compositions of neurobasal medium
[203] and B27 supplement. Both C6 and F7 clones were able to form highly restrictive barriers

(TEER > 1,000 Qxcmz2) after several days of culture in this serum-free media (Figure 7.1D and
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7.1E, respectively). However, clone F7, hereafter referred to as Cas9-CacoZ2s, displayed superior

barrier stability over the length of culture and was selected for use in screening experiments.

Transduction and
FACS -
‘ S

Caco2 Cas9-Caco2s
(B) (C)

o S Polyclonal Clone C6
e 5 &8 L Y
- © Q [}
k-] > c < c
= o 2 =2 =
S o O O E
O
— — Cas9 8
=]
[}
©
S S w w | GAPDH - ©
(D) (E)
Clone C6 Clone F7
2000 7 _,_pai : 2000 - . .
] ——Maintenance Medium ] ==Maintenance Medium
g‘g 1500 |1 —-Serum-free medium ‘E 1500 | --Serum-free medium
(3] ] o ]
X i X J
G 1000 S 1000 ]
14 ] @ ]
w500 W 500 -
- ] - -
0 3 — T * t 0 4 - - - - g : : : : -
0 2 4 6 8 10 0 2 4 6 8 10

Length of culture (d) Length of culture (d)

Figure 7.1 Generation of Cas9-expressing Caco2 cells. (A) Unmodified Caco2 epithelial cells
were transduced with lentiviral particles encoding a constitutively expressed, mKate2 tagged Cas9
variant. Clones harboring this insertion was selected via FACS. (B) Cas9 expression was measured
in selected clones as well as a polyclonal population via western blot. (C) The ability of these
modified to form tight junctions following Cas9 insertion and selection was assessed by staining
for occludin expression. Scale bars are 50 um. Clone C6 (D) and Clone F7 (D) Cas9-Caco2s were
cultured in maintenance medium and serum-free medium and monitored for barrier formation by
TEER measurement.

Following generation of our desired cell line, we next worked to identify transfection

conditions which would maximize the degree of gene knockout in our cells without evidence of
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cytotoxicity. We selected expression of ZO-1, an adapter protein critical for the formation of tight
junctions [238,273], as our marker for paracellular barrier disruption and analyzed its localization
via immunocytochemistry. Cas9-Caco2s were transfected using various concentrations
Dharmafect 1 lipid transfection reagent and synthetic crRNA complexed to synthetic tracrRNA
against TIJP1 and subsequently stained for ZO-1 expression (Figure 7.2A). No cytotoxicity was
evident in any of the tested conditions nor was ZO-1 expression significantly altered by exposure
to transfection reagent or non-targeting crRNA. The degree of knockout was observed to be
proportional to the concentration of transfection reagent used. Images from each condition were
analyzed using a MATLAB script previously used to assess junctional fidelity in iPSC-derived
BMECs (Figure 7.2B), and the total normalized junctional area (Figure 7.2C), junctional length
(Figure 7.2D), and junctional width (Figure 7.2E). From this analysis, we determined that the
highest concentration of Dharmafect 1 was necessary to detect significant changes in ZO-1
expression. Furthermore, we determined total junctional area normalized to nuclei count to be the

most reliable measure in our analyses for junction loss.
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Figure 7.2 Optimization and evaluation of TJP1 knockout in Cas9-Caco2s. (A) ZO-1 expression
was detected via immunocytochemistry in Cas9-Caco2s in untreated (i), Dharmafect 1 only (ii),
non-targeting control crRNA (iii), and TIP1 crRNA delivered via low (iv), medium (v), and high
(vi) concentrations of Dharmafect 1 transfection reagent. All scale bars are 50 um. (B) Degree of
junctional disruption was assessed in conditions (i) through (vi) using our custom MATLAB
script. This disruption was quantified by (C) junctional area normalized to DAPI, (D) junction
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length, and (E) junction width, all of which were normalized to measurements made in untreated
control samples.

CRISPR screens may be conducted in either pooled formats or in arrayed formats [274].
Pooled formats commonly use lentiviral vectors to deliver libraries of single guide RNAs
(sgRNAS) to cell types of interest. This approach is often advantageous with respect to the cost of
reagents and labor required to conduct the screen [275]. However, pooled screens often fail to
capture subtle phenotypic changes and changes in behavior in which cell-cell interactions are
crucial, such as tight junction formation [276]. We therefore opted to conduct an arrayed CRISPR
screen against ~8400 genes in which each well of Cas9-Caco?2 cells receives synthetic CRISPR
RNA (crRNA) against a single gene. These cells were then cultured in serum-free media to
promote barrier formation before fixation and high content imaging (Figure 7.3A). This approach
enables unambiguous interpretation of the genotype-to-phenotype connection and allows for
detection of nuanced phenotypes such as frayed junctions [67].

Despite the increased specificity of CRISPR-based screens in comparison to screens
conducted using RNA interference (RNAI) [92], identification of potential positive hits is still
complicated by the potential for off-target effects. Results may also be confounded by cellular
adaptations made in response to the particular stresses of screening procedures, potentially
masking the effects of targeted genes. We therefore sought initial validation of our screen results
by evaluating the effect of knocking out genes previously identified to be essential for tight
junction formation. Alterations in ZO-1 expression for wells containing crRNA against TJP1,
F11R, and RAC1 were assessed as each of these genes is well documented in the literature for their
contributions to tight junction formation and regulation under basal conditions [277-281]. All

three aforementioned genes exhibited loss of ZO-1 expression, albeit to varying degrees (Figure

166



7.1B), validating that true positive hits may be extracted from our screening results. We extended
these analyses to RHOA, previously shown to be necessary for tight junction formation
[278,282,283]. Excitingly, knockout of these genes all resulted in detectable alterations in ZO-1
localization (Figure 7.3C), providing further confidence that the results of this screen may provide
valuable insight into paracellular barrier regulation.

Finally, we worked to validate that we could extract results with functional relevance in
our iPSC-derived in vitro blood-brain barrier model. To this end, we compared genes highly
upregulated under RA treatment as compared to DMSO treatment, discussed extensively in
Section 6.4 of this dissertation, to the results of our junctional analyses. Through these
comparisons, we identified GPR1, which encodes for G Protein-Coupled Receptor 1 (GPR1), as
being high upregulated in mature BBB endothelium (padjustes=1.43%10-36, log2 fold change=5.49).
Loss of GPR1 in our screen resulted in a 37.6% decrease in ZO-1 junctional area as compared to
untreated control cells (Figure 7.3D-E). Though this result does not provide insight into the
mechanism by which GPR1 loss results in a decrease in ZO-1 expression, the results do suggest

that the outcomes of our screen may yield hits with blood-brain barrier relevance.
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Figure 7.3 Arrayed CRISPR screen to identify modulators of paracellular permeability. (A)
Cas9-Caco2s were (i) seeded onto prepared library plates containing complexed
crRNA:tracrRNA and Dharmafect 1 transfection reagent. (ii) Cells were cultured in serum-
containing medium for 48 hours before (iii) being switched to serum-free medium for 6 days to
enhance barrier formation. (iv) After six days, cells were fixed, stained, and imaged for ZO-1
localization. (B) Screen results for genes previously identified for their contribution for tight
junction formation were assessed visually. (C) An extended cohort of genes, including those
assessed in (B), were for interrogated for changes in junctional area. (D) Loss of GPR1, whose
expression was previously identified as being upregulated in mature blood-brain barrier
endothelium, was found to result in decreased total junctional area.

7.5 Conclusion

In this chapter, we detail our efforts to identify modulators of blood-brain barrier
paracellular permeability through an arrayed, high throughput CRISPR screen coupled with high
content imaging. We interrogated the individual contributions of approximately 8400 genes to
paracellular barrier function as measured by ZO-1 localization to cell-cell junctions. We validated
the ability of our screen to identify genes with relevance to this phenotype by analysis of junctional
disruption in wells containing crRNA against genes previously implicated in tight junction
formation and regulation, including TJP1, F11R, RHOA, and RACL1. Loss of each of these genes
resulted in a detectable decrease in ZO-1 expression, suggesting tight junction compromise. The
ability of the screen to identify genes with blood-brain barrier relevance was supported by the
identification of GPR1. This gene was previously identified as being highly upregulated in mature
BBB endothelium, and loss of GPR1 resulted in decreased ZO-1 localization in our screen. Future
work will seek to validate additional positive hits from this screen in our iPSC-derived blood-brain

barrier model.
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7.6 Appendix

clear

directory=uigetdir;

files=dir(directory);

file_size=size(files);

number_of files=file_size(1);

for 0=3:number_of files %drops the weird 2 header lines that aren't actually files in files
full_table=readtable([directory,\',files(0).name]);
image_name=full_table(:,1);
number_nuclei=full_table(:,2);
junction_area=full_table(:,3);
junction_length=full_table(:,4);
junction_width=full_table(:,5);

%Calculate averages per well
avg_nuclei=splitapply(@mean,number_nuclei,ceil((1:numel(number_nuclei))'/4));
avg_area=splitapply(@mean,junction_area,ceil((1:numel(junction_area))'/4));
avg_length=splitapply(@mean,junction_length,ceil((1:numel(junction_length))'/4));
avg_width=splitapply(@mean,junction_width,ceil((1:numel(junction_width))'/4));

%Calculate standard deviations per well
avg_nuclei_SD=splitapply(@std,number_nuclei,ceil((1:numel(number_nuclei))/4));
avg_area_SD=splitapply(@std,junction_area,ceil((1:numel(junction_area))'/4));
avg_length_SD=splitapply(@std,junction_length,ceil((1:numel(junction_length))'/4));
avg_width_SD=splitapply(@std,junction_width,ceil((1:numel(junction_width))'/4));

%Shorten the image names
condensed_image_name=image_name(1:4:end,:);

%convert arrays to table for export
nuclei=array2table(avg_nuclei);
area=array2table(avg_area);
length=array2table(avg_length);
width=array2table(avg_width);
nuclei_SD=array2table(avg_nuclei_SD);
area_SD=array2table(avg_area_SD);
length_SD=array2table(avg_length_SD);
width_SD=array2table(avg_width_SD);

%Rename the files and export

drop_extension=files(0).name(1:end-18);

text=char(drop_extension);

filename=[text ' average.xIsxT;

export= [condensed_image_name nuclei nuclei_SD area area_SD length length_SD width
width_SD];

writetable(export,[directory,'\',filename]);
end
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Figure A. 7.1 MATLAB code to average image quantifications for all sites in each well imaged.
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clear
directory=uigetdir;
files=dir(directory);
file_size=size(files);
number_of_files=file_size(1);
for 0=3:number_of files
%if length(files(o).name)>4
%if strcmp(files(o).name(end-3:end),".xls")
full_table=readtable([directory,\',files(0).name]);
image_name=full_table(:,1);
number_nuclei=full_table(:,2);
number_nuclei_SD=full_table(:,3);
junction_area=full_table(:,4);
junction_area_SD=full_table(:,5);
junction_length=full_table(:,6);
junction_length_SD=full_table(:,7);
junction_width=full_table(:,8);
junction_width_SD=full_table(:,9);

%Untreated controls - averages

UT_control_names = image_name([1 12 13 24 73 84 85 96],1);
UT_control_nuclei = number_nuclei([1 12 13 24 73 84 85 96],1);
UT_control_junction_area = junction_area([1 12 13 24 73 84 85 96],1);
UT_control_junction_length = junction_length([1 12 13 24 73 84 85 96],1);
UT _control_junction_width = junction_width([1 12 13 24 73 84 85 96],1);

%Generate averages of untreated controls

UT _control_avg_nuclei = mean(table2array(UT_control_nuclei));
UT_control_avg_junction_area = mean(table2array(UT_control_junction_area));
UT_control_avg_junction_width = mean(table2array(UT_control_junction_width));
UT_control_avg_junction_length = mean(table2array(UT_control_junction_length));

%Generate standard deviations of untreated controls

UT _control_avg_nuclei_SD = std(table2array(UT _control_nuclei));

UT _control_avg_junction_area_SD = std(table2array(UT_control_junction_area));
UT_control_avg_junction_width_SD = std(table2array(UT _control_junction_width));
UT_control_avg_junction_length_SD = std(table2array(UT_control_junction_length));

%Non-targeting controls

NT_control_names = image_name([25 37 60 72],1);
NT_control_nuclei = number_nuclei([25 37 60 72],1);

NT _control_junction_area = junction_area([25 37 60 72],1);

NT _control_junction_length = junction_length([25 37 60 72],1);
NT_control_junction_width = junction_width([25 37 60 72],1);

%Generate averages of non-targeting controls

NT_control_avg_nuclei = mean(table2array(NT_control_nuclei));
NT_control_avg_junction_area = mean(table2array(NT_control_junction_area));
NT_control_avg_junction_width = mean(table2array(NT_control_junction_width));
NT_control_avg_junction_length = mean(table2array(NT_control_junction_length));
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%Generate standard deviations of non-targeting controls
NT_control_avg_nuclei_SD = std(table2array(NT _control_nuclei));
NT_control_avg_junction_area_SD = std(table2array(NT_control_junction_area));
NT_control_avg_junction_width_SD = std(table2array(NT_control_junction_width));
NT_control_avg_junction_length_SD = std(table2array(NT_control_junction_length));

%Z0O-1 controls

ZO1_control_names = image_name([49 61 36 48],1);
Z0O1_control_nuclei = number_nuclei([49 61 36 48],1);

ZO1 control_junction_area = junction_area([49 61 36 48],1);
Z0O1 control_junction_length = junction_length([49 61 36 48],1);
Z0O1 control_junction_width = junction_width([49 61 36 48],1);

%Generate ZO-1 control averages

Z0O1_control_avg_nuclei = mean(table2array(ZO1_control_nuclei));
Z0O1_control_avg_junction_area = mean(table2array(ZO1_control_junction_area));
Z0O1 control_avg_junction_width = mean(table2array(ZO1_control_junction_width));
ZO1 control_avg_junction_length = mean(table2array(ZO1 control_junction_length));

%Generate ZO-1 control standard deviations

Z01 control_avg nuclei_SD = std(table2array(ZO1_control_nuclei));
Z0O1_control_avg_junction_area_SD = std(table2array(ZO1_control_junction_area));
Z0O1_control_avg_junction_width_SD = std(table2array(ZO1_control_junction_width));
Z0O1_control_avg_junction_length_SD = std(table2array(ZO1_control_junction_length));

%Extracting KO values - pulls the average values | generated in

%last spread sheet

target_genes_names = image_name([2:11 14:23 26:35 38:47 50:59 62:71 74:83 86:95],1);
target_nuclei = number_nuclei([2:11 14:23 26:35 38:47 50:59 62:71 74:83 86:95],1);
target_junction_area = junction_area([2:11 14:23 26:35 38:47 50:59 62:71 74:83 86:95],1);
target_junction_length=junction_length([2:11 14:23 26:35 38:47 50:59 62:71 74:83 86:95],1);
target_junction_width=junction_width([2:11 14:23 26:35 38:47 50:59 62:71 74:83 86:95],1);

%Extracting KO values - pulls the SD values | generated in

%last spread sheet

target_nuclei_SD = number_nuclei_SD([2:11 14:23 26:35 38:47 50:59 62:71 74:83 86:95],1);

target_junction_area_SD = junction_area_SD([2:11 14:23 26:35 38:47 50:59 62:71 74:83
86:95],1);

target_junction_length_SD=junction_length_SD([2:11 14:23 26:35 38:47 50:59 62:71 74:83
86:95],1);

target_junction_width_SD=junction_width_SD([2:11 14:23 26:35 38:47 50:59 62:71 74:83
86:95],1);

%Normalizing NT controls to UT controls

NT_to_UT_junction_area = NT_control_avg_junction_area./UT_control_avg_junction_area;

NT_to_UT_junction_length =
NT_control_avg_junction_length./UT_control_avg_junction_length;

NT_to_UT_junction_width =
NT_control_avg_junction_width./UT_control_avg_junction_width;
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%Normalizing ZO1 targeting controls to UT controls
Z0O1 to_UT junction_area = ZO1_control_avg_junction_area./UT_control_avg_junction_area;
Z0O1 to_UT junction_length =
Z01 control_avg_junction_length./UT _control_avg_junction_length;
Z01_to_UT_junction_width =
Z0O1_control_avg_junction_width./UT_control_avg_junction_width;

%Normalize target gene values to UT values

target_genes_to_UT _junction_area =
table2array(target_junction_area)./UT _control_avg_junction_area;

target_genes_to_UT_junction_length =
table2array(target_junction_length)./UT _control_avg_junction_length;

target_genes_to_UT_junction_width =
table2array(target_junction_width)./UT_control_avg_junction_width;

%Generate SD for normalizing target gene alues to UT values
target_genes_to_UT _junction_area_SD =
table2array(target_junction_area_SD)./UT_control_avg_junction_area;
target_genes_to_UT _junction_length SD =
table2array(target_junction_length_SD)./UT_control_avg_junction_length;
target_genes_to UT_junction_width SD =
table2array(target_junction_width_SD)./UT_control_avg_junction_width;

%Normalize target gene values to NT values
target_genes_to_NT_junction_area =
table2array(target_junction_area)./NT_control_avg_junction_area;
target_genes_to_NT_junction_length =
table2array(target_junction_length)./NT_control_avg_junction_length;
target_genes_to_NT_junction_width =
table2array(target_junction_width)./NT_control_avg_junction_width;

%Normalize target gene values to NT values - standard deviations
target_genes_to_NT_junction_area_SD =
table2array(target_junction_area_SD)./NT_control_avg_junction_area;
target_genes_to_NT_junction_length SD =
table2array(target_junction_length_SD)./NT_control_avg_junction_length;
target_genes_to_NT_junction_width_SD =
table2array(target_junction_width_SD)./NT_control_avg_junction_width;

%convert back to array

target_genes_to_UT _junction_area = array2table(target_genes_to_UT _junction_area);
target_genes_to_UT_junction_length = array2table(target_genes_to UT _junction_length);
target_genes_to_UT _junction_width = array2table(target_genes to_ UT _junction_width);

target_genes_to_UT_junction_area_SD = array2table(target_genes_to_UT _junction_area_SD);
target_genes_to_UT_junction_length_SD =
array2table(target_genes_to_UT _junction_length_SD);
target_genes_to_UT_junction_width_SD =
array2table(target_genes_to_UT_junction_width_SD);
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target_genes_to_NT_junction_area = array2table(target_genes_to NT_junction_area);

target_genes_to_NT_junction_length = array2table(target_genes_to NT_junction_length);
target_genes_to_NT_junction_width = array2table(target_genes to NT_junction_width);

target_genes_to_NT_junction_area_SD = array2table(target_genes_to_NT_junction_area_SD);

target_genes_to_NT_junction_length_SD =
array2table(target_genes_to_NT_junction_length_SD);

target_genes_to_NT_junction_width_SD =
array2table(target_genes_to_NT_junction_width_SD);

%Compile to table for export
drop_extension=files(o).name(1:end-5);
text=char(drop_extension);
filename=[text ' averaged_to_controls.xIsx1];

export = [target_genes_names target_nuclei target_genes_to_UT_junction_area

target_genes_to_UT_junction_area_SD target_genes_to_NT_junction_area
target_genes_to_NT_junction_area_SD target genes_to UT_junction_length
target_genes_to_UT_junction_length SD target genes to NT_junction_length
target_genes_to_NT_junction_length SD target genes_to UT_junction_width
target_genes to UT_junction_width_SD target_genes to NT_junction_width

target_genes to NT_junction_width_SD];

writetable(export,[directory,'\',filename]);

end

Figure A. 7.2 MATLAB code to normalize measurements for targeted genes to untreated and non-
targeting controls on each plate.

Table A. 7.1 Primary antibodies used for western blot and immunocytochemistry experiments.

Clone or product

Target Antibody Species Vendor Dilution
number
Cas9 Mouse Diagenode 7A9 1:1000
Occludin Mouse Thermo I_jsher OC-3F10 1:100
Scientific
70-1 Mouse Thermo Fisher ZO1-1A12 1:100
Scientific
Z0-1 (Alexa Fluor Thermo Fisher i
488 conjugated) Mouse Scientific MA3-39100-A488 1:1000
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Table A. 7.2 Secondary antibodies used for western blot and immunocytochemistry experiments.

Species Reactivity Host Conjugate Vendor Dilution
Mouse Donkey Alexa Fluor 555 Therr_no I_:l_sher 1:200
Scientific
Mouse Donkey Alexa Fluor 488 Therr_no I_:l_sher 1:200
Scientific
Mouse Goat IRDye 800CW Li-Cor Biosciences 1:15000

clear
directory=uigetdir;
files=dir(directory);
file_size=size(files);
number_of files=file_size(1);
total_export=[];
%export={"Image’,’/Average Number of Nuclei',"Target vs. Untreated Junction Area’, Target vs.
Nontargeted Junction Area’,'Target vs. Untreated Mean Contiguous Junction Length (pixels)', Target
vs. Nontargeted Mean Contiguous Junction Length (pixels)', Target vs. Untreated Mean Junction
Width (pixels)', "Target vs. Nontargeted Mean Junction Width (pixels)'};
for 0=3:number_of files
ftab=readtable([directory,/"files(0).name]);
image_name=ftab(:,1);
avg_nuclei=ftab(;,2);
target_UT_area=ftab(:,3);
target_NT_area=ftab(:,4);
target_UT_length=ftab(:,5);
target NT_length=ftab(:,6);
target UT_width=ftab(:,7);
target NT_width=ftab(:,8);
export = [image_name avg_nuclei target UT area target NT area target UT_length
target NT_length target UT_width target NT_width];
total_export = [total_export; export];
end
writetable(total_export,[directory,’\',' Master Screen Data Spreadsheet.x|sx']);

Figure A. 7.3 MATLAB script to compile all generated spreadsheets into one master
spreadsheet.
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Chapter 8

CONCLUSIONS AND FUTURE OUTLOOK

8.1 Conclusions

In this dissertation, | have described our efforts towards developing more representative
and reproducible models of the human blood-brain barrier (BBB) using human induced pluripotent
stem cells (iPSCs). Our initial work implemented the use of fully defined iPSC maintenance
medium E8 and fully defined differentiation medium E6 in the differentiation protocol to produce
brain microvascular endothelial cells (BMECs) from iPSCs. This change to defined media
ultimately shortened the time to produce BMECs by five days compared to previously established
protocols. Furthermore, BMECs produced using these defined media retained expression of
canonical BBB markers, including VE-cadherin, claudin-5, occludin, and GLUT-1, as well as
demonstrated expected activity and polarization of P-glycoprotein and MRP family efflux
transporters. The BMECs produced using this method responded strongly to inductive cues
provided by co-culture with astrocytes and pericytes, achieving, at the time of publication, the
highest transendothelial electrical resistance of such a model in the literature.

Next, we worked to transition our BMECs from a 2-dimensional cell culture system, which
lacks physiologically relevant architecture, to a more biomimetic 3-dimensional culture. To this
end, we seeded our BMECs in a channel formed by enzymatically cross-linked gelatin channels to
create an in vitro macrovessel. Cells cultured in this 3D system retained canonical BBB markers
as well as active P-glycoprotein. Furthermore, this study highlighted the necessity of perfusion to
maintain these characteristics over long periods of culture, suggesting that these cells respond to
physiological cues such as shear force. Though this 3D model is unlikely to replace the use of

more traditional 2D systems in screening applications, the compatibility of gelatin for
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encapsulating and culturing other cell types of the neurovascular unit, including astrocytes,
pericytes, and microglia, while providing more physiologically-relevant mechanical cues to the
BMECs makes this model an ideal tool to bridge the gap between plate assays and preclinical
models in testing therapeutic efficacy of pharmaceuticals.

Though significant strides were made towards a fully defined differentiation system with
the use of E6 medium, the expansion and purification of mature endothelial cells in this protocol
still required the use of platelet-poor, plasma derived serum (PDS). We next turned our attention
to identifying a serum-free media supplement to replace this serum after determining the serum to
be a major source of inherent variability in differentiation outcomes. B27, a commonly used
serum-free media supplement, was found to produce BMECs with enhanced paracellular barrier
properties as compared to those produced using serum-containing methods. BMECs differentiated
using B27 retained the expect BBB markers, functional efflux transporter activity, and responded
strongly to inductive cues from co-culture with astrocytes. Furthermore, the use of B27 in place of
significantly enhanced the reproducibility of differentiations in both control and disease lines.
Overall, this serum-free differentiation protocol enables the robust interrogation of BBB
physiology in both health and disease, and the increased reproducibility facilitates broader
adoption of the model by the research community at large.

The advancement of the BMEC differentiation protocol through the use of fully defined
media and serum-free supplements significantly enhances the utility of the model for rigorous
mechanistic work. However, these previous studies highlight the responsiveness of iPSC-derived
BMECs to the composition of their extracellular environment, and the basal media used to mature
and expand the BBB endothelial cells produced using these protocols has a proprietary

composition. This unknown composition significantly hinders interpretation of experimental
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results in which changes in the extracellular environment are used to elicit changes in cell behavior.
We therefore replace this basal media with DMEM/F12 and neurobasal media, both of which have
publicly available compositions. Cells differentiated using both media were VE-cadherin+,
indicating that this media change did not affect our ability to produce endothelial cells.
Furthermore, BMECs produced using both media retained BBB markers. However, BMECs
produced using DMEM/F12 continually had significantly lower TEER than those produced using
neurobasal media. We utilized RNA sequencing to determine the transcriptional identity of cells
producing using both media. Modest changes were observed in the transcriptional landscapes of
the sequenced BMECs, and we further identified potential changes in pathway activation by
assessing the phospho-proteome of BMECs in each condition. Ultimately, our results highlight the
plasticity and responsiveness of our BMECs to extracellular cues, thereby increasing their ability
to ultimately produce more representative models of the blood-brain barrier.

The works described above created an ideal platform with which to interrogate the
mechanistic underpinnings of the blood-brain barrier. Previous works identified the use of retinoic
acid (RA) in the differentiation scheme to produce more mature, high fidelity endothelium. The
effects of RA treatment could be somewhat recapitulated by treated cells with CD3254, a small
molecular RXRa agonist. We therefore used DMSO, RA, and CD3254 to differentiate BMECs
with varying maturity and fidelity and then used RNA sequencing to identify genes potentially
responsible for the improvement in barrier phenotype under RA and CD3254 conditions. Through
this analysis, we identified IQGAP2 as being significantly upregulated under both treatment
conditions. We validated its expression in vitro in our BMECs via immunocytochemistry and
western blot. We further validated its expression in vivo in human brain cortex via

immunohistochemistry and fluorescence in situ hybridization. As IQGAP2 expression was not
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predicted to be expressed at the blood-brain barrier by previously published transcriptional
datasets, this work highlights the potentially predictive nature of our iPSC-derived model to
identify genes in vitro with in vivo relevance.

Finally, we worked to identify modulators of paracellular permeability at the blood-brain
barrier by conducting an arrayed high-throughput CRISPR screen. High content imaging was used
to capture alterations in tight junction fidelity in ~8400 genes. Initial results from the screen were
validated by measuring junctional disruption in cells receiving crRNA against genes previously
identified to be critical for tight junction formation. We cross-validated the ability of the screen to
identify genes with blood-brain barrier relevance by comparing hits to our previous RNA
sequencing data. GPR1, identified as being significantly upregulated in RA-treated endothelium,
was found to significantly disrupt junction formation in our screen. Future efforts in this area will
focus on validating positive hits both in vitro and in vivo for their contribution to a robust

paracellular barrier.

8.2 Future outlook

The work presented in this dissertation represents exciting steps towards a more
representative neurovascular model. Such a model will enable future investigations of BBB
development and regulation, interactions between different cell types in the neurovascular unit,
and improved screens for brain-penetrating therapeutics. Most excitingly, work presented in this
dissertation highlights the potential predictive power of our iPSC-derived BBB model for
identifying previously unidentified genes whose protein products have a high probability of

contributing to the specialized blood-brain barrier phenotype.
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After confirming expression in vivo, we have since continued our investigation of IQGAP2
and have expanded our efforts to include its family member IQGAP1. These two family members
share a high degree of sequence homology (83%) [247], but previous research on hepatocellular
carcinoma suggests that these proteins perform disparate functions [284]. IQGAPL1 is expressed
ubiquitously throughout the vertebrate body and is typically associated with an oncogenic, invasive
phenotype [285,286]. In contrast, IQGAP2 is characterized by its tumor suppressor activity [287].
To date, no evidence exists of direct interactions between these to family members, yet the function
of IQGAPL1 has been shown to be dependent upon the expression of IQGAP1 [288,289]. We were
motivated by these previous findings to investigate the potentially opposing roles of IQGAP1 and
IQGAP2 in our in vitro system.

We expanded our interrogation of IQGAP2 expression to additional cell types in an effort
to ascertain the nature of its expression. Specifically, we measured IQGAP2 expression in human
umbilical vein endothelial cells (HUVECS) , non-barrier forming iPSC-derived endothelial cells
(non-BBB endothelial cells) [290], Caco2s [271], primary human brain microvascular endothelial
cells (hBMECs), immortalized human brain microvascular endothelial cells (\CMEC/D3s) [63],
and our iPSC-derived BMECs [147] (Figure 8.1A). These cell types encompass a range of
endothelial and epithelial cell types, and within these cell types, barrier forming and non-barrier
forming cells. These preliminary studies suggest that IQGAP2 expression is more strongly
associated with barrier formation than with endothelial identity. However, because of its role as a
scaffold protein, it is unclear if IQGAP2 performs the same functions within this subset of
endothelial and epithelial cells.

We next assessed IQGAPL expression in this same cohort of cell types. As expected,

IQGAPL expression was detected in all cell types used, and interestingly, its expression did not
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seem strongly associated with endothelial versus epithelial identity or barrier formation (Figure
8.1B). Further investigation of the relative balance of IQGAP1 and IQGAP2 expression
highlighted the potential that the relative balance of these two family members, rather than the
absolute expression level of either, may be of critical importance to the blood-brain barrier
phenotype (Figure 8.1C), and that this balance may be shifted even within the context of high

fidelity barriers (Figure 8.1D).

@ \}é’ e ‘x@o
& Q Ci <)
A N A ~
i\‘b .éo \\'b ‘30
\'90 o° .:5\0 06
(+) L% (+) [¥)
(A) & > (B) & S
o° & & 2° &
(&) () (& )
Q}o 90 Vv ‘00 é@ o Q/G 9@ " Q’Cl @gf Qb
SF LSS L I S
kDa TP A kDa ¥ F YT R
250 — Y O D e — [T T T
— 2 150 —
150 — e IQGAP2
100 — —
100 — == 75 — . .
50 —| -
37— S a9 — wmp === e === | GAPDH -
25— - - WD e quup w=e wmw smw| GAPDH
25 — .
(C) 14 -
212 (D)
g 11 12 5‘1403.1030'1(:("’
go0s8 z ! I
§ 06 | g o8 a‘aru|1ssn~:m1
g 0.4 %0.6 |
< &
- Lo4
02 g
o L= [ _
(] N SV 9] > O 0
Q“g’ ..,\°° c;b(‘o Qé@' @c}° Q,\!*"’ PDS BMEC B27 BMEC
& (\‘a\\ & ‘0\
& &
e‘ob '
@ &
o &
& »

Figure 8.1 Evaluation of IQGAP1 and IQGAP2 expression in multiple cell types.

Despite our extensive, albeit preliminary, investigations of IQGAP1 and IQGAP2

expression, we did not have any insight into the potential functional consequences of IQGAP2
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expression. Recently published work implicates IQGAPL as being necessary for leukocyte
transendothelial migration [291]. Based upon this work and previous works suggesting the
opposing functions of IQGAPL and IQGAP2 [289], we hypothesized that IQGAP2 may inhibit
immune cell migration across the blood-brain barrier by opposing the leukocyte trafficking
functions of IQGAPL. If so, this finding represents one of the first known mediators of immune
privilege across the blood-brain barrier.

Preliminary studies to evaluate this hypothesis are currently underway. In conjunction with
collaborators at Harvard University, we are currently conducting preliminary in vivo investigations
of iggap2 function in zebrafish. Mosaic iqgap2 knockouts were generated in mpegl:EGFP
zebrafish, in which cells of the macrophage lineage express GFP [292]. When imaged at 3 days
post-fertilization, appreciably more GFP+ cells are found in the midbrain (Figure 8.2A), and
quantification of this accumulation showed a nearly two-fold increase in GFP+ cell infiltration

(p<0.0001).
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Figure 8.2 Loss of IQGAP2 in zebrafish results in increased immune cell infiltration into the
midbrain. Images are courtesy of Natasha O’Brown, Harvard University.

Though extremely exciting, these initial in vivo results are highly preliminary. First,
because the reporter driving GFP expression labels all cells of the macrophage lineage, it is unclear
if the accumulation in the midbrain is the result of peripheral immune cell infiltration or increase
microglia activity. Furthermore, the mosaic nature of the knockout precludes the interpretation of
if this increase accumulation is the result of changes in endothelial function or changes in some

other cell type. Finally, we must address whether loss of the tumor-suppressor function of IQGAP2
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in this model has resulted in increased cell proliferation, leading to increased infiltration. Future
experiments will aim to clarify the basis of these results in zebrafish, and we will also be
investigating if similar phenomena occur in global lggap2 knockout mice. Collectively, these
results motivate further investigation of IQGAP2 function at the blood-brain barrier. Moreover,
and more importantly, the results of this study suggest that iPSC-derived BMECs are a powerful
tool for understanding and interrogating in vivo physiology, potentially fundamentally changing

investigations into blood-brain barrier function.
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