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General introduction and outline of this thesis
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Chapter 9

corresponding changes in proteins secreted into the medium, we performed Enzyme-Linked
Immunosorbent Assay (ELISA) assays. Figure 3 depicts the production of three factors
analyzed by ELISA over 21 days.

Similar to the qPCR results, we found a decreasing trend for the NGF protein, suggesting that
regulation at the protein level (e.g., translation, protein stability or secretion) is altered in
MSCs attached to nerve allografts. The NGF protein production in the first 24 hours was
comparable in both groups. At individual time points there were significant differences at
time points 3 days (p =0.017) and 7 days (p = 0.003).

ELISA assays revealed a significant (p = 0.011) upregulated BDNF protein production over the
time course of 21 days by the seeded MSCs (393.48 pg/ml + 64.52 at 24 hours compared
t018.73 pg/ml £ 7.21 in the MSC only group), correlating with the significant upregulation of
BDNF gene expression.

The significant upregulation of GDNF gene-expression in the MSC only group did not correlate
with an increased GDNF-protein production. ELISA growth factor analysis showed no
detectable protein production in either group.

Table 2. Summary of seeding induced changes of growth factor production.

Gene ID Biology mRNA Protein
NGF Neurotrophic marker N NG
BDNF Neurotrophic marker P* PP*
GDNF Neurotrophic marker N

PTN Neurotrophic marker ™

GAP43 Neurotrophic marker ™

VEGFA Angiogenic marker P* N
PECAM/CD31 Angiogenic marker P*

MPZ Myelination marker T

PMP22 Myelination marker T

MBP Myelination marker M*

COL1A1 ECM protein N

COL3A1 ECM protein ™

LAMB?2 ECM protein N

FBLN1 ECM protein N

CASP3 Apoptosis protein ™

EGR1 Transcription factor ™

CD96 Immunoglobulin ™

Results are summarized and arrows indicate an increased or decreased expression in comparison to the
unseeded MSCs. * While there were significant differences for individual time points, overall only the
factors BDNF, GDNF, VEGFA, CD31 and MBP were significantly different between groups.

In contrast to qPCR gene expression of the seeded MSCs which revealed a significant
upregulation in VEGFA mRNA levels, production of VEGFA protein in the seeded MSCs was
very high in the first 24 hours (665.58 pg/ml + 93.57) but decreased strikingly until day 21,
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In-vitro analysis of MSCs gene expression on nerve allografts

while the MSCs only produced stable significantly increasing (p = 0.028) levels of VEGFA
protein over the 21 days (405.61 pg/ml + 54.97 at day 1 to 692.78 pg/ml + 72.23 at day 21).
Collectively, the results (summarized in Table 2) show that interactions of MSCs with
decellularized nerve allografts modulates gene expression in MSCs including the stimulation
of mRNAs for key proteins that support nerve growth and/or homeostasis.

Figure 3. Growth factor production. ELISA analysis of the cell supernatants over 21 days is depicted.

DISCUSSION

This study investigated whether interactions of adipose-derived MSCs with decellularized
nerve allografts can increase mRNA and protein expression of growth factors that may
support nerve regeneration.

In the decellularized nerve grafts, no RNA levels were detectable, which was as expected. The
purpose of the decellularization process is to render a scaffold that is devoid of cells and that
does not elicit an immune response. Also, the decellularization process most likely caused
degradation of the RNA of the cells that produced the ECM. In this study we did confirm
presence of the residual ECM, but previous studies have repeatedly demonstrated
preservation of the ECM after nerve decellularization.?18

Three of the five neurotrophic markers and all myelination and angiogenic markers where
increased in MSCs seeded onto a decellularized nerve graft when compared to MSCs alone
(Table 2). NGF and GDNF showed a reduced expression in the seeded MSCs. This can be
caused by multiple factors, for some growth factors, upregulation might not only be triggered
by ques from the nerve allograft, but also by factors from the wound environment that were
not included in our in vitro model.3” Furthermore, we used motor nerve allografts and NGF
has been previously found to be up regulated in sensory nerves but not in motor nerves.?4)
The high levels of ECM related gene expression in both groups demonstrate that the seeded
MSCs retain cell-adhesion, collagen anabolic activity and cell-to-cell communication. Thisis in
line with previous reports, influencing stem cell fate by interaction with a specific matrix, to
create a so-called stem cell niche, is not a new concept; cell adhesion molecules have been
shown to be capable of activating signaling pathways associated with promotion of self-
renewal and stemness of MSCs.3®
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Chapter 9

Discrepancies in protein and mRNA levels, such as we found for VEGF, could be due to
translational control, as well as selective differences in protein stability or secretion. For
GDNF, ELISA analysis showed no detectable protein production in either group. Therefore, we
were unable to verify whether GNDF gene expression upregulation increased GDNF protein
production. In both groups GDNF expression measured by qPCR was very low, which might
have caused the undetectable protein levels. Another (technical) explanation could be that
there were large amounts of cell supernatants (1-10 milliliters) stored frozen, while for the
ELISA analysis only small amounts (micro liters) were used, this could have resulted in low
concentrations despite adequate centrifugation. Also, there are many post-transcriptional
mechanisms involved in turning mRNA into protein, and proteins may differ substantially in
their half-lives.

Strengths and limitations

Strenghts of this study include the use of a previously validated non-traumatic seeding
technique.?® Cells can also be injected into the graft using micro-injection, but this damages
the carefully preserved ultrastructure and should therefore be avoided.*® A major strength of
this study, is that only human tissue was used; results are therefore translatable to clinical
studies. Also, the MSCs and the nerve allograft were from different donors, which is
comparable to the potential future situation where banked nerve allografts could be seeded
with a patient’s own MSCs.

A limitation of this study is the lack of biological replicates, which is due to technical
limitations and the scarcity of eligible nerve allograft donors. We however do not expect to
find any difference within allograft donors since all grafts are decellularized by the same
protocol. Another limitation is that ELISA was not performed for all factors. Since ELISA is a
costly technique, only four ELISA kits were selected on availability and references in the
literature.

In this in vitro model we investigated the direct interaction between nerve allografts and
MSCs. Other factors such as wound healing responses will likely influence MSC behavior;?’
therefore, future studies should focus on the specific role of MSCs seeded onto nerve
allografts in an in vivo model of nerve regeneration. Long-term in-vivo studies will permit
assessment of whether the seeded MSCs and their secreted factors also provide better
functional outcomes.

CONCLUSION

This study demonstrates that seeding of undifferentiated adipose-derived MSCs onto
processed nerve allografts permits the sustained secretion of neurotrophic and angiogenic
factors that can stimulate nerve regeneration. Our results imply that for clinical translation,
cells might not have to be pre-differentiated prior to surgery and that the trophic functions
in tissue repair most likely occur in the first week after surgery. The combination of
autologous MSCs and readily available processed nerve allografts is potentially a promising
method for individualized peripheral nerve repair.
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Appendices

Optimizing decellularization techniques to create a novel nerve allograft: Return of motor
function with decellularized nerve allografts using elastase in a rat sciatic nerve model
e Mayo Orthopedic Research Alumni Association (MORAA), 2015 10 hours
Rochester, USA

Functional outcome after reconstruction of a long nerve gap in rabbits using decellularized nerve

allografts

e Symposium Experimenteel Onderzoek Heelkundige 2015 10 hours
Specialismen (SEOHS), Leiden, NL

e American Society for Peripheral Nerve (ASPN), Annual 2016 20 hours
meeting, Scottsdale, USA

e Dutch Society for Plastic Surgery (NVPC), scientific meeting 2016 15 hours
(fall), Rotterdam, NL

e International Federation of Societies for Surgery of the Hand 2016 15 hours

(IFSSH), Triennial meeting, Buenos Aires, AR
e Traumaplatform 2018, Amsterdam, NL 2018 10 hours

Effectiveness and predictive factors of spinal accessory nerve to triceps transfer using autologous
nerve grafts for recovery of elbow extension in traumatic brachial plexus injuries.
e Dutch Society for Plastic Surgery (NVPC), scientific meeting 2016 15 hours
(fall), Rotterdam, NL

Description and validation of a simple histological nerve tissue scoring system.
e International Federation of Societies for Surgery of the 2016 15 hours
Hand (IFSSH), Triennial meeting, Buenos Aires, AR

(Inter)national conferences, attendance only

American Society for Reconstructive Microsurgery (ASRM), 2015 20 hours
American Society for Peripheral Nerve (ASPN), American

Association for Hand Surgery (AAHS), combined annual meeting,

Paradise Island, BS

American Society for Reconstructive Microsurgery (ASRM), 2016 20 hours
American Association for Hand Surgery (AAHS), combined annual
meeting, Scottsdale, USA

Federation of European Societies for Surgery of the Hand (FESSH), 2016 15 hours
Annual meeting, Santander, ES

Hesperis Course, European Society for Organ Transplantation, 2016 36 hours
Rome, Italy

Dutch Society for Plastic Surgery (NVPC), scientific meeting (fall), 2016 - 2018 15 hours
various locations. Spring 2016, fall 2017, spring 2018
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PhD portfolio

Grants and prizes
Van Beek Foundation, personal funding for Master Research, €750 2014

Trustfonds, personal funding for Research Fellowship, €2500 2014
Michael van Vloten Foundation, personal funding for Research 2014
Fellowship, €8000

Esser Foundation, personal funding for Research Fellowship 2014 - 2016
AFSH Basic Science Award 2014, $20.000 2014

“Description and validation of ultrasound in rabbits to measure
motor recovery after peripheral nerve reconstruction.”

KNAW van Walree Foundation, Grant to present Master Research 2015
at the ASSH annual meeting 2015, €1000
Mayo Clinic Center for Regenerative Medicine, $100.000 2015

AFSH Basic Science Award 2016, $20.000 2016
“Optimizing the regenerative capacities of the nerve allograft:
addition of adipose derived stem cells”

Axogen Inc., $5.000 2016

NIH RO1 2017, $1.250.000 2017
“Bridging the gap: Angiogenesis and stem cell seeding of processed
nerve allograft”

Hippocrates Study Fund Prize 2017, €2000 2017

Grants received to visit conferences from Gerrit Jan Mulder 2014 - 2017
Foundation and Stichting Erasmus Trustfonds.

2. Teaching Year Workload
(ECTS / hours)

Lecturing

Anatomy of the hand and arm (3rd year students) 2016 12 hours

Chronic diseases of the hand (2nd year students) 2016 8 hours

Skills

Coach International Microsurgery course, Erasmus MC Skillslab 2015 - 2016 50 hours

Course Basics in Suture Techniques (1st year students) 2016 8 hours

Supervising students

Summerstudents: A. Shin, D. Shin 2014 - 2015 80 hours

Minor students, review “Nerve transfers” 2015 15 hours

Minor students, review “Nerve allografts” 2015 15 hours

Minor students, review “Vascularization nerve grafts” 2016 15 hours
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Liselotte Frederike Bulstra was born on January 14th 1991 in
Utrecht, The Netherlands. After graduating from the Christelijk
Gymnasium Utrecht in 2009 (cum laude), she started Medical
School at the Erasmus University Rotterdam. In her first year of
Medical School, she was selected for the Erasmus MC Honours
Class, which she combined with her studies with great pleasure.
Her special interest in plastic surgery was sparked during an

elective rotation at the plastic surgery department of the A '
Diakonessenhuis Utrecht. This interest was further fueled during e \
several elective courses, including the Minor "Hoofdzaken van het hoofd-halsgebied”.
During her third year, Liselotte obtained her first research experience at the department of
Plastic and Reconstructive Surgery and Hand Surgery. In 2014, she commenced her PhD under
supervision of Prof. dr. S.E.R. Hovius. She initiated this path with a 1.5 years international
Research Fellowship at the Microvascular Research Laboratory, department of Orthopedic
Surgery, division of Hand Surgery, Mayo Clinic, USA (Dr. A.Y. Shin and Dr. A.T. Bishop). Upon
her return to Rotterdam, she enhanced her PhD with a Masters in Clinical Epidemiology at
The Netherlands Institute for Health Sciences (NIHES).

Liselotte expects to finish her MD training in February 2019, after which she aims to fulfill her
passion and become a plastic surgeon.
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De totstandkoming van dit proefschrift en deze bijzondere dag zou nooit geslaagd zijn zonder
de geweldige hulp van velen. Wat een rijkdom om zoveel inspirerende, talentvolle,
motiverende en vooral ook gezellige mensen om mij heen te mogen hebben.

Geachte prof. dr. Hovius, beste prof, dank voor de geweldige begeleiding tijdens de
totstandkoming van dit proefschrift! De vele uren met u aan tafel (onder het genot van een
kopje koffie of glaasje wijn) hebben dit boekje gemaakt tot wat het nu is. Het was erg leuk uw
enthousiasme voor het onderwerp steeds weer te zien opvlammen. Uw kritisch houding met
betrekking tot de interpretatie van de resultaten hebben de artikelen zeker naar een hoger
niveau getild. Dank voor de vele inspirerende gesprekken en het vertrouwen dat u vanaf het
begin in mij heeft gehad.

Dear dr. Shin, | could not have hoped for a better mentor. Thank you for the faith you had in
me and the many opportunities you gave me. You not only stimulated me to always be critical
about research and my own future plans but also taught me a lot about the “politics”. Thank
you for the many inspiring conversations with invaluable lessons that | will never forget. | am
sure our paths will cross many more times which | am already looking forward to!

Tim Nijhuis, beste Tim, jij bent vanaf het begin zeer betrokken geweest bij alle projecten en
plannen. Van jou heb ik geleerd hoe ontzettend leuk onderzoek doen is, vooral als je zelf alle
plannen mag maken. Jij hebt me van het begin af aan gestimuleerd kritisch te blijven op alles
wat je doet en geen genoegen te nemen met minder dan het beste. Ik ken weinig mensen
van wie het enthousiasme en de energie zo aanstekelijk zijn. Dank voor je onuitputtelijke
hoeveelheid adviezen waarvoor ik altijd bij je terecht kan.

Dear dr. Bishop, thank you for giving me the opportunity to work in the lab. You are a great
inspiration to me. It is amazing how you always keep coming up with innovative research
ideas. Thank you for all the wonderful dinners and Christmas tree decorating with your family.
It made me feel very welcome in Rochester.

Geachte dr. Ruigrok, prof. dr. van Doorn en prof. dr. Coert, hartelijk dank voor de kritische
beoordeling van dit proefschrift. Prof. dr. Sillevis Smitt en prof. dr. Ulrich, hartelijk dank dat u
bereid bent zitting te nemen in de promotiecommissie. |k kijk ernaar uit met u allen van
gedachte te mogen wisselen.

Dear Pat, thank you for always making me feel welcome in Rochester and the lab. Thank you
for all your help with the never-ending grant applications. | would have never been able to do
all the rabbit work without your fantastic help and expertise! | will never forget the goat sale,
the state fair, and cruising the snowmobile through the magic Pine Island winter wonderland!
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Beste Carin, lieve C, duizendmaal dank dat jouw deur altijd open staat. Zonder jouw energie,
adviezen en overzicht had ik hier niet gestaan vandaag. Ik hoop nog vaak gezellig even bij je
binnen te kunnen lopen!

Lieve Ineke, Manja en Esther, dank voor alle gezellige micro-ochtenden en alle gouden tips.
Lekker bij jullie beneden op mijn NIHES-vrije woensdag voelde altijd als een uitje. Ik hoop nog
vele uren bij jullie in het lab te mogen doorbrengen.

Beste staf, assistenten en onderzoekers van de plastische, dank voor fantastische tijden op
wintersport, stranddagen en congressen, de leerzame momenten bij de
indicatiebesprekingen en de interesse in mijn onderzoek.

Lieve lotgenoten van de 15% in het bijzonder Martijn&Martijn, Lisebette, Jaap, Stephanie,
Kim, Priya, Robbin, Xavier, Stefanie, Jacqueline, Ralph, Mark, Jonathan, Katja, Casimir, Willem
en Chao, wat heb ik met jullie en leuke tijd gehad! We hebben samen niet alleen ontzettend
hard gewerkt, maar ook veel gelachen, liters koffie gedronken, oneindig gelunched en elkaar
gek gedraaid met klikkende balletjes tussen de Dumpert filmpjes door. Bedankt!

Dear friends from Mayo, especially Dimitra, Charlotte, the “SuLu group”, Susheil&Priya, Matt,
Eric, Laura, Adam, Saima, Maurits and Omar, thank you for making my time in Rochester so
much fun! The Thursdays on first and Friday nights at the Doggery, Taphouse or Kathy’s
rooftop with all of you were a very welcome break from research.

Dear Mike and Kayla, thanks to you | really had a home away from home. | am sure we will
see each other again for more nights with Topper’s, sushi or the hibachi grill.

Lieve Noor, wat hebben wij het gezellig gehad daar samen in het Mayo lab waar we veel te
veel uren doorbrachten en op den duur zelfs met elkaar in het Engels communiceerden.
Gelukkig kon ik mijn behoefte aan wat Hollandse nuchterheid (en normaal eten) met jou
delen en zo was de gewoonte om gezellig samen DWDD te kijken onder het genot van
exotische quinoa salades er snel ingebakken!

Lieve Nadia, wat kun jij hard werken! Het was geweldig hoe jij menig onderzoeksvoorstel 10
levels hoger tilde met scherpe aanpassingen en perfecte uitwerking. lk had geen betere
opvolger in de Mayo kunnen bedenken. Met veel trots kijk ik naar de artikelen die we er
samen al uit hebben geperst en waarvan er nog een aantal onderweg zijn. Binnenkort sta jij
hier ook te schitteren!

Lieve clubgenoten, ik weet dat het voor jullie vaak onnavolgbaar was waar ik nou zo druk mee
bezig was en waarom ik nog steeds niet afgestudeerd ben. De komende etentjes kunnen er
weer spannendere onderwerpen aangesneden worden ;)

Lieve KT, in het bijzonder lieve Guus, Siep, Pens, Sjaak, Sam, Sjef, Hans, Fred, Flo, Cher en Sjon,
jullie zijn een onmisbare basis geweest in Rotterdam. Naast het dansen op de tafel,
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bankhangen en vega maaltjes klussen wisten jullie me ook altijd te steunen bij de 100 dingen
die ik naast mijn studie wilde doen.

Lief bestuur, lief 96%¢, ookwel mijn 2¢ familie. Ik denk dat er weinig mensen zijn die mij zo
goed kennen als jullie. Uiteraard heeft mijn promotie nooit in de weg gezeten voor de
kaas&wijn weekenden (prioriteiten....) en ik verwacht dan ook dat er in de toekomst nog heel
veel van dit soort fantastische momenten met jullie gaan volgen.

Lieve Caroline Hundepool, lieve Caro, al vanaf het eerste moment wist ik dat als deze dag ooit
zou komen jij degene was die naast me zou staan. Naast een groot voorbeeld, ben je een
onmisbare vriendin geworden. Jouw oneindige motivatie waarin je me steeds weer weet mee
te slepen, waardeer ik enorm. Ik hoop nog heel lang en vaak met je samen te mogen werken
en heel veel mooie dingen samen te beleven.

Lieve Caroline Selles, lieve Sellie, wat fantastisch dat jij hier vandaag naast me staat! We
hebben elkaar goed leren kennen in hokje 1 en sindsdien ben jij altijd een perfecte partner in
crime gebleven. Niet alleen weet jij mij altijd op te beuren (het is bijna onmogelijk om in jouw
bijzijn nog maar ergens humeurig over te zijn), ook weten wij elkaar altijd te vinden voor
uitdagingen op het sportieve vlak (langlaufmarathon anyone?). Laten we dat nog jaren blijven
doen!!

Lieve papa en mama, dank dat jullie mij altijd onvoorwaardelijk hebben gesteund en mij altijd
hebben gemotiveerd mijn eigen keuzes te maken. Mijn waardering en dankbaarheid naar
jullie toe is eigenlijk niet op papier te vangen. Na deze grote dag zal ik weer wat vaker
langskomen in Bilthoven zodat alle golftips eens in de praktijk gebracht kunnen worden!
Lieve Caroline, lief tweelingzusje, met jou kan ik het werkelijk overal over hebben. Wanneer
ik er even niet uitkom, heb jij altijd creatieve en originele oplossingen paraat. Ik kijk nu al uit
naar de dag dat jij hier over een paar jaar staat!

Lieve Maarten, wat ik nou eigenlijk dagelijks aan het doen was, was meestal onnavolgbaar
voor jou. Onze gezellige telefoongesprekken (al wandelend door de Mayo Clinic, zonder beeld
want dat leidt af van een goed gesprek) hebben mij door menig weekend in het lab heen
gesleept.

Lieve Shayne, niet alleen is (heel cliché) alles met jou leuker, maar ook maak jij van mij een
leuker mens. Dank voor je onuitputtelijke steun en interesse. Ik bewonder enorm hoe jij naast
je eigen drukke baan altijd voor mij klaar weet te staan. Ik kijk uit naar nog heel veel avonturen
samen!
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