Dissertation

FLEXIBILITY IN ORGAN RESEARCH -
A 3D CELL CULTURE MODEL OF THE HUMAN
PLACENTA

Basic requirements and methods

submitted by

Julia FUCHS,

M.Sc. M.Sc. B.Sc.

for the Academic Degree of

Doctor of Medical Science

(Dr. scient. med.)

at the

Medical University of Graz
Gottfried Schatz Research Center for Cell Signaling, Metabolism and Aging
Division of Cell Biology, Histology and Embryology

under the Supervision of

Priv.-Doz. Dr.nat.techn. Dagmar BRISLINGER, M.Sc.

2020



Statutory Declaration

Statutory Declaration

| hereby declare that this thesis is my own original work and that | have fully acknowledged
by name all of those individuals and organizations that have contributed to the research for
this thesis. Due acknowledgment has been made in the text to all other material used.
Throughout this thesis and in all related publications | followed the guidelines of “Good

Scientific Practice and Ombuds Committee at the Medical University of Graz”.

Graz, February 2020

Julia Fuchs

Doctoral Thesis Julia Fuchs 1



Disclosures

Disclosures

Please note that parts of this doctoral thesis are already published in:

Fuchs, Julia; Mueller, Marc; Daxbéck, Christine; Stiickler, Manuela; Lang, Ingrid; Leitinger,
Gerd; Bock, Elisabeth; El-Heliebi, Amin; Moser, Gerit; Glasmacher, Birgit; Brislinger, Dagmar
(2018): Histological processing of un-/cellularized thermosensitive electrospun scaffolds.
Histochemistry and cell biology. DOI: 10.1007/s00418-018-1757-7

All co-authors here presented gave their written consent to re-use the data from the
publication within this thesis. The following co-authors contributed to the data shown in the
thesis:

= Marc Miller? and Birgit Glasmacher? conducted the fabrication and characterization

of PCL/PLA scaffolds. SEM images of the PCL/PLA fibers were taken and arranged
by them.

= Christine Daxbock! and Manuela Stiickler! contributed with immunofluorescence
staining shown in Figure 11, Figure 12, and Figure 21.

* Ingrid Lang' helped with her knowledge in IHC and cell isolation of primary
endothelial cells, and provided endothelial cells from the human vena iliaca for the
project.

= Elisabeth Bock' and Gerd Leitinger' supported with their expertise in electron
microscopy and helped to apply acrylic resin embedding of the samples shown in
Figure 9 and Figure 10.

» Gerit Moser' contributed with her extensive expertise in the field of embryology and
trophoblast invasion.

= Amin El Heliebi' supported the design of primers and padlock probes for mRNA
targeting by in situ padlock probe approach shown in Table 5 and Figure 15.

= Dagmar Brislinger' supervised the experimental design and provided critical
discussions along the whole project. She supported the research work and revised
the manuscript and thesis.

" Department of Cell Biology, Histology and Embryology; Gottfried Schatz Research Center;
Medical University of Graz, Austria

2 Institute for Multiphase Processes; Leibniz University, Hannover, Germany

Copyright permission to use illustrations and/or tables has been obtained from the
respective copyright holders and is stated with the corresponding license humber below

relevant images.

Doctoral Thesis Julia Fuchs 1l



Acknowledgements

Acknowledgements

This thesis was performed at the Medical University of Graz, Doctoral Program for
Translational Molecular and Cellular Biosciences at the Division of Cell Biology, Histology

and Embryology, Gottfried Schatz Research Center.

This work was supported by the Austrian Science Fund (FWF Project: Flexibility in Organ
Research”, Proj. Number: PIR 7, recipient: Dagmar Brislinger), Christian Doppler Research
Association ((CDG) Proj. Number: PIR7-B28) and the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation) for the Cluster of Excellence REBIRTH (EXC 62/1).

| would like to thank the members of the Doctoral School for Translational Molecular and

Cellular Biosciences for the funding of bench costs.

At this point, some personal words...

| would like to express my deepest gratitude to my supervisor Dr. Dagmar Brislinger
for giving me the opportunity to conduct the Doc. scient. med. Program under her
supervision and for her tireless support and guidance in working and private spheres during

this process.

I would further express my thanks to Dr. Stadlbauer-Koliner and Prof. Glinter
Koraimann for the productive discussions and their support as members of my dissertation

committee.

My sincere thanks go to all my colleagues and friends from the Division of Cell
Biology, Histology and Embryology for their constant care and assistance, their countless

encouraging words and the numerous amusing conversations during the daily work.
Finally, | would like to thank my family and all the wonderful people who supported
me in every thinkable way during the period of this doctoral thesis.

| will always associate this time with cheerful memories.

Thank you!

Doctoral Thesis Julia Fuchs v



Table of Contents

Table of Contents

StatULory DEcClaration ......cccciieeeeiiiieeiceiieeieerteeneerreeneerrennseerrenssesesenssesssnnssesssnnssessennssessannnanns I
T o[0T ¥ = 1l
ACKNOWIEAZEMENLS ..ccuuviiiiiiiiiiiiiiiiiiiiiiiiiesiiiieniiiesssssssseetiitasssssssssssssinsssssssssssssssssssnssssssssnss v
Table Of CONLENTS ......uuuiii s s e s s sassssssssssnes \'
Abbreviations and Definitions.........coocvvvveeiiiiiiiiiiniiei s 1
VT Ty 0T o T=T 41 T T V- N 2
Y <3 1 - T ot 3
b Y 11 (o T [ o (o o 4
1.1 The human Placenta.. ... .o iieeeiiiieeiiireecreeeeccreeeneerrennseereenssesseensseesesnssesseanssessennsseseens 4
1.2 Extravillous Trophoblast INVasion ...........ccuueeeiiiiiiiiiiinnnissen. 5
1.2.1 Role of Oxygen in Trophoblast INVasion .........ccccccviiiiiiniiiienniiiiinnineees. 8
1.3 Prenatal complications .......ccciiiiiiiennniiiiiiiiiiiiniiiiiissssissssssnn 9
1.4 ACH-3P — A first trimester trophoblast cell line.........cccooriieeeeeiciiiriireeccccce e eeeeeeeeee. 11
1.5 3D Cell cUltUre SYSteMS.......ciiiieeiiiiiieiiiiieeiinieresieteensisreensessennsssssennssssennsssssennsssssenns 12
1.5.1 Scaffold-free 3D cell culture SyStemMS.......ccciiiiiiiiiiiniiniiinissseseenn 12
1.5.2 Scaffold-based 3D cell culture SystemS......cccviiiiiiiiiiiiiiiiiiseeseenn 13
1.5.2.1 Hydrogel SCaAffolds ......ccceeueeceiiiiiiieiiciciiirirrreceeeesees s s rreeennesssessseseeennanssssssssseeennnnnns 14
1.5.2.2 Solid Scaffolds.......ccceeriiiiiiiuemeeiiiiiiiiieee e 14
1.6  Models to mimic the feto-maternal interface ........coovvevuereeiiiiiiiiiiiieeeeeicceeees 15
1.6.1 ANIMAl MOAEIS ...uuuueeeeriiiiiiiiiiiticcre et asss s e s 15
1.6.2 Human placental-explant culture Systems ........cccceeerremeciirennncerienneereenneeereennneeseenns 15
1.6.3 Placenta-on-a-chip / Microfluidic devices ........cccceerrrerrrirrrirrrirrrrrrsrsssssssssssssssssssnnes 15
1.6.4 3D bio-printed Placenta Model .........cccciiiiiiiiinnniiiiiiiiiineneeess 16
1.6.5 Spheroid and Organoid Models..........cccuiireuniiiiiiiiiiiniiii. 16
1.6.6 Establishment of a matrix-based 3D placenta cell culture system............ccceerveennnee. 18

Doctoral Thesis Julia Fuchs \Y



Table of Contents

B - 1 1 1 T U 20
3 Material and Methods..............uueeeeeeeeiisisssueereeriiiiiiiisiiiseseessieissssisssssesssssssssssssssnnns 21
3.1 Fabrication of multilayer grafts.........cccccceiieeiiiireeiiiiieeieerreeeerrenneeerenseensenseessensesnes 21
3.2 Material characterization ............coovveeiiiiiiiiiinnieeii e 21
3.3 Tissue Collection ... 22
3.4 Cell / TiSSUE CUIUIE....eeeeeeeeeeeeeeeueeeeeeeueereaeesseassesssasssssssssssssssssssssssssssssssssssssssnsssnnnnnnnnne 22
3.5 Preparation of cellularized and tissue cultured scaffolds of PCL/PLA scaffolds............ 23
3.5.1 External Colonization of tubular PCL/PLA scaffolds........ccccoeeerrririrrrrrirrereseeseersnnnnnns 23
3.5.2 Internal colonization of tubular PCL/PLA scaffolds .........cccceereriierrrvseneeeenerecsssnnnnnes 23
3.53 External tissue culturing of tubular PCL/PLA scaffolds.......cccccccereevrnrernccnenennennnenn. 24
3.5.4 Co-cultivation of ACH-3P and HIVECs on tubular PCL/PLA scaffolds........ccccccevernnnnee 25

3.6 Histologogical processing by establishing embedding methods for thermo-sensitive

3T 1T T | 26
3.6.1 Cryo-fixation and cryo-sectioning of un-/cellularized PCL/PLA scaffolds................. 26

3.6.2 Automatized dehydration and standard paraffin embedding of un-/cellularized

PCL/PLA SCAffOlUS ...covveeirrenneniiirrieernenssssiiesrreessssssssssssssesssssssssssssssessssssssssssssssssssssssssssssssssnsnnss 27

3.6.3 Gelatin embedding (5%, 10%, and 25%) followed by automatized dehydration and
standard paraffin embedding of un-/cellularized PCL/PLA scaffolds........cccccceerrreereeeeeenneennnnns 27

3.6.4 Low-melting-point paraffin embedding of un-/cellularized PCL/PLA scaffolds........ 28

3.6.5 Low-melting-point paraffin embedding of first trimester placental villi cultured on

PCL/PLA SCAffOIUS ...uuieeeieiiiiiiiiiiiiiieeeisrssssssesssssssssesssssssssssssssssssssssssnsssssssssssssssssssssnsssssnnsnnnnnnen 28
3.6.6 Acrylic resin embedding of un-/cellularized PCL/PLA scaffolds.......cc.ccccceeerecruneenenne 29
3.7 First-trimester placental tissue preparation.....ccccccciveeiiiiieeiiiiiiniicnieciennsenee. 29
3.8 Antigen retrieval testing for placenta specific immunological analyses....................... 29
3.9 IMMUNOFIUOIESCENCE.....ueeeeeiiiiiictetetr e aass e 30

3.10 Sample preparation and enzymatic antigen retrieval testing of PCL/PLA scaffolds

cellularized with ACH-3P for immunological analyses .........ccccovrrieeeeecrceiiiirreeeeeesccesseeeeennennns 31

3.11  IMMUNONISTOCREMISTIIY .....ciieeeiiiieeiiciiieiieetreeeeettreteeerensseeerensseseesnssessennssesssnnsssssannnnns 32

Doctoral Thesis Julia Fuchs VI



Table of Contents

3.12 Insitu padlock probe technology and immunofluorescence.........ccceeeveeenerreeencerrenannns 33
3.13 Image acquisition and evaluation of embedding methods........ccccccceiriraiiiriiniiirenannns 33

3.13.1 AQuantitative analysis of antibody staining after different antigen retrieval

(0] =3 0= 10 4 =T | RN 34
3.13.2  Morphological analysis .....cccccciireuiiiiieniiiiiiniieiiiniieniiniienieiieiisiessssssennnnes 36
3.13.3 Quantitative cell size analysis .......cccceuiiiiieniiiiiiniiiiiiiiicnen e eneenes 36
3.14  Statistical analySes ....ccceuuiiiiiiiiiiiiciicre e s e ne s s s s n e s s e nnssessennnnns 37
I - L PR 38
4.1 PCL/PLA Characterization......ccccceeeeeeeeniieirreeeenennssseesreeessssssssssesseesssssssssssssssesssssnssssssnss 38
4.1.1 Two-layer SCaffold .......ccciiiiiiiiiiiiiiiiiiiiiererrssssessssessssssssssssssaees 38
4.1.2 Mono-layer scaffold........ccccvviiiiiiiiiiiiiiiiiiinii s sssaees 39

4.2 Histologogical processing by establishing an embedding method for thermo-sensitive

L3 0 E N =T 4 T 1 39
421 Cryo-fixation and -sectioning of un-/cellularized PCL/PLA scaffolds ..............c....... 39
4.2.2 Acrylic resin embedding and sectioning of un-/cellularized PCL/PLA scaffolds ....... 39

4.2.3 Automatized dehydration and standard paraffin embedding of un-/cellularized

PCL/PLA SCAffOlUS ...cevreerrrennneiierrreereennsssseeeseeeessssssssessseesssssssssssssseesssssssssssssssssssssssssssssssssssssnss 40

424 Standard paraffin embedding following gelatin stabilization (10% and 25%) of
cellularized PCL/PLA SCAffOlds....ccuueeeriiiiireeeeenenniiiiirreeeessssssssessreeeesssssssssssssessssssssssssssssesssssnnss 40

4.2.5 Low-melting-point paraffin embedding of un-/cellularized PCL/PLA scaffolds........ 40

4.3 Histological characterization of first trimester placenta with relevant Antibodies after

=T o131 4 0 TT= =T 1 oY TN 43
43.1 Alkaline phosphatase, placenta like 2 (ALPPL2)........cccceeeeeeeeneennnennnennnnnnnennnnnsnnnnnnnnes 43
4.3.2 B-human chorionic gonadotropin (B-hCG).....cccciiiiiiiiiiiiiiiiiiiiiiiiisiicnrissssssssssssssssenns 43
4.3.3 (00 | Y 44
434 CytoKeratin 7 (CK7) ..cciiiiiiiiiiiiiiiiiiieiiiiiineennesnnssnsssssesssesssesssssssssssssssssssssssssssssssssssssnes 44
4,35 E-Cadherin... i 45
4.3.6 Von Willebrand factor (VWF) .......cceeeemeeenmeemmeemmemmsmmmsmmmsssssssssssssssssssssssssssssssssssssssssss 45

Doctoral Thesis Julia Fuchs VII



Table of Contents

4.3.7 Zona Occludens Prot@in 1 (Z0-1)......ccceviiereemmneeeerrrrereennsniseeeeeeeessnssssssesseesssssnsssseees 45
F N T .V YT a5
4.3.9 00  C 3r UY 45
4.3.10  DESMIN tiiieeeuueiiiiiiiiiiiennneiiiiiiitiirssseeieeiittitsssssseeiittttsssssssssestttttsssssssssesssetesssnsssssesss 46
4.3.11 Human leukocyte antigen-G (HLA-G)......ccceuuuuceiiriiiiemnnnnceceereeeeennnssseeesseesesnnnnssnsenns 46
L 0 - 46
L7 00 700 T - | 11 T OTPON 46
4.3.14 Smooth muscle ACtin (SIMA).....ceeeeeciiiiiiieriirceeesrereeennnsseeeeseeeesnnssssssesssesesnnnnssnnnnns 46
LR 0 V1 0 1= 41 TN 47
8 0 S o1 1 11 N 47

4.4 Comparison of proteinase K and pepsin digestion as enzymatic antigen retrieval
methods for low-melting-point paraffin embedded cellularized PCL/PLA scaffolds for

immunohistochemical staining of CK7 ......cccuiiiiieiiiiiieniiieeiirieenneerrennseeerensseereensseesesnssesssenns 51

4.5 Immunofluorescence staining of trophoblast cells in low-melting-point paraffin

embedded PCL/PLA SCaffolds.......ccciiiiiiiiiiiiiiiiiiiiiiiiiiiiieieeieeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeseeseeeesessessenes 53

4.6 In situ padlock probe detection in combination with immunostaining for CK7 on

low-melting-point paraffin-embedded cellularized PCL/PLA scaffolds.......ccccceeeereerrerrreerrennnn. 55

4.7 Analysis of cell morphology after cryofixation and low-melting-point paraffin

F=10 0] o L= Lo [T - PR 56

4.8 Placenta specific antibody characterization in the 3D cell culture model of the human

[0 Lol =T 41 - T N 57
4.8.1 Single CUulture (Cell iN@) ...ccuuuiieeeeeeceeeeiirerreeeeseer e rrerennesee s s e e e e rnnnsssssessseeesnnnnsssnnnns 57
4.8.2 Tissue Culture under normoxic conditions (TiSSUE) ......cccerrrrrreennceierrreernnnnnscseenennens 59

4.8.3 Co-cultivation of ACH-3P and HIVECs on mono-layer PCL/PLA holoow fibers under

hypoXic CONAITIONS (2.5% 02) ..ceeerrrreeuueriieeirreeennnsiseeeeeeeeennssssesesseesssssssssssssesssssnsssssssesssssssnnnsss 63
4.8.4 CO-CUILUIE (TISSUR 21%) «..eerrrieeennnnnieeeerrrrerennnssseeeseeeeessnssssssesseeessssssssssssssessssnnssssnsnes 65
I 0 ] Lol 7 KX (o TRt 66

5.1 Heat induced effects on thermosensitive PCL/PLC membranes while histological

PrOCESSING eeuiiiiineiiiiineietienesieriensssesienssssstesnsssssensssssesnsssssesnsssssesnsssssensssssssnsssssssnnssssssnnsssssnnes 66

Doctoral Thesis Julia Fuchs VIII



Table of Contents

5.2 Influence of antigen retrieval on antibody binding on villi of first trimester placenta.68
5.3 Automatized-quantitative and qualitative analysis of antibody staining.................... 70
5.4 3D cell culture system of the placenta — Invasion of EVTS .......cccccceeeiiiiniinnnnnnnisiennnneens 72
5.5 The influence of oxygen on extravillous trophoblasts ........ccc.ccovveiiiiiniiiiienciccnnenncenns 73
6 BiDIIOGIAPRAY c....oeeeeeeeeeeeeeerreeueereereeseereensssereensseessenssseessensssessesnsssesssnssssssesnsssssssnnsnns 76
7 APPCNIX ceueeeeeneeeeeeeeerereeniereenessereenesseesesnsseesssnsssssesnsssessesnsssssesnssssssssnsssssesnsssssssnannas 87
7.1 Sources and MANUFACTUIErS ........euuueeeeeeeeeeeeenneeeieenreeneeeeeeeereeeeeeereeereeereesreesrresreeeresenenn 87

Doctoral Thesis Julia Fuchs IX



Abbreviations and Definitions

Abbreviations and Definitions

2D:

3D:

°C:
ANOVA:
CKT:
COa:
CT:

ECM:

EGM-MV:

EVT

FBS:

HBSS:

hCG:

HE:
HIVEC:

ul:
Mm:

Two-dimensional
Three-dimensional
Degree Celsius
Analysis of variance
Cytokeratin 7

Carbon dioxide
Cytotrophoblast

days

Extra cellular matrix
Endothelial Cell Growth
Medium - microvascular
Extravillous Trophoblast
Fetal bovine serum
Grams

hour

Hanks' Balanced Salt
Solution,

Human chorionic
gonadotropin
Hematoxylin/Eosin
human iliac vein
endothelial cells
Immunofluorescence
Immunoglobulin
Immunohistochemistry
Intrauterine growth
restriction

Liter

Micrograms

Microliter

Micrometer

uM:
mg:
mM:
ml:
mm:

min

ng:
nm:

nM:
02 .

PBS:

PCL:
PE:
PFA:
PLA:
PS:

pH:

RNA:

RT:

SEM:

SMA:

SCT

NacCl:

SD:
TBS:

vWF:

Micromolar

Miligram

Milimolar

Milliliter

millimeter

minute

Molar

Nanogram
Nanometer
Nanomolar

Oxygen
Phosphate-buffered
saline
Polycaprolactone
Preeclampsia
Paraformaldehyde
Polylactic acid
Penicillin/Streptomycin
Kilo Gray

Potential of hydrogen
Ribonucleic acid
Room temperature
Scanning electron
microscopy

Smooth muscle actin
Syncytiotrophoblast
Sodium chloride
Standard deviation
Tris-buffered saline
Units

Von Willebrand factor

Doctoral Thesis

Julia Fuchs



Zusammenfassung

Zusammenfassung

Die Invasion von Trophoblasten in das mitterliche endovaskuldre System ist ein
entscheidender Schritt im Implantationsprozess der menschlichen Blastozyste in den
Uterus. Fehlschldage in diesem Prozess sind oft mit Schwangerschaftspathologien
verbunden, die schwere Komplikationen fur die Mutter und den Fotus zur Folge haben.
Daher ist es notwendig, innovative Forschungsmethoden zu entwickeln, um unser Wissen
in diesen Prozess zu erweitern und neue Behandlungsmdoglichkeiten zu finden. 3D-
Zellkultursysteme spielen bei der Untersuchung des Invasionsprozesses von
Trophoblasten eine wichtige Rolle, da sie die Mdglichkeit bieten Situationen mdglichst in
vivo-nahe nachzustellen.

Um die Interaktion zwischen Trophoblasten und den mdatterlichen Endothelzellen in der
frihen Schwangerschaft weiter zu untersuchen, wurde in dieser Arbeit ein neuartiges
matrixbasiertes 3D-Zellkultursystem angewandt. Dabei wurden biologisch abbaubare
PCL/PLA Hohlfasern verwendet. Geeignete histologische Verarbeitungsmethoden und die
Validierung von Antikorpern zur Charakterisierung plazenta-spezifischer Zelltypen sind
Grundvoraussetzungen, um die Proben dieses 3D-Plazenta-Modells analysieren zu
kénnen. Da PCL/PLA Hohlfasern thermosensitive Eigenschaften besitzen, mussten diese
mit einem speziell entwickelten Einbettungsverfahren unter der Verwendung von Paraffin
mit niedrigem Schmelzpunkt histologisch verarbeitet werden. Die Kombination dieses
Verfahrens mit einer hitzereduzierten enzymatischen Antigendemaskierung machte es
moglich, Zellen zu identifizieren und analysieren, welche in die PCL/PLA Membran
eingewandert sind. Mit Hilfe einer computergestiitzten Auswertung, wurden die Proben
quantitativ und qualitativ analysiert.

Die quantitative Evaluierung der Immunfluoreszenzfarbung zeigte das Intensitatsmuster
von 17 plazenta-spezifischen Antikérpern. Die zughdrige qualitative Analyse ergab, dass
bestimmte Antigendesmaskierungsmethoden zur Farbung mehrerer Zelltypen innerhalb
eines Gewebes fihren. Um eine umfassende Interpretation der Daten histologischer
Praparate gewahrleisten zu kdnnen, ist es notwendig, quantitative Analysen immer in
Kombination zugehdriger qualitativer Analysen zu betrachten.

Die erfolgreiche Etablierung der Paraffineinbettung mit niedrigem Schmelzpunkt in
Kombination mit der enzymatischen Antigendemaskierung mit Pepsin zur histologischen
Charakterisierung zeigte, dass Trophoblastenzellen im angewandten 3D-Zellkultursystem
unter normoxischen (21% O2) Bedingungen zu proliferieren beginnen. Unter hypoxischen
(2.5% O.) Bedingungen zeigten die Trophoblasten eine Einwanderung in das PCL/PLA-
Fasernetzwerk. Unter Verwendung der Zelllinie ACH-3P wurde diese Migration in Richtung

primarer Endothelzellen auch als Co-Kultur dargestellit.
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Abstract

Abstract

Trophoblast invasion into the maternal endovascular system is a crucial step in the
implantation process of the human blastocyst. Failures in this process are often associated
with pregnancy pathologies that cause severe complications for the mother and the fetus.
Therefore, it is necessary to establish innovative research methods to improve our
knowledge about placental implantation and enable new kinds of treatments. 3D cell culture
systems play a major role in the investigation of these processes, as they offer the possibility

to reflect in vivo-like situations.

A novel matrix-based 3D placenta cell culture system to investigate the interaction of
trophoblasts and maternal endothelial cells in early human pregnancy is currently
established in our lab. This system uses biodegradable and thermosensitive PCL/PLA
hollow fibers. An appropriate histological processing method and validation of antibodies
for the characterization of placenta specific cell types are basic requirements to fulfil the
needs of this 3D placenta model. The thermosensitive PCL/PLA samples were histological
processed with our established low-melting-point paraffin embedding method focusing on
the histological examination of the trophoblast migration towards endothelial cells under
normoxic (21% O2) and hypoxic (2.5% O-) conditions.

By the combination of a low-melting-point paraffin embedding and a heat-reduced
enzymatic antigen retrieval method it was possible to identify and analyse migrated cells
within the membrane. Computational assisted evaluation was done to analyse the samples
in a quantitative and qualitative way. Quantitative analyses of the immunofluorescent
staining showed the intensity pattern of 17 placenta specific antibodies. Qualitative analysis
revealed that certain antigen retrieval methods lead to the staining of several cell types

within the tissue.

The successful establishment of low-melting-point paraffin embedding combined with
enzymatic antigen retrieval with pepsin for the histological characterization, revealed
proliferation of trophoblast cells under normoxic conditions whereas cells started to migrate
into PCL/PLA fiber network of the membrane under hypoxic conditions in our novel 3D

placental cell culture system.

Using the cell line ACH-3P, trophoblast migration towards primary endothelial cells also was
shown under co-culture conditions. In addition, it is important to mention that for histological
preparations a quantitative analysis must be accompanied by a qualitative analysis and vice

versa in order to provide a comprehensive interpretation of the data.
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Introduction

1 Introduction

1.1  The human placenta

The human placenta is a highly specialized transitional organ specifically developed for the
needs of the fetus during pregnancy. To fulfil these requirements, the placenta and its
surrounding tissue are functionally modified as the pregnancy progresses. These
modifications include vasculogenesis and angiogenesis, arterial dilation to increase the
blood flow within the placenta and changes of the arterial walls. Furthermore, the protein
and receptor expression patterns, as well as the metabolic and hormonal profile changes
(1-3).

The placenta fulfils a variety of functions that are crucial for a successful pregnancy. It
provides the fetus with the necessary supply of oxygen and nutrients (2, 3), while eliminating
waste products such as carbon dioxide and urea (4, 5). In addition, the placenta produces
and secrets various growth factors, hormones and cytokines necessary for the optimal
development of the fetus (2, 3, 6). Apart from its metabolic and transport functions, this

organ also constitutes a protective barrier against various kinds of pathogens (1, 3, 7).

In a genetic view, the placenta combines two completely different sides. On the one hand,
there is the maternal side, also known as decidua that directly develops from the
endometrium of the uterus. On the other hand, there is the fetal side originating from the
chorion that is derived from the trophoblast and the extraembryonic mesoderm. The
chorionic villi, finger-like protrusions, contain a numerous amount of vascularized structures
that determine the exchange of nutrients, gases and waste products between the mother
and the fetus (1, 8).
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Introduction

1.2 Extravillous Trophoblast Invasion

Trophoblast invasion into the uterus is a crucial step in the implantation process of the
human blastocyst. Implantation takes place interstitially by enveloping the blastocyst

through the endometrium (9, 10).

When implantation and placentation have been initiated, placental villi develop, containing
a mesenchymal nucleus surrounded by cytotrophoblast (CT) stem cells, which fuse to form
the overlying multinucleated syncytiotrophoblast (SCT) and the anchoring villi. During the
first two weeks of gestation, CT cells migrate through the SCT layer and build columns that
differentiate into extravillous trophoblast cells (EVTs) as shown in Figure 1 and Figure 2 (3,
11, 12). Subsequently, these extravillous trophoblasts begin to proliferate extensively and
migrate from the tips of the anchoring villi into placental structures as decidualized
endometrium and myometrium. These EVTs are then classified as interstitial trophoblasts
(Figure 2, route 1) (3, 12, 13). The process of trophoblast differentiation into an invasive
phenotype is strictly regulated regarding spatial as well as temporal aspects, which making
it essential for the success of the pregnancy. This phenotypic change is indispensable for

cell migration (3)

Anchoring Villus
|
Trophoblastic Cell Column

Villous Cytotrophoblast

Extravillous Trophoblast

Interstitial Trophoblast
-> Decidual stroma

_ Endoglandular Trophoblast
” > Uterine glands

Endovenous Trophoblast

” _> Uterine veins
Endovascular Trophoblast

) -> Uterine vessels
Endoarterial Trophoblast

" -> Uterine spiral arteries

Interstitial Trophoblast
-> Myometrial stroma

Figure 1: Nomenclature of various subtypes of trophoblast cells depending on their location.
Reproduction from Moser et al. 2017 (18) with permission of publisher “W.B./SAUNDERS CO. LTD.”
by license number 1015353-1.

Doctoral Thesis Julia Fuchs 5



Introduction

There are significant phenotypic differences between invasive extravillous trophoblasts and
villous CTs which are reflected in the expression of cell surface molecules and in the
secretion of cytokines, growth factors and proteases (13). As they move in the decidua,
interstitial trophoblast cells become multinucleate and round and form placenta bed giant
cells (14). These non-proliferating placenta bed giant cells are regarded as the endpoint of
differentiation of the extravillous route (11, 15). Trophoblast cells also migrate in a
retrograde direction and invade through the uterine interstitium along the spiral arteries (3,
9). This results in a comprehensive remodelling of the arterial walls and an extension of the

arterial lumen to ensure a sufficient blood circulation for the fetus (9).

Routes of extravillous trophoblast invasion (6-11 weeks)
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Figure 2: Extravillous trophoblast invasion. EVT originate from cell columns of anchoring villi. The interstitial
trophoblast (1) invades through the decidua into the maternal myometrium and attaches the placenta to the
uterus. Endovascular trophoblasts (2) invade into spiral arteries, line and remodel them to establish the maternal
blood flow towards the placenta. Endoglandular trophoblasts (3) invade into uterine glands and thereby support
histiotrophic nutrition of the embryo.

Reproduction from Moser et al. 2017 (12) with permission of publisher “SPRINGER-VERLAG” by license number
4680761409556.
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In the early 2000s the scientific community assumed that EVTs only invade into arteries
and not into other placental tissue structures (3). Recent publications from Moser et al.,
however, refuted this statements and showed that EVTs also migrate into veins, lymphatic
vessels or glandular structures (12, 16, 17). Therefore a new definition of the terminology

of extravillous trophoblast had to be introduced (Figure 1) (12).

According to the latest classification by Moser et al., EVTs invading into arteries or veins
are summarised under the term endovascular trophoblasts (10, 12). Cells that are only
invading and transforming the uterine spiral arteries are referred to as endoarterial
trophoblasts. These cells plug, line and remodel spiral arteries, decreasing the flow of
maternal blood. As a consequence, the fetus is supplied with an appropriate amount of
nutrients and protected against oxidative damage. Trophoblasts invading into uterine veins
are termed endovenous trophoblasts (Figure 1) (12, 16, 18). The invasion routes of

endovascular trophoblasts are shown in Figure 2, route 2.

Another side branch of EVTs invade into the uterine glands. These cells are called
endoglandular trophoblasts (Figure 1) (19). The invasion routes of endoglandular
trophoblasts are shown in Figure 2, route 3. The trophoblast replacement of uterine gland
epithelial cells and opening of the uterine glands to the intervillous space provide the
embryo with histiotrophic nutrition before the onset of maternal blood flow (19). Apart from
the histiotrophic nutrition of the embryo during the implantation process, it is still unclear

what exact role uterine glands play in pregnancy.

However, recent findings indicate that even after implantation, these glands continue to
supply nutrient components such as proteins, carbohydrates and lipids as well as
immunosuppressive factors to the intervillous space of the placenta. It is speculated that
failure in the invasion process of the uterine glands can cause pregnancy pathologies and
may be responsible for spontaneous miscarriages due to the lack nutrition for the embryo.
Thus, the impact of the uterine glands during pregnancy is currently under research (19,
20).
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1.2.1 Role of Oxygen in Trophoblast Invasion

Oxygen plays a central role in the process of differentiation and invasion of extravillous
trophoblasts. In the first trimester of pregnancy extravillous trophoblast invasion of the spiral
arteries leads to a blockage of these vessels until the end of the first trimester (Figure 2,
route 2) (9). These extravillous trophoblast-plugs only leave space for plasma to seep
through and generate a physiological hypoxic environment. This physiological and thus
normoxic oxygen concentration for the embryo is about 2.5% (21, 22). Measurements
showed that the oxygen concentration in the endometrium in the first trimester of pregnancy
is significantly higher (13). Thus, the early pregnancy time span is characterized by a steep

oxygen gradient from the decidua towards the embryo (10).

At the lowest oxygen concentration of the gradient, the proximal parts of the cell columns
of anchor villi are located (Figure 3). The trophoblast cells are stimulated to increase their
proliferation activity by that gradient that is an essential factor for placental growth.
Additionally, trophoblasts have a low invasive capacity due to the low oxygen concentration
(10, 23, 24). Hence, less reactive oxygen species are produced, which minimizes the risk

of genetic disorders of the embryo.

Extravillous Trophoblast 3
cell column gestational age

@ interstitial trophoblast 6 to 11 weeks
@ endovascular trophoblast
@ endoglandular trophoblast

e plugs of ‘ -

endovascular

®  trophoblast
)

. L]
.
uterine spi.ral arteries
.

. L] . i
myometrium
1 stable oxygen from myometrium to decidua

2 steep oxygen gradient from endovascular plugs to placenta
3 moderate oxygen gradient from placenta to embryo

Figure 3: Oxygen gradient during the first trimester of human pregnancy. The grey bars with numbers 1-3
indicate oxygen changes from the myometrium to the embryo. 3 displays the area of the lowest oxygen
concentration of about 2.5%. This value rises towards decidua to 21% oxygen (1), creating a gradient with
increasing oxygen levels (2).

Reproduction from Huppertz et al. 2014 (10) with permission of publisher “Elsevier’ by license number
4757051197714.
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The pressure generated by the proliferating trophoblasts forces their daughter cells towards
the maternal tissue, which increases the oxygen concentration at the end of the distal parts.
This switches the EVTs from their proliferative to an invasive potential. Thus, endovascular
trophoblasts invade the spiral arteries and form plugs that are dissolved at the beginning of
the second trimester, allowing maternal blood cells to enter the intervillous space.

Consequently, the oxygen concentration rises and the oxygen gradient disappears. (10)

Regarding these factors, it is not surprising that increased oxygen levels in early pregnancy

can lead to complications and spontaneous abortion (23-25).

1.3 Prenatal complications

Failures of trophoblast invasion and spiral artery transformation are often associated with
pregnancy pathologies like pre-eclampsia (PE) and intrauterine growth restriction (IUGR).
These disorders receive a lot of attention as they cause severe complications for the mother
and the fetus (26, 27).

With a prevalence of 2-8% among pregnancies, pre-eclampsia accounts for more than
50,000 maternal deaths worldwide each year (28, 29). Typically, the clinical signs of a
severe progression begin in the second trimester of pregnancy as a result of abnormal
implantation and are characterized by symptoms such as hypertension and proteinuria (30).
The pathophysiology of PE is not yet fully understood due to its complexity and broad clinical
presentation (27, 31). However, it is assumed that the incorrect transformation of the spiral
arteries is caused by changes in the expression of cell adhesion molecules and matrix
metalloproteinases (32). Consequently, placental ischemia and oxidative stress lead to
endothelial dysfunction that is responsible for the clinical symptoms (29, 32). Since no

causal therapy exists to date, the only effective treatment option is premature delivery (27).

IUGR affects between 7-9% of pregnancies globally, with a strong association of
unexplained stillbirths (33). Here, the fetus cannot develop its full growth potential due to
anatomical and functional complications. The main symptom leading to IUGR is placental
insufficiency that results in an impaired fetoplacental blood flow further causing hypoxia and
acidosis.

IUGR can be classified into an early and a late stage of occurrence. The late onset of IUGR
is usually accompanied by mild complications for the newborn (31). Early onset IUGR very
often occurs in combination with PE and usually causes rapid deterioration of the fetal

conditions such as severe neurological, metabolic, cardiovascular and respiratory disorders
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that result in a high mortality and morbidity rate (26, 34). New systematic approaches are
constantly being explored to reduce the complications that occur following an IUGR
diagnosis (31). So far, the mechanism behind this pregnancy complication has not been

fully understood, resulting in a lack of effective therapies (32).

It is necessary to establish innovative methods in research in order to improve our
knowledge of pregnancy-associated diseases like PE and IUGR and provide further
treatment. 3D cell culture systems play a major role in the investigation of pregnancy-
associated diseases as they can be used to reflect in vivo-like situations, and may contribute

to a better understanding of pregnancy-related pathologies.
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1.4 ACH-3P - A first trimester trophoblast cell line

A wide range of trophoblast-derived cell lines have been extensively studied to model the
multiple and diverse functions of the human trophoblast (35-37). Research is also
conducted on invasion processes with primary trophoblasts. However, due to the availability
of first trimester placental tissue and the lifespan of primary first trimester trophoblasts in
cell culture, these investigations are limited due to terminal differentiation and entering
phases of apoptosis (38). In vitro 3D cell culture experiments with first trimester trophoblasts

have not been used for long-term cell culture in this study.

Combining first trimester trophoblast properties with the proliferation potential of the
choriocarcinoma cell line AC1-1 makes ACH-3P a useful candidate for studying trophoblast

invasion in vitro (38).

As the choriocarcinoma cell line ACH-3P was created by fusion of first trimester
trophoblasts and the choriocarcinoma cell line AC1-1, the cell line contains subpopulations

of villous and extravillous trophoblasts, with their associated expression patterns (38, 39).

The expression of specific EVT markers as cytokeratin 7, HLA-G (HLAG- positive and
negative trophoblasts (39)), integrin a5B1, MMP-2 and MMP-9 is a characteristic of the
expression pattern of the ACH-3P cell line. In addition, markers for proliferating CTs and
villous SCTs, such as integrin a6p4 and B-hCG are present in the expression pattern.
Besides the expression of trophoblast-specific cell surface markers, ACH-3P cells also
provide the potential to invade extracellular matrices and form a transcriptome similar to the

parental first trimester trophoblast (38).

Combining the properties of first trimester trophoblasts and the proliferation potential of the
choriocarcinoma cell line turns ACH-3P into a very suitable cell line to investigate
trophoblast invasion in vitro. ACH-3P has been successfully used in research, confirming
its potential as a cell line that offers substitution for first trimester trophoblasts in certain
aspects (39-41).
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1.5 3D Cell culture systems

The importance of the conventional cell culture is non-controversial. Biochemical pathways
and effects of treatments in single cell types can be identified in standardized processes.
Nevertheless, the gap between a two-dimensional cell culture experiment and a complete
organism is difficult to bridge, thus results can hardly be related. Experiments in the two-
dimensional cell culture lack the proper environmental context and structural architecture
that often leads to changes in the cellular functions (42). In addition, traditional animal
experiments are costly and ethically questionable since they cannot reliable predict clinical
outcomes. The physiology, pathophysiology, function and formation of an organ are in their
complexity worth to investigate. Although tissue and organ cultures pose a challenge to the
experimental design, investigations based on these systems will represent the in vivo
situation closer than conventional two-dimensional cell culture (42—44). Therefore, research

on the establishment of three-dimensional cell cultures should be intensified and promoted.

3D-cell culture offers the possibility to simultaneously grow different cell populations in a
controlled manner so that in vivo-like structures and functions can be observed and
reproduced. These systems offer the possibility for increased cell-cell contact,
communication and even activation of signalling pathways (43). Depending on the cell
material and the cultivation method, several three-dimensional culture models exist.
Usually, cell lines are used in the first step to establish a novel 3D-cell culture system. In a
second step, experiments can be conducted with primary cells isolated directly from donor
material (45). Also the cultivation of whole tissue explants on scaffolds is a common

application in 3D-cell culture (45, 46).

In general, two types of 3D-cell culture systems can be distinguished, which are referred to

as either scaffold-based or scaffold-free techniques.

1.5.1 Scaffold-free 3D cell culture systems

In contrast to 2D-cell cultures that show monolayer structures, 3D-cell cultures produce
multi-layered cell aggregates with complex tissue organisation comparable to the in vivo
situation (42, 47).

The most common scaffold-free type of 3D-cultures are cell aggregates, so-called
spheroids, which serve as physiological models. Generally, spheroids are smaller and less
resistant than cell aggregates obtained by matrix-based 3D-cell cultures (48). The most
important methods to generate these systems include the forced floating method, the
hanging drop method (49, 50) and the agitation method (50).
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The forced floating method uses well plates coated with low adhesion-polymers. After a
centrifugation step, these well plates are filled with cell suspension enabling the formation
of spheroids (42, 50).

The hanging drop method involves placing an aliquot of cell suspension in a MicroWell
MiniTray (51). By inverting the plates, the aliquots are transformed into droplets which form

compact and homogeneous spheroids at their tips (50, 51).

Agitation-based approaches that use bioreactors also offer an alternative way to obtain
spheroids. By inserting a suspension of cells into a rotating bioreactor, isolated cells
gradually coalesce into aggregates as they are prevented from adhering to the reactor wall

by continuous stirring. This results in a broad variety of spheroids (43, 50).

1.5.2 Scaffold-based 3D cell culture systems

The need for a matrix becomes obvious with the increasing size and complexity of the
respective 3D model. In addition to spatial control, cellular aggregates also require a careful
exchange of nutrients and gases. Aggregate thicknesses of 1-2 mm lead to increased cell
death, as these thicknesses causes insufficient mass transfer, mainly due to a limited
exchange of nutrients and waste materials (49, 52, 53). Thus, spheroids are composed of
cells in several stages, including proliferating, resting, apoptotic, hypoxic and necrotic cells

and are restricted regarding their growth size (43).

As already mentioned, scaffolds provide a practical support for 3D cell culture. Their
porosity facilitates the transport of oxygen, nutrients and waste. Thus, it is also possible to
supply cells that migrate within the scaffold network. Upon cell proliferation, the maturing
cells interact with each other and subsequently develop structures that behave similarly to
their originating tissue. In addition, 3D cell culture systems using scaffolds offer a larger

surface area to the cells compared to systems without matrix support (50, 52).

It is important that the structure of the scaffold, imitates the properties of the tissue to be
developed in scale and function. As the size and complexity of scaffolds increase, however,
it becomes more difficult processing them for analytical purposes. To prevent potential
difficulties such as those caused by the immune system, the material of the scaffold also
needs to provide biocompatible properties to create optimized conditions for cell growth
(52). Thus, scaffolds for 3D cell culture systems can be fabricated to different textures using
a broad range of materials. These textures include hydrogels or solid scaffolds. Materials
that are used for scaffolds vary from synthetic or natural polymers to materials such as

metals, glass and ceramics (42).
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1.5.2.1 Hydrogel scaffolds

Hydrogels are one of the most commonly used type of scaffolds in 3D cell culture as this
material exhibits mechanical properties of a tissue-like structure. The gel-like material
actually mimics and serves as an artificial extracellular matrix (ECM), which contains
nutrients and soluble factors enabling cells moving within the gel. In addition, cells can
interact through direct and indirect communication within hydrogels by excreting
chemotactic factors (52, 54). As a replacement for native ECM, hydrogels actually contain
a high amount of water and natural biomolecules such as fibrin, gelatine, hyaluronic acid,
alginate, agarose, laminin or collagen in various compositions. The solidification process of
a gel is often difficult, turning the production and manipulation of gels into a challenging task
(54, 55).

1.5.2.2 Solid scaffolds

According to the experimental setup, various types of polymers can be used for scaffold
construction. For this purpose, different types of polyester, polyethylene glycol, polyamide,
polyglycolic acid or polylactic acid can be found, ranging from inert to biodegradable. Since
polymers are easier to modify, they offer a wider range of possibilities for an optimal scaffold
construction (54, 56). The most common natural non-gel polymers used for tissue
engineering are fibrin, alginate, silk, hyaluronic acid and chitosan. Polylactic acid (PLA),
polyglycolic acid and polycaprolactone (PCL) are preferred as synthetic polymers as they
can be removed easily by natural physiological degradation processes during in vitro tissue

formation or after implantation into the body (57, 58).

In addition to the polymers mentioned above, materials such as bioglass or bioceramics are
also used as scaffolds as these materials improve the ability of tissue regeneration. Since
metals exhibit high compressive strength and excellent fatigue resistance, porous metallic
scaffolds, usually made of titanium and tantalum, can also serve as a matrix (50, 57). Often
material combinations are applied for scaffold construction. They usually consist of two or
more distinctly different materials, such as ceramics in combination with polymers. These
combinations offer improved mechanical and physiological properties compared to using

only one type of material (48, 57, 58).
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1.6 Models to mimic the feto-maternal interface

So far, the following systems have been described in the literature and are already being

used in research.

1.6.1 Animal Models

One of the most frequent and widespread methods to study the placental function is animal
testing, especially for medical purposes. The use of pregnant animals is a preferred in vivo
model for investigating the functionalities and pharmaceutical effects of drugs in the
placenta. However, the physiology of the human placenta differs enormously from the
placenta in animal models making data comparisons difficult. In addition, the time-
consuming aspect as well as the financial and ethical constraints imposed by animal
experiments are crucial for the decision of researchers to abandon these types of placental

experiments (59, 60).

1.6.2 Human placental-explant culture systems

A suitable in vitro model that is close to the in vivo pattern of trophoblast differentiation is
provided by using placental explants from fresh human placenta. Explants from first
trimester placental tissue are cultivated on a matrigel bed or in co-culture with maternal
decidua. This allows the villi to adhere to and invade into the material, mimicking the
establishment of the placenta and its development in the maternal uterus (61). The placental
explant model offers several advantages. In contrast to isolated cells, the topology of intact
villi is preserved, including all major fetal cell types. In this way all mechanisms of paracrine
regulations remain unaffected. Thus, this model mimics trophoblast functions in a more
realistic way including the production and release of secretory components, proliferation,
growth and differentiation. Placental explant cultures can be performed using tissues from
the first trimester placentas as well as from term placentas. Therefore it is possible to

compare results during early and late pregnancy (61, 62).

1.6.3 Placenta-on-a-chip / Microfluidic devices

The micro-engineered placenta-on-a-chip represents a new generation of technology that
is becoming more demanding in the examination of the placenta. Microfluidic placenta
systems are designed for the analysis of drugs rather than the investigation of invasion

processes and are thus an adequate model to study the placental barrier.

The placental barrier is a semi-permeable membrane that acts as an interface between
maternal and fetal blood circulation during pregnancy. In vivo, it consists of trophoblasts
and endothelial cells separated by a basement membrane matrix. To establish the multi-

layered structure of the placental barrier, two types of placental cells, including trophoblasts
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(BeWo) and endothelial cells (HUVEC), are cultured on opposite sides of the cell matrix (63,
64). Therefore, the placenta-on-a-chip in vitro model represents the endothelium and the
trophoblastic epithelium to enable the interfaces of the fetal and the maternal side of the
placenta. A certain arrangement of the cells can be obtained due to the generated flow
conditions of the microfluidic devices. Microfluidic systems for placenta experiments allow
to collect data in a comparatively short period, reduce sample utilization and mimic the flow
of fluids in parallel layers. However, the main problem of the placenta-on-a-chip system is

that so far, only few efficient tests for pharmaceutical evaluation can be performed (59, 65).

1.6.4 3D bio-printed Placenta Model

Using bio-printing technology, a placenta model with spatial control of maternal and fetal
cells, growth factors and extracellular matrix can be produced. A bio-printing platform makes
it possible to reproduce the spiral geometry of the maternal vessels in vitro to produce
biophysical properties that are very close to those of the placenta. The ability to combine
different cell types and biomaterials makes bio-printing particularly attractive for the
engineering of the highly complex placental tissue. The 3D placenta bio-printed model was
developed to investigate and quantify cell migration. With this model, conclusions about
epidermal growth factors can be made on the migration behaviour of trophoblasts and
human mesenchymal stem cells. Even though the bio-printed placenta model is a simplified

model, it will help to develop more complex and physiological models in the future (66).

1.6.5 Spheroid and Organoid Models
Three-dimensional spheroid and organoid cultures carry the potential to restore in vivo-like

phenotypes in many in vitro organ systems.

Spheroids are 3D cultures consisting of cell aggregates generated from a single cell type
or from a multicellular mixture of cells. They are established from immortalized cell lines,

primary cells, or fragments of human tissue (59, 61).

The most commonly used spheroid system regarding placenta experiments is the use of
the HTR8/SVneo cell line cultivated to spheroids (67). There are also placental spheroid
systems consisting of several cell types e.g. mesenchymal fibroblasts that are used to build

core structures on which trophoblasts are co-cultivated in a second step (68).

3D spheroids partially express the placental transcriptome and exhibit dynamic invasive
behaviour when embedded in an ECM environment. Therefore, placental spheroids provide
a useful model for studying trophoblast invasion. In addition, producing spheroids is
convenient and inexpensive. Using established cell lines, spheroids are an accessible and

versatile tool for researchers (61).
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Organoids are typically derived from a single adult stem cell or embryonic stem cell. Building
the organoid system, the researchers first isolate proliferating trophoblast cells from first
trimester human placentas, seed them into matrigel drops and culture them in a specifically

developed trophoblast organoid medium (69).

Organoid cultures are based on self-organisation of progenitor cells, formed by embedding
them in a gel-like medium that mimics the extracellular matrix. The self-organization of
primary cells leads to tissue-specific organization, as well as to a dynamic balance of stem
and differentiated cells. The cultures organize themselves into villi-like structures and
secrete placenta-specific peptides and hormones including human chorionic gonadotropin.
The organoids also differentiate into extravillous trophoblast cells that invade three-
dimensional cultures. Certain organoid cultures still grow even after culturing them for one
year, thus exceeding the period of a human pregnancy (69). Due to all these properties
organoids provide a suitable model to investigate human placental development and

trophoblast invasion.
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1.6.6 Establishment of a matrix-based 3D placenta cell culture system

The wide range of possibilities offered by 3D cell culture systems allow different approaches
to be applied in artificial placenta models. An appropriate model must be selected
individually, according to the scientific question. For studies concerning trophoblast
invasion, different models are required than for investigations of the placental barrier.
Several in vitro placenta model systems exist, but fail to reproduce all important features of

the human placenta in vivo.

In this thesis the basic requirements and methods for the establishment of a novel in vitro

matrix based 3D placental cell culture model were performed.

The 3D cell culture model of the placenta consists of an electrospun hollow fiber of
polycaprolactone modified with polylactide acid (PCL/PLA) that is fixed in a metal housing
to create two discriminative compartments. The inner surface, facing the Iumen,
representing the inner compartment and an outer compartment (Figure 4). Both sides of the
hollow PCL/PLA fiber can be cultivated with cells.

The PCL/PLA mesh allows a cross-talk of cells by the exchange of paracrine factors or
offers a direct cell-to-cell contact. The cells in the inner and outer compartments are cultured
under conditions appropriate to their requirements. These include nutrient supply

fluctuations in oxygen concentration or flow rate (Figure 4).

In the 3D cell culture model of the placenta the inner compartment represents the maternal
spiral artery. For this purpose, the PCL/PLA hollow fiber is cellularized with primary

endothelial cells from the human vena iliaca (HIVEC) on the inner surface of the membrane.

PCL/PLA hollow fiber (Cross Section) Perfusion Pump
07 s S

P
GC: N PCL/PLA fiber :@
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o= Endothelial cells: (§) Trophoblast cells: R
HIVEC ACH-3P, 1#-timester placental villi e

Figure 4: Endothelial cells are seeded on the inner surface while trophoblast cells are cultured on the outer
surface of the PCL/PLA scaffold. Subsequently, the PCL/PLA hollow fiber is integrated in the bioreactor. An inner
and/or an outer flow can be imitated using a perfusion pump system. Cells in the inner and outer compartment
are applied to conditions appropriate to their requirements, regarding oxygen concentration, nutrition supplies,

or flow rates.
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Trophoblast cells like ACH-3P cells or villi from first-trimester placentas are cultured on the
outer surface of the PCL/PLA hollow fiber mimicking the in vivo situation of trophoblast

invasion in the first trimester of placental development.

Initially, investigations are performed using static conditions. Oxygen rates are set to either

hypoxic (2.5% O2) or normoxic (21% O2) conditions.

At a later stage of the project, the system will be connected to a perfusion circuit to mimic
the physiological blood flow by applying a defined shear stress to the cells. The internal and
external circulation could thus be treated using different flow rates. In a further step, the
trophoblast cells in the outer compartment could be cultivated under hypoxic conditions
using 2.5% oxygen, while the endothelial cells in the inner compartment are cultured under
normoxic oxygen conditions of 21%. This treatment would produce an oxygen gradient

equivalent to the in vivo conditions occurring during trophoblast invasion.
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2 Aims

The present study aimed to establish basic requirements and methods for a novel matrix-
based 3D placenta cell culture system to investigate the interaction of adult endothelial cells
and trophoblast cells in early human pregnancy. Focusing on the endovascular trophoblast
invasion route, human iliac venous endothelial cells, the trophoblast cell line ACH-3P as

well as first trimester placenta villi were used for this project.

We aimed to establish a heat-sensitive histological processing and enzymatic antigen
retrieval method for the histological characterization of cells within thermosensitive samples
used for the 3D cell culture model of the human placenta. The work focused on the
automated quantitative and qualitative characterization of the expression pattern of

migrated cells within the matrix using placenta-specific antibodies.

The main objectives were summarised as follows:

Establishment of basic requirements and methods for a novel matrix-based 3D placenta

cell culture system focusing on the endovascular trophoblast invasion route, such as

= Histological processing by establishing histological processing and enzymatic

antigen retrieval method for thermo-sensitive materials

= Automated quantitative and qualitative histological Characterization of migrated

cells within PCL/PLA material using placenta specific relevant antibodies

= Histological characterization of trophoblast invasion under normoxic (21% O3)

and hypoxic (2.5% O3z) conditions
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3 Material and Methods

Please note that parts of the "Material and Methods" section are based on the publication
of Fuchs et al. 2018 (58).

3.1 Fabrication of multilayer grafts

Vascular scaffolds were developed and manufactured by our cooperation partner Dr.-Ing.
Marc Muller at the Institute of Multiphase Processes at Leibniz University Hannover. In
short, the scaffolds were fabricated using PCL (Mn = 70,000 — 90,000, Sigma Aldrich,
Taufenkirchen, Germany) and PLA (poly-L-lactic acid, Mw = 150,000, Natureplast, Ifs,

France) polymers.

For conventional single cell culture ACH-3P cells, a two-layered PCL/PLA tube was
produced. The inner layer was spun from a blend of PCL (100 mg/ml) and PLA (50 mg/ml),
while the outer layer was spun from pure PCL (200 mg/ml).

In contrast, mono-layer tubes with a blend of PCL (200 mg/ml) and PLA (100 mg/ml) were
used for tissue cultivation of first trimester placental villi and co-cultivation of ACH3P cells

and HIVEC enabling the cells to migrate through the tube.

Polymers were dissolved in 2,2,2-trifluoroethanol (Sigma Aldrich, Taufenkirchen, Germany)

with a stirrer for at least 24 h.

The electrospinning process was performed with a custom-made setup that consisted of a
high-voltage power supply, a polymer reservoir with a 0.8 mm hollow needle as a nozzle
and a grounded collector. A mandrel of stainless steel with a diameter of 4 mm, rotating at
1.000 rpm, was used as a collector. The applied voltage was set to 20 kV, and the distance
between the nozzle and collector was 28.5 cm. Each layer was spun for 5 minutes at a flow
rate of 3 ml/h (58).

3.2 Material characterization

Measuring of the inner and outer layer grafts fiber diameters was done by using scanning
electron microscopy (VP-SEM S3400, Hitachi Europe, Krefeld, Germany). Samples were
obtained from eight different scaffolds and coated with gold-palladium using a sputter coater
(Sputter Coater SC7620, Fa. Emetich) for 45 seconds at a distance of 5 cm. Five images
per sample were acquired, resulting in a total number of 40 images for each layer of the
scaffold. Images were acquired at an accelerating voltage of 15 kV, a distance of 7 mm
(eucentric) and a magnification of 4000-fold. A line was drawn from the top left to the bottom
right of the SEM image. Fiber diameters were measured where the line crossed the fiber

using AxioVision 4.7 (Carl Zeiss, Jena, Germany) with three measurements left and right
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from the diagonal line, respectively (Fig. 1). At least 10 fibers were measured per image
(58).

3.3 Tissue collection

Human first trimester placentas were obtained from the Department of Obstetrics and
Gynaecology (Medical University of Graz, Austria) from elective surgical terminations of
pregnancy (gestational age between 9 and 10 weeks) after approval by the ethics
committee of the Medical University of Graz (No. 31-019 ex 18/19). Informed consents of
the women were obtained. For the preparation of formalin-fixed paraffin-embedded (FFPE)
sections, the tissue was fixed in 3.7% neutrally buffered paraformaldehyde (PFA; Diapath
S.P.A., Martinengo BG, Italy) for 24 h and embedded in standard paraffin as described in
Fuchs et al. 2018 (58).

3.4 Cell/ Tissue Culture
Human first trimester trophoblast cell line ACH-3P (38) kindly provided by Gernot Desoye

(Department of Obstetrics and Gynecology, Medical University Graz, Austria) was cultured
in low-glucose Dulbecco's modified Eagle medium: Nutrient Mixture F-12 (Sigma-Aldrich,
St. Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher
Scientific, Waltham, Massachusetts, USA), 1% L-glutamine (200 mM; Thermo Fisher

Scientific) and 1% penicillin-streptomycin (PS; Thermo Fisher Scientific).

Primary human vena iliaca endothelial cells (HIVEC) were used as a model for adult human
endothelial cells and for the cultivation of the inner compartment of the PCL/PLA hollow
fibers. HIVECs were kindly provided by Ingrid Lang-Olip (Division of Cell Biology, Histology
and Embryology, Medical University of Graz, Austria). Collecting, storing, and cultivating of
these cells was approved by the Ethics Committee of the Medical University of Graz, Austria
(No. 19-293 ex 07/08). HIVECs were cultured in T75 cell culture flaks coated with 1%
gelatine in Endothelial Cell Basal Media — MV (PC-C-22120, Promocell GmBh, Heidelberg,
Germany) supplemented with Endothelial Cell Growth Medium MV SupplementMix and 1
% PS (Thermo Fisher Scientific).

Medium for ACH-3P cells and HIVECs was changed every 2-3 days. All cells were
cultivated under standard culture conditions in a 95% humidified atmosphere at 37 °C, 5%
COzand 21% O.. Cells were counted using the automated CASY® Cell Counter + Analyzer
(Innovatis AG, Bielefeld, Germany). For respective experiments ACH-3P and HIVECs were

also cultivated at reduced oxygen conditions (2.5% O.).
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3.5 Preparation of cellularized and tissue cultured scaffolds of

PCL/PLA scaffolds

The PCL/PLA scaffolds were sterilized by gamma irradiation with doses of 25 kGy in
accordance with the EN 13485 and 1SO11137 criteria (MEDISCAN, Kremsmdnster,
Austria). Sterile tubular PCL/PLA scaffolds with a length of 50 mm and an inner diameter of

4 mm were used and defined as uncellularized.

The tubular PCL/PLA scaffolds can be cellularized on the internal side as well as on the
external side. Scaffolds were coated with 20 pg/ml fibronectin (Sigma-Aldrich, St. Louis,
MO, USA) from human foreskin fibroblasts, which was diluted in PBS to a final volume of
10 ml and were air-dried for 1 h at 37 °C before the cells were seeded. On each end of the
tubular PCL/PLA scaffold a Luer-Lock was fixed, in order to insert the tube into a metal
housing (58).

3.5.1 External Colonization of tubular PCL/PLA scaffolds

For the external colonization of the tubular PCL/PLA scaffolds with ACH-3P cells, sterile
medium is injected into the graft with a syringe. The scaffolds were fixed in a small metal
housing with Luer-Lock connections. The outer scaffold surface was seeded with ACH-3P
cells by filling the metal housing with a 15 ml cell suspension (5 x 10° cells/ml). Non-
attached cells were removed after cells being allowed to attach for 5 h at 37 °C in the
incubator. To achieve a homogenous cell colonization on the outer scaffold surface, a
second seeding step was performed. For this, the graft was rotated 180°, and the ACH-3P
cell suspension (5 x 10° cells/ml) was filled into the metal housing. Non-attached cells were
removed after 5 h at 37 °C. The attached ACH-3P cells were cultured in growth medium for
14 d without a medium change. A schematic representation of a cellularization of PCL/PLA

scaffolds on the external side of the tubular PCL/PLA scaffold is shown in Figure 5.

3.5.2 Internal colonization of tubular PCL/PLA scaffolds

For the internal colonization of the tubular PCL/PLA scaffolds with HIVECs, the sterilized
scaffolds were fixed in a metal bioreactor with Luer-Lock connections. 3-way stopcocks
were fixed at each end of the outer tubes of the bioreactor. Per tube 1.5 x T75 flaks HIVEC
(confluent, 115100/p7) were seeded into the internal compartment. 1 ml HIVEC suspension
was aspirated with a syringe and injected into the graft until the suspension could be seen
in the supplying silicone tube. At this point the 3-way stopcock was closed and the remaining
cell suspension was injected into the PCL/PLA hollow fiber until the medium appears on the

scaffold surface. Then the supplying 3-way stopcock was closed to maintain the pressure
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in the tube and the syringe was removed. Subsequently, the bioreactor was filled with the

required medium to completely cover the PCL/PLA hollow fiber with liquid.

The housing, containing the PCL/PLA hollow fiber, was covered with a sterile lid and
incubated under standard culture conditions in a 95% humidified atmosphere at 37 °C, 5%
CO2and 21% O.. Non-attached cells were removed after 24 h by changing the medium in
the inner compartment by rinsing the tube with fresh medium. A schematic representation

of a cellularization of PCL/PLA scaffolds on the internal side is shown in Figure 5.

3.5.3 External tissue culturing of tubular PCL/PLA scaffolds

First-trimester placentas were collected after planned terminations and from recurrent
spontaneous abortion (RSA) (gestational age between 9 and 10 weeks) after receiving
informed consent. Approval was granted by the ethical committee of the Medical University
of Graz (No. 31-019 ex 18/19 and No. 31-333 ex 18/19). The tissue was rinsed in 1 x HBSS,
supplemented with 1% PS, placed in culture media (low-glucose Dulbecco's modified Eagle
medium: Nutrient Mixture F-12), supplemented with 10% FBS, 1% L-Glutamin and 1% PS.
Chorionic villi were dissected under a stereo microscope, applied to the PCL/PLA scaffold
and cultivated under standard culture conditions in a 95% humidified atmosphere at 37 °C,
5% CO2 and 21% O, for 7 days. A schematic representation of a tissue cultured PCL/PLA

scaffold on the external side is shown in Figure 5.

Tissue culture — external

Single culture Single culture
external internal
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0920¢C00
250002
HE ngo
(®

21 % oxygen

21 % oxygen
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== Endothelial cells @ Trophoblast cells '® Cytotrophoblasts

Figure 5: Schematic representation of single cultured trophoblast cells on the external side and single cultured
endothelial cells on the internal side of a PCL/PLA tube. The illustration also shows the scheme of a first-

trimester placental villi cultured on the outer surface of a homogeneous PCL/PLA tube.
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3.5.4 Co-cultivation of ACH-3P and HIVECs on tubular PCL/PLA scaffolds
For co-cultivation of cells, the internal seeding was done as a first step, the external seeding
was done directly afterwards. The internal cellularization with HIVECs was performed as
described in 3.5.2.

The external seeding procedure for co-cultivation differs from single culture cellularization.
Per tube 1.5 x T75 flaks of ACH-3P cells (7.5 x 10° cells/ml) were seeded on the external
side of the PCL/PLA scaffold. Therefore, the cells were suspended in 200 pl low-glucose
Dulbecco's modified Eagle medium (Nutrient Mixture F-12) supplemented with 10% FBS
(Thermo Fisher Scientific), 1% L-glutamine (Thermo Fisher Scientific) and 1% PS (Thermo
Fisher Scientific). The ACH-3P cell suspension was brushed on the outer surface of the
tube until the whole suspension was depleted. The formation was covered with a sterile lid
and incubated for 1 h under standard culture conditions in a 95% humidified atmosphere at
37 °C, 5% COzand 21% O,. Subsequent, the whole bioreactor was filled with medium, that
the cellularized tube was completely covered. Non-attached cells of the inner scaffold
surface were removed after 24 h by changing the medium by rinsing the tube with fresh
medium. The co-cellularized PCL/PLA tube was incubated under standard conditions for 12
days. For respective experiments the co cultivated scaffold with ACH-3P cells and HIVECs
were also cultivated at reduced oxygen conditions (2.5% O2). A schematic representation
of a co-cultivated PCL/PLA hollow fiber under different oxygen conditions is shown in

Figure 6.

Co — culture Co — culture

21 % oxygen

—_ Endothelial cells @ Trophoblast cells

Figure 6: Schematic representation of the co-culture of trophoblast cells on the external side and endothelial

cells on the internal side of a homogeneous PCL/PLA tube under different oxygen concentrations.
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3.6 Histologogical processing by establishing embedding

methods for thermo-sensitive material

PCL/PLA scaffolds provide a variety of possibilities for cell and tissue culture projects due
to porosity and surface modifications. However, the histological processing of
thermosensitive electrospun PCL/PLA scaffolds fails, as PCL is characterized by its low-
melting temperature (Tm = 60 C). The high melting point of PLA (Tm = 180 °C) in
combination with PCL does not increase the feasibility of the material. Thus, the melting
point of the material is far below temperatures achieved in conventional paraffin embedding
and histological processing. The histological processing and automated dewatering, and
the standard paraffin embedding of PCL/PLA scaffolds led to the dissolution of the thermo-
sensitive material.

For this reason, we established an alternative thermo-sensitive embedding method.

3.6.1 Cryo-fixation and cryo-sectioning of un-/cellularized PCL/PLA
scaffolds
Un-/cellularized PCL/PLA scaffolds with ACH-3P cells were fixed in 3.7% paraformaldehyde
(PFA; Diapath S.P.A., Martinengo BG, Italy) for 15 min and then were washed in 1 x PBS.
Cryosections were produced by embedding the membranes in Tissue-Tek® O.C.T.
Compound at -20 °C (Sakura®, Alphen aan den Rijn, The Netherlands) that were then
sectioned on a cryotome (Microm HM 560; Histocom, Zug, Schwitzerland) to slices of 7 um
and mounted on SuperFrost Plus™ slides (Thermo Fisher Scientific). Sections were air-
dried for 24 h and stored at -20 °C until they were stained. Hematoxylin and eosin (HE)

staining was performed on the cellularized scaffolds (58).
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3.6.2 Automatized dehydration and standard paraffin embedding of
un-/cellularized PCL/PLA scaffolds

Un-/cellularized PCL/PLA scaffolds with ACH-3P cells were fixed in 3.7% PFA for 15 min
and washed in 1 x PBS. Automatized dehydration and tissue processing for paraffin
embedding of fixed PCL/PLA scaffolds was performed with a Tissue-Tek® VIP® 5 Vacuum
Infiltration Processor (Sakura®, Alphen aan den Rijn, The Netherlands) according to
conditions listed in Table 1. Standard paraffin embedding of the scaffolds was performed
with standard paraffin wax (melting point at a minimum 56 °C; Vogel GmbH & Co. KG,
Fernwald, Germany) with the Dispenser Unit of the paraffin embedding center TES Valida®
(MEDITE Cancer Diagnostics, Orlando, USA). The paraffin in the paraffin tank was heated
to 61 °C to avoid rapid cooling of the standard paraffin while embedding (58).

Table 1: Protocol for tissue dehydration and standard paraffin embedding used by Tissue-Tek® VIP® 5 vacuum
infiltration processing. Reproduction from Fuchs et al. 2018 (58) with permission of publisher “SPRINGER-
VERLAG” by license number 4676480552184

Time (min) Temperature (C°)
Paraformaldehyde (3.7%) 0 40
60% Ethanol 60 40
80% Ethanol 60 40
96% Ethanol 60 40
100% Ethanol 60 40
100% Ethanol 60 40
100% Ethanol 60 40
Tissue Clear 60 40
Tissue Clear 60 40
Tissue Clear 60 40
Paraffin(56 °C) 60 56
Paraffin(56 °C) 60 56
Paraffin(56 °C) 60 56
Embedding 61

3.6.3 Gelatin embedding (5%, 10%, and 25%) followed by automatized
dehydration and standard paraffin embedding of un-/cellularized
PCL/PLA scaffolds

Un-/cellularized PCL/PLA scaffolds were fixed in 3.7% PFA for 15 min and washed with 1

x PBS. Samples were incubated in 5% gelatin (bovine skin; Sigma-Aldrich, St. Louis, MO,

USA) for 30 min at 37 °C followed by an incubation step in 5%, 10% or 25% gelatin solution

for 30 min at 37 °C. Afterwards, the samples were incubated for 15 min at 4 °C to harden

the gelatin-scaffold block. The construct was transferred to a larger well, prewarmed gelatin
solution (5%, 10% or 25%) was added, and the samples were cooled for 15 min at 4 °C.

The blocks were transferred into a 3.7% PFA solution (RT, 24 h) and washed in 1 x PBS at
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RT. Finally, the PFA-fixed and gelatin-stabilized PCL/PLA scaffolds were embedded in
standard paraffin with a Tissue-Tek® VIP® 5 Vacuum Infiltration Processor (Sakura®,
Alphen aan den Rijn, The Netherlands) and TES Valida (MEDITE Cancer Diagnostics,
Orlando, USA) using the parameters listed in Table 1.

Formalin-fixed-paraffin-.embedded (FFPE) blocks were cut into 7 ym sections using an
automated rotary microtome (HM355 with STS & Cool-Cut, Thermo Fisher Scientific,
Waltham, Massachusetts, USA), and the sections were then transferred to SuperFrost
Plus™ slides and dried overnight at 45°C. HE staining was performed on cellularized
scaffolds (58).

3.6.4 Low-melting-point paraffin embedding of un-/cellularized PCL/PLA
scaffolds
Un-/cellularized PCL/PLA scaffolds were fixed in 3.7% PFA for 15 min and washed with 1
x PBS. Dehydration and low-melting-point paraffin (melting point 50 °C; Carl Roth,
Karlsruhe, Germany) embedding of fixed PCL/PLA scaffolds was performed with a KOS
Microwave Multifunctional Tissue Processor (Milestone, Sorisole, Italy). Embedding
conditions are listed in Table 2. Embedded scaffolds were cut to sections of 7 um and
transferred to SuperFrost Plus™ slides and dried overnight at 45 °C. HE staining was

performed on cellularized scaffolds (58).

Table 2: Protocol for tissue dehydration and low-melting-point paraffin embedding used by KOS microwave
multifunctional tissue processing. Reproduction from Fuchs et al. 2018 (58) with permission of publisher
“SPRINGER-VERLAG” by license number 4676480552184

Time (min) Temperature (C°)
100% Ethanol 13 45
Isopropanol 13 45
Low-melting-point paraffin (50 °C) 23 50

Embedding

3.6.5 Low-melting-point paraffin embedding of first trimester placental villi
cultured on PCL/PLA scaffolds

First-trimester placental villi cultured on PCL/PLA scaffolds were fixed in 3.7% PFA for 24

h and washed with 1 x PBS. Dehydration and low-melting-point paraffin embedding of fixed

samples was performed with a KOS Microwave Multifunctional Tissue Processor.

Embedding conditions are listed in Table 2. Embedded scaffolds were cut to sections of 5

pm and transferred to SuperFrost Plus™ slides and dried overnight at 45 °C. HE staining

was performed on first trimester placental villi cultured scaffolds.
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3.6.6 Acrylic resin embedding of un-/cellularized PCL/PLA scaffolds

Un-/cellularized and PCL/PLA scaffolds were fixed in 3.7% PFA for 15 min and washed with
1 x PBS. Specimens were dehydrated with an ethanol series of 50%, 70% to 96% for 15
min each. The scaffold was then treated with 96% ethanol and acrylic resin (LR white; 1:1;
Sigma-Aldrich, St. Louis, MO, USA) for 1 h, followed by two incubations with LR white resin
for 1 h. The scaffolds were manually embedded in LR white resin in airtight gelatin-capsules
(Pohl-Boskamp GmbH & Co. KG, Hohenlockstedt, Germany). For polymerization, the
closed capsules were incubated for 3 d at 45 °C. LR white resin blocks were cut into 3 um
sections using a Leica EM UC7 ultramicrotome (Leica Biosystems, Wetzlar, Germany) and
mounted on SuperFrost Plus™ slides for 3 h at 47 °C. Cellularized scaffolds were analysed

with toluidine blue staining (Agar Scientific, Essex, UK) (58).

3.7 First-trimester placental tissue preparation

Serial FFPE sections (5 um) were transferred to SuperFrost Plus™ slides and baked for 3
h at 60 °C. Before applying antigen retrieval and immunofluorescence staining, FFPE
sections were deparaffinised using Histolab Clear® (Histolab®, Askim, Sweden) solution
four times for 5 min each and rehydrated through a graded series of 100%, 96%, 70% and

50% ethanol, followed by three washing steps in distilled water for 3 min each.

3.8 Antigen retrieval testing for placenta specific immunological

analyses

To investigate whether pepsin offers an alternative as a thermo-sensitive antigen retrieval
method, 17 placenta-relevant antibodies were tested on first trimester placenta tissue

(gestational age: 9 weeks) after multiple antigen retrieval treatments.

For standardization of the immunofluorescence staining for each antibody four different
Antigen Retrieval slide treatments were performed: (a) no pretreatment, (b) pretreatment
with pepsin (Sigma-Aldrich) for 30 min at 37°C (58), and heat induced pretreatment while
slides were immersed in (c) in citrate buffer with ph6 or (d) antigen retrieval solution buffer

with ph9 (Leica Biosystems, Nussloch, Germany).

An enzymatic antigen retrieval with pepsin was performed by incubating the deparaffinised
first trimester placental villi FFPE sections with 2 mg/ml pepsin in 0.1M HCI (Sigma-Aldrich)
for 30 min at 37 °C. The treatment was performed in a humidified chamber. The digestions

were stopped by washing the slides with distilled water for 2 min.

Heat-induced antigen retrieval (c and d) was performed in a decloaking chamber (Biocare

Medical™). The deparaffinised placental villi FFPE sections were completely immersed in
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antigen retrieval solution or citrate buffer and steamed for 7 min at 120 °C. Treated slides

were cooled at RT for 20 min, washed and stored in distilled water until use.

3.9 Immunofluorescence

Immunofluorescence of external cellularized PCL/PLA tubes with ACH-3P for cell size
analysis was performed using a goat-anti-rabbit antibody conjugated with Alexa Flour 633
(A21070; Thermo Fisher Scientific, Waltham, Massachusetts, USA) for detection of CK7
(rabbit antibody) and to visualize ACH-3P cells.

Sections with external seeded ACH-3P were washed with 1 x PBS and incubated with UV
Block (Thermo Fisher Scientific, Waltham, Massachusetts, USA) for 10 min. The primary
antibody, polyclonal rabbit CK7, was diluted 1:200 in antibody diluent and incubated for 30
min. Subsequently, slides were washed with 1 x PBS and incubated with the secondary
antibody, Alexa Fluor 633 goat anti-rabbit (1:200; Thermo Fisher Scientific, Waltham,
Massachusetts, USA) for 30 min. Finally, the slides were washed, and the nuclei were
stained with DAPI (1:2000; Thermo Fisher Scientific, Waltham, Massachusetts, USA) for 5
min. Rabbit immunoglobulin fraction (5 pg/ml, diluted in antibody diluent, Agilent
Technologies) served as a negative control. Sections were mounted with ProLong™ Gold
Antifade Reagent (Thermo Fisher Scientific, Waltham, Massachusetts, USA).

Depending on the primary antibody species, immunofluorescence staining on first trimester
placenta sections was performed using a goat—anti-rabbit (A21070; Thermo Fisher
Scientific, Waltham, Massachusetts, USA) or a goat-anti-mouse (A21050; Thermo Fisher
Scientific) antibody conjugated with Alexa Flour 633 (Cy5 — channel) for detection of the
primary antibody.

First-trimester placenta sections (5 um) were washed with 1 x PBS and followed by
background blocking with UV Block (Thermo Fisher Scientific) for 10 min. Primary antibody,
was diluted depending on the antigen retrieval pretreatment and as recommended in the
antibody datasheet, in antibody diluent and incubated for 30 min (used dilutions see Table
3). For antibody stock concentrations see Appendix Table 7. Subsequently, slides were
washed with 1 x PBS and incubated with the secondary antibody, Alexa Fluor 633 goat—
anti-rabbit or goat—anti-mouse (1:200; Thermo Fisher Scientific) for 30 min at RT. Finally,
the slides were washed, and nuclei were stained with DAPI (1:2000; Thermo Fisher
Scientific) for 5 min. Sections were mounted with ProLong™ Gold Antifade Reagent
(Thermo Fisher Scientific). Rabbit and mouse immunoglobulin fraction diluted in antibody

diluent (Agilent Dako) served as a negative control.
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Table 3: Comparison of pretreatments for the detection of various antigens in formalin-fixed, paraffin-embedded

first trimester placenta tissue.

Pretreatmentmt

Animal
Antibody source Antibody source* Code/clone no AR Pepsin  Steamer ph6 Steamer ph9
ALPPL2 rabbit  Thermo Fisher Scientific®  PA5-22336 1:200 1:100 1:200 1:200
B-Actin mouse abcam® AC-15 /ab6276 1:400 1:200 1:400 1:400
CD 163 rabbit DB Biotech® K20-T 1:100 1:50 1:100 1:100
CD31 rabbit abcam® Ab28364 1:50 1:25 1:50 1:50
CD34 11 mouse  Agilent Dako® M7165/QBEnd 10 1:50 1:25 1:50 1:50
Cytokeratin 7 rabbit  OriGene Technologies® AP06204PU-N 1:200 1:200 1:200 1:200
Cytokeratin 7 mouse Thermo Fisher Scientific®  OV-TL 12/30 1:400 1:200 1:400 1:400
Desmin mouse Agilent Dako® M0760/D33 1:100 1:50 1:100 1:100
E-Cadherin rabbit  Cell Signalling Technology’ 24E10 1:400 1:200 1:400 1:400
HLA-G mouse  Santa Cruz® 4H84 1:100 1:50 1:100 1:100
Ki-67 mouse  Agilent Dako® M7187 1:50 1:25 1:50 1:50
Leptin mouse  Santa Cruz® sc-48408 1:50 1:25 1:50 1:50
Smooth Muscle Actin  mouse  Agilent Dako® 1A4 /M0851 1:50 1:25 1:50 1:50
R-HCG rabbit  Thermo Fisher Scientific® ~ Ab-2 /RB-059-A 1:100 1:50 1:100 1:100
Vimentin mouse  Agilent Dako® V9/M0725 1:200 1:100 1:200 1:200
VWF rabbit  Agilent Dako® F3520 1:3000 1:1000 1: 3000 1: 3000
Z0-1 rabbit  abcam® ab96587 1:100 1:50 1:100 1:100

* Superscript letters refer to sources and manufacturers section, which can be found in the Appendix 7.1.

Antibodies that showed positive staining on first trimester placenta sections after pepsin
digestion were tested on PCL/PLA scaffolds seeded with ACH-3P cells or tissue.
Immunofluorescence staining was performed after pepsin digestion as described above
using goat—anti-rabbit or a goat-anti-mouse antibody conjugated with Alexa Flour 633 (Cy5

— channel) for detection of the primary antibody.

3.10 Sample preparation and enzymatic antigen retrieval testing
of PCL/PLA scaffolds cellularized with ACH-3P for immunological

analyses

Low-melting-point paraffin sections (7 pm or 5 ym) mounted on SuperFrost Plus™ slides
were dewaxed using Histolab Clear® (Histolab®, Askim, Sweden) solution four times for 5
min each and then rehydrated in a graded series of 100%, 96%, 70% to 50% ethanol,
followed by three washing steps in distilled water for 3 min each. An enzymatic antigen
retrieval with pepsin was performed by incubating cellularized membrane sections with 2
mg/ml pepsin (Sigma-Aldrich, St. Louis, MO, USA) in 0.1 M HCI (Sigma-Aldrich,) for 30 min
at 37 °C. Enzymatic antigen retrieval with proteinase K was performed by incubating
cellularized membrane sections with 20 ug/ml proteinase K (Roche, Basel, Switzerland) in
TE buffer (pH 8.0) (70, 71). Both treatments were performed in a humidified chamber. The

digestions were stopped by washing the slides with distilled water for 2 min. For application
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of the in situ detection padlock probe method samples were dehydrated using an ethanol
series of 70%, 85%, and 99.5% for 1 min each and stored at —80 °C until use (58).

3.11 Immunohistochemistry

Immunostaining was performed using an UltraVision Detection System HRP Polymer Kit
(Thermo Fisher Scientific, Waltham, Massachusetts, USA) according to the manufacturer’s
protocol. In brief, endogenous peroxidase was blocked using a hydrogen peroxidase block
for 10 min. After three washing steps with 1 x TBS, background blocking was performed
using the Ultra Vision Protein Block for 5 min. Polyclonal rabbit Cytokeratin 7 (CK7) -
antibody (AP06204PU-N; OriGene Technologies) for external ACH-3P cellularized
PCL/PLA membranes was diluted 1:200 to a final concentration of 5 ug/ml in antibody
Diluent (Agilent Technologies, Santa Clara, CA, USA) while mouse HLA-G - antibody
(4H84; Santa Cruz, Dallas, TX, USA) for tissue cultured PCL/PLA scaffolds was diluted
1:50. For antibody stock concentrations see Appendix Table 7. Antibodies were incubated
on slides for 30 min at RT. Slides were then washed three times, and detection was
achieved by incubation with an anti-rabbit UltraVision HRP-labeled polymer for 15 min and
3-amino-9-ethylcarbacole (AEC; Thermo Fisher Scientific, Waltham, Massachusetts, USA)
for 10 min. Nuclei were stained with hematoxylin, and slides were aqueous mounted with
Kaiser’s glycerol gelatin (Merk Millipore, Darmstadt, Germany). Rabbit IgG (X0936; 1:1500;
Agilent Dako, Santa Clara, CA, USA) and mouse IgG1 (X0931; 1:200; Agilent Dako) served

as negative controls (58).

Immunohistochemical double staining was performed on co-cultivated PCL/PLA slides
using the Polink polymer detection system DS-MR-Hu A1 Kit (anti-mouse/DAB polymers;
anti-rabbit/Vector Blue Substrate; GBI Labs, USA, WA) according to the manufacturer’s
instructions. Primary antibodies were diluted in antibody diluent (Dako) as listed in Table 4:
For antibody stock concentrations see Appendix Table 7. Binding of primary mouse
antibodies was visualized with the chromogen of Polink kit, termed “DAB” (brown) while
primary rabbit antibodies were detected with “Vector Blue Substrate” (blue). For this

protocol, a hematoxylin counterstain is not recommended.

Table 4: Antibodies used for IHC double staining. Antibodies shaded equally were used on one slide.

Antibody Animal source Antibody source* Code/clone Dilution
Cytokeratin 7 mouse Thermo Fisher Scientific? OV-TL 12/30 1:500
VWF rabbit Agilent Dako* F3520 1:1000
Ki-67 mouse Agilent Dako® M7187 1:50
Cleaved Caspase 3 rabbit Cell Signalling Technology' #9664 1:200
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3.12 In situ padlock probe technology and immunofluorescence

Oligonucleotides for beta actin were used as previously published (72, 73). The ACTB
padlock probe was ordered to be 5-phosphorylated (Integrated DNA Technologies,
Coralville, 1A, USA). The LNA primer was purchased from Exigon (Exiqon, Vedbaek,
Denmark) and the detection probe from Biomers (Biomers, Ulm, Germany). The LNA-

primer-, padlock probe- and detection probe-sequences are listed in Table 3.

Antigen retrieval of the cellularized membranes was performed by pepsin digestion as
previously described. All in situ reactions were performed in secure-seals hybridization
chambers (Sigma-Aldrich, St. Louis, MO, USA) with a volume of 50 ul according to the
method described by El-Heliebi et al. (2017) (73). In addition to single staining, padlock
probes for targeting the housekeeping gene ACTB were combined with
immunofluorescence staining for CK7. Therefore, immunofluorescence for CK7 was
performed immediately after the in situ padlock probe ligation step as described elsewhere
(74). To continue the in situ padlock probe method, the rolling circle amplification, as well
as detection probe hybridization step, was applied after IF staining. Reverse transcription
master mix without TranscriptMe reverse transcriptase (DNA-Gdansk, Poland) served as a

negative control.

Table 5: Oligonucleotide sequences for in situ padlock probe technology. Reproduction from Fuchs et al. 2018
(58) with permission of publisher “SPRINGER-VERLAG” by license number 4676480552184.

Primer Sequence (5" -3°)
ACTB* C+GG+GC+GG+CG+GATCGGCAAAG

Padlock probe Sequence (5" - 3)
plp_ACTB* AGCCTCGCCTTTGCCTTCCTTTTACGACCTCAATGCACATGTTTGGCTCCTCTTCGCCCCGCGAGCACAG

Detection probe  Sequence (5" -3°)
D1_ATTO 550 ATTO 448- CCTCAATGCACATGTTTGGCTCC

Padlock probe was 5’-phosphorylated. The fluorophore of the detection oligonucleotide was 5’ conjugated
+: the following base is LNA modified; underlined: target complement sequence, bold: the complementary
detection probe sequence

3.13 Image acquisition and evaluation of embedding methods

In order to identify which of the selected embedding method provides optimal morphological
and structural results we used the visibility of fiber structure and discrimination of coarse-
and fine-meshed structures as parameters to assess the qualitative outcome of the

processed scaffolds.

Therefore, analysis was performed by scanning the cellularized scaffolds to take 20x and

40x% microscope images. Brightfield and fluorescence images were acquired using the Zeiss
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Observer Z1 inverted microscope (Carl Zeiss, Oberkochen, Germany) equipped with a 120
W HXP Mercury short-arc lamp. For brightfield images the Axiocam 506 camera (Carl Zeiss,
Oberkochen, Germany) was used. Fluorescence images of CK7of low-melting-point
paraffin and cryoembedded samples for cell size analysis were taken with the Axiocam 702
mono (Carl Zeiss, Oberkochen, Germany) equipped with an excitation and emission filter-
set for visualization of DAPI, FITC, Cy3, and Cy5. The 40x objective ((LD Achroplan
40x%/0.60 corr., D=0-2mm); Carl Zeiss, Oberkochen, Germany), the 20x objective ((LD Plan-
Neofluar 20x/0.40 corr., D=0-1.5mm); Carl Zeiss,), and the ZEN 2 blue software (Version
2.0.0.04.8.2.0; Carl Zeiss) was used for capturing both the brightfield and fluorescence
images. For enhanced visualization, brightness and contrast of each image was adjusted.
Overlay images of fluorescence and brightfield channels were generated by using the open-
source GNU Image Manipulation Program (GIMP) version 2.8.22 (open source software,

http://www.gimp.org) (58).

Images of immunofluorescence stained ACH-3P cells and tissue with placenta specific
antibodies were captured using the Zeiss Observer Z1 inverted microscope (Carl Zeiss,
Oberkochen, Germany) equipped with the Colibri 7 LED illumination system (Carl Zeiss).
Fluorescence images were taken using the 20x objective and the Axiocam 702 mono (Carl
Zeiss) equipped with an excitation and emission filter set for visualization of DAPI, FITC,
Cy3, and Cy5. ZEN 3 blue software (Version 3.0.79.0000; Carl Zeiss) was used for
capturing fluorescence images. In situ detection stained sections were also captured with

the parameters mentioned above.

For enhanced visualization, brightness and contrast of each image was adjusted.

3.13.1 Quantitative analysis of antibody staining after different antigen
retrieval pretreatments

We performed an automatized analysis of the mean fluorescence intensity of the Cy5
channel and a qualitative evaluation to discriminate between cell types and structures within
the first trimester placental villi and to assess the outcome of the four different antigen

retrieval pretreatment methods.

Analysis was performed by scanning the same morphological spot over all serial slides
consisting of 36 tiles of 20 x microscope images, corresponding to a total area of 6.4 mm?2.
Brightfield and fluorescence images were acquired using the Zeiss Observer Z1 inverted
microscope (Carl Zeiss, Oberkochen, Germany) equipped with the Colibri 7 LED

illumination system (Carl Zeiss). For brightfield images, the Axiocam 506 camera (Carl
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Zeiss) was used, and fluorescence images were taken with the Axiocam 702 mono (Carl
Zeiss) equipped with an excitation and emission filter set for visualization of DAPI, FITC,
Cy3, and Cy5. The 20 x objective (LD Plan-Neofluar 20%/0.40 corr., D = 0—1.5 mm; Carl
Zeiss), and the ZEN 3 blue software (Version 3.0.79.0000; Carl Zeiss) was used for

capturing both the brightfield and fluorescence images.

For fluorescence imaging the exposure time of the Cy5 channel was set to the most intense
staining per series (shortest exposure time = most intense staining) via the function “Auto-
Exposure”. For standardization exposure time was kept the same across the series of the
four different antigen retrieval treatments per antibody. The exposure time of the FITC and

CY3 channel was kept the same across all images to detect background fluorescence.

We used the open-source cell image analysis software CellProfiler (version 3.1.8, (75)) to
evaluate the mean signal intensity of the Cy5 channel over the entire region of the 36 tiles
of 20 x images. Specific positive antibody staining exclusively appears in the range of
wavelengths specific for the dye used to label the secondary antibody (76). Therefore,
signals detected in multiple channels (unspecific staining) were counted as false positive
findings. To exclude these false positive signals from the analysis due to autofluorescence
background the CY3 channel was subtracted from the CY5 channel. Additionally, existing
background noise was eliminated by using a threshold to improve the signal/background

ratio.

Therefore, the Cell Profiler pipeline was designed to exclude false positive staining before
determining the mean intensity of the Cy5 channel. In brief, Cy3 images were subtracted
from Cy5 images with the “ImageMath” module using the operation tool “Substract”. A two-
class thresholding with a lower bound of 0.007 and an upper bound of 1 was applied with
the threshold strategy “Global” and the thresholding method “Otsu” using the module
“Threshold”. The parameter “Threshold correction factor” was set to 1 while the “Threshold
smoothing scale” was set to 3. “Measure Image Intensity” was used to calculate the mean
intensity of the processed CY5 channel per image and exported into an Excel-Sheet with

the “ExportToSpreadsheet” tool.

Representative pictures are shown in this doctoral thesis. For enhanced visualization,

brightness and contrast of the example images were adjusted.
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3.13.2 Morphological analysis

In addition to the automated quantitative image analysis an evaluation of the
immunofluorescence stained cell populations within the first trimester placenta sections was
conducted. A subijective histological classification of various cell types occurring in first
trimester placentas was performed regarding the specific staining reaction and the presence
of nonspecific background for each antibody. Individual cell types including cytotrophoblasts
(CT), syncytiotrophoblasts (SCT), endothelial cells (EC), extravillous trophoblasts (EVT),
fibroblasts (F), smooth muscle cells (SMC), Hofbauer cells (HBC) and proliferating cells
(pC) were evaluated. Additionally, a classification category for unspecific staining was
introduced, marked in red to classify irregular and insufficient antibody staining all over the
tissue. Green colouring was used to mark specific staining pattern. An intensity grading
system was applied, using “ - ” for negative staining, “ o ” to display a positive staining
reaction and “ @ ” indicating the cell type that appears the brightest within an antigen retrieval
group all over the tissue (if there are intensity differences between cell types). “* ® ” marks
cell types that show a brighter signal in some parts of the tissue compared to other positive
stained cell types within an antigen retrieval treatment group. Results of the qualitative

evaluation are shown in Table 6.

3.13.3 Quantitative cell size analysis

In order to verify the low-melting-point embedding method selected by qualitative analysis
as the method of choice, a quantitative analysis was performed.

Therefore, the open-source cell image analysis software CellProfiler (version 3.1.5, (77))
was used to evaluate the cell size of ACH-3P cells attached on the PCL/PLA scaffolds after
the low-melting-point paraffin embedding and cryofixation. The pipeline was designed for
quantification of the cell size by staining the intermediate filaments by CK7. Briefly, DAPI
images were processed with the “Identify Primary Objects” module to identify the number
of cell nuclei. The modules “ldentify Secondary Object” and “Measure Image Area
Occupied” were used for the measurement of CK7, displaying the cell area. Unspecific
signals, which were simultaneously detectable in at least two fluorescence channels, were
filtered by the “MaskObject” module. Overlay images of the evaluated cell area and nuclei
outlines (Figure 16 c, d) were created using the modules “Overlay Objects” on Cy5 channel
images combined with the module “Overlay Outlines” of DAPI objects. We have taken
images in the Cy5 channel and used their pixel values to calculate the cell size (pixel/area
ratio = 0.054289 um? for images of low-melting-point embedded sections (40 x) and
pixel/area ratio = 0.085849 um? for images of cryofixation embedded sections (20 x)) in
relation to the number of nuclei (Figure 16). More than 3200 cells were analysed per

embedding method.
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3.14 Statistical analyses

Statistical analysis for automatized mean intensity analysis was performed using the
GraphPad Prism software, version 6.01 (GraphPad Prism, Inc., La Jolla, USA). To identify
outliers a ROUT test was performed with a Q value of 1%. (78) Cleaned data were used for
further analysis. To test if the data follow a Gaussian distribution a Kolmogorov-Smirnov
test was performed. For multiple comparison of all four groups an one-way ANOVA was
applied to compare the mean fluorescence intensities of the Cy5 channel. Tukey’s test was
applied as a correction of multiple comparison. Results were considered statistically
significant when p < 0.05 (*p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001).

Representative pictures are shown in the publication.

Statistical analysis for automatized cell size analysis was also performed using the
GraphPad Prism software, version 6.01 (GraphPad Prism, Inc., La Jolla, USA) for
parametric comparison of two groups. An unpaired t-test was applied to compare the mean
cell size of attached cells on the processed samples. Results were considered statistically
significant when p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).

Representative pictures are shown in the publication.
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4 Results

Please note that parts of the "Results" section are based on the publication of Fuchs et al.
2018 (58).

4.1 PCL/PLA characterization

4.1.1 Two-layer scaffold

SEM images allow distinct identification of the inner and the outer layer of two-layer
PCL/PLA scaffolds as shown in Figure 7 c. All fibers crossing a diagonal line were measured
at three spots left and right of the crossing (Figure 7 b). Electrospun fibers of the densely
packed inner layer (PCL/PLA 100/50 mg/ml) showed a mean diameter of 1.05 uym (Figure
7 a, d) whereas the fiber diameter increased to 2.45 ym (Figure 7 b, d) for the high porous

outer layer (PCL 200 mg/ml) (n=1600). Additionally, the wall cross-sections of both layers

showed no delamination (c).

Fiber diameter in ym

Figure 7: SEM images of the inner PCL/PLA layer (a) and outer PCL layer (b). All fibers crossing a diagonal
line were measured on three spots left and right of the crossing (b). Wall cross sections showed no delamination
of both layers (c). Fibers of the densely packed inner layer showed a mean diameter of 1.05 ym, whereas fibers
of the highly porous outer layer had diameter of 2.45 pm (n = 1600) (d) .

Reproduction modified from Fuchs et al. 2018 (58) with permission of publisher “SPRINGER-VERLAG” by
license number 4676480552184
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4.1.2 Mono-layer scaffold

SEM images show cross section and the top-view of the mono-layered PCL/PLA scaffold
(PCL200/PLA100) as shown in Figure 8 a and b. Fiber thicknesses correspond to the size
of the fibers of the outer layer of the two-layered PCL/PLA membrane. The diameter of the

high porous fibers result in a size of 2.45 ym (Figure 8 b). Furthermore, the wall cross-

section showed no delamination.

Figure 8: SEM images of the mono-layered PCL/PLA PCL/PLA scaffold (PCL200/PLA100). (a) showing an

axial- and (b) showing the top-view of the scaffold.

4.2 Histologogical processing by establishing an embedding

method for thermo-sensitive materials

4.2.1 Cryo-fixation and -sectioning of un-/cellularized PCL/PLA scaffolds

Cryofixation and sectioning of uncellularized PCL/PLA scaffolds was possible and created
sections with spots of shrunken and diminished fibers throughout the specimen. No
differences in fiber structures were seen between cryosections of uncellularized and
cellularized PCL/PLA scaffolds (Figure 9 a; Figure 10 a, b). In summary, cryofixation and
sectioning of un-/cellularized PCL/PLA scaffolds produced sections with moderate

deformations (58).

4.2.2 Acrylic resin embedding and sectioning of un-/cellularized PCL/PLA
scaffolds

Acrylic resin processed un-/cellularized membranes displayed fiber structures that were

unchanged in size and diameter (Figure 9 d; Figure 10 c, d). Coarse- and fine-meshed

structures can be clearly distinguished. However, sectioning of the scaffolds is limited to a

thickness of 3 ym (58).
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4.2.3 Automatized dehydration and standard paraffin embedding of un-
/cellularized PCL/PLA scaffolds

Automatized dehydration and paraffin embedding of fixed un-/cellularized PCL/PLA

membranes at temperatures up to 61 °C resulted in a dissolved PCL/PLA mesh. An

increase in time for PCL/PLA scaffold fixation from 1 to 24 h strengthened the material, but

did not influence the thermostability of PCL/PLA. Summarizing, automatized dehydration

and standard paraffin embedding led to melted PCL/PLA scaffolds (58).

4.2.4 Standard paraffin embedding following gelatin stabilization (10% and
25%) of cellularized PCL/PLA scaffolds

A gelatin stabilization of uncellularized PCL/PLA membranes at concentrations of 10% and
25% gelatin prior to embedding in standard paraffin (up to 61 °C) improved the stability of
PCL/PLA scaffolds to a certain level, while gelatin concentrations of 5% did not increase
thermostability and led to a dissolved PCL/PLA network. Membrane sections treated with a
gelatin concentrations of 10% and 25% in combination with the standard paraffin
embedding showed partially shrunken and melted fibers, but a generally improved
appearance in comparison to the other unprocessed and uncellularized PCL/PLA scaffolds
(Figure 9 b, c). However, microtome sectioning of cellularized PCL/PLA membranes
stabilized with 10% or 25% gelatin did not produce any usable paraffin sections.
Stabilization of cellularized PCL/PLA membranes with a gelatin concentration of 5% led to
the dissolution of the PCL/PLA fibers. Stabilisation of the membrane with concentrations of
10% and 25% gelatine resulted in the detatchment of the gelatine core from the surrounding
paraffin block. Briefly, the combination of gelatin (10% and 25%) stabilization and standard
paraffin embedding increased thermostability of uncellularized but not of cellularized
PCL/PLA scaffolds (58).

4.2.5 Low-melting-point paraffin embedding of un-/cellularized PCL/PLA
scaffolds
Embedding of un-/cellularized PCL/PLA scaffolds with low-melting-point paraffin (max. 50
°C) by microwave tissue processing produced comparable sections of PCL/PLA scaffolds.
Scaffold and fibers appeared stable and solid as fiber diameter and pore size remained
unchanged (Figure 9 e). In addition, cellularized membranes revealed characteristic cell
morphology (Figure 10 e, f). The shape and size of the cells appeared similar to cells
cultivated in conventional cell culture. Therefore, this technique was used as the method of

choice for further procedures (58).
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Figure 10: Comparison of different fixation and embedding methods of cellularized PCL/PLA membranes. Rows
represent the respective embedding methods. Sections were stained and imaged with bright field imaging. (a,
b) Embedding and cryosectioning in OCT compound; HE staining. (c, d) Fixation in 3.7% PFA, embedding in
acrylic resin; toluidine blue staining. (e, f) Fixation in 3.7% PFA, embedding in low-melting-point paraffin (max.
50 °C); HE staining. PCL/PLA polycaprolactone/polylactide, OCT optimal cutting temperature compound, PFA
paraformaldehyde, HE hematoxylin and eosin. Scale bars in a, ¢, e represent 200 ym, and those in b, d, f
represent 20 ym.

Reproduction from Fuchs et al. 2018 (58) with permission of publisher “SPRINGER-VERLAG" by license number
4676480552184.
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4.3 Histological characterization of first trimester placenta with

relevant Antibodies after Pepsin Digestion

17 antibodies that are known to play a role in placental development were tested on their
binding specificity on first trimester placenta serial sections after four different antigen
retrieval pretreatments (79, 80). Table 3 summarizes the full names and clone numbers of
the used antibodies as well as the animal source, the company and the concentrations used

according to the antigen retrieval pretreatment.

In order to get a better overview, we split the antibody fluorescence images with their
according automatized intensity analysis into two Figures. Images listed in Figure 11 show
a specific antibody binding after pepsin digestion. Fluorescence images presented in Figure
12 show no staining after the enzymatic pepsin digestion. The graphs in the last column in
Figure 11 and Figure 12 show the mean fluorescence intensities of the antibody signals per

mm?2.

In addition to the automated quantitative image analysis an evaluation of the
immunofluorescence stained cell populations within the first trimester placenta sections was

conducted. Results of the qualitative analyses is shown in Table 6.

While the enzymatic digestion seems to improve the staining of selected antibodies, it
appears that in some cases the epitopes are completely degraded so that antibody binding

is no longer possible.

4.3.1 Alkaline phosphatase, placenta like 2 (ALPPL2)

ALPPL2 antibody showed the most intense staining after a heat induced antigen retrieval
with ph9 (81). ALPPL2 antibody showed a positive staining result after all four
pretreatments. Hardly visible by eye, the antibody staining after pepsin digestion showed a
positive signal. This was also confirmed by the automatized quantitative fluorescence
analysis (Figure 11 a1-a6). The qualitative evaluation showed that the treatment with ph6
and ph9 resulted in a more intense staining of the CTs compared to the SCTs. No
pretreatment (noAR) resulted in an equally intensive staining of CT as well as SCT. After

treatment with pepsin only a weak staining was observed, occurring exclusively in the SCT.

4.3.2 B-human chorionic gonadotropin (B-hCG)
The automatized analysis as well as the qualitative analysis revealed that B-hCG antibody
yielded optimal results when enzymatic antigen retrieval with pepsin was applied (Figure 11

b1-b6). B-hCG antibody showed a positive staining result after all four pretreatments.
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Regarding the qualitative analysis, after antigen retrieval with Pepsin, ph6 and ph9 a
specific staining is visible exclusively in the SCT. Without a pretreatment (noAR) an
extremely weak staining can be observed in the SCT as well as in the CT. Pepsin digestion
improves staining of B-hCG on first trimester placental villi and showed a significant increase

of the staining after automatized image analysis.

4.3.3 CD34Il

The staining of the transmembrane phosphoglycoprotein CD341l showed a positive staining
result after all four pretreatments. The most intense staining occurred after a heat induced
antigen retrieval with ph6, which could be determined by quantitative analysis (Figure 11
c1-c6). Qualitative analysis revealed a specific staining of endothelial cells after each

pretreatment.

4.3.4 Cytokeratin 7 (CK7)

CK7 staining with the rabbit anti-CK7 antibody showed a definite staining after an antigen
retrieval with pepsin, ph6 and ph9. Optimal results were obtained after a pretreatment with
ph9, according to the quantitative analysis. Without a pretreatment no staining was
observed. (Figure 11 d1-d6) The qualitative analysis indicated that after a pretreatment with
pepsin only the CT showed a fluorescence staining, whereas after the treatment with ph6
or ph9 both the CT as well as the CT were stained. However, the qualitative analysis over
large image sections did not provide a clear result regarding the staining intensity between
CT and SCT after a pretreatment with ph6 and ph9. While in some image sections the CT
appears more intensively stained than the SCT, this cannot be observed in other image

areas.

In contrast to the anti-CK7 staining with the rabbit antibody, antibody staining of CK7 with
the mouse antibody revealed a staining after all pretreatments, including no pretreatment
(noAR). While staining intensity after no pretreatment was very weak, the staining after ph6
and ph9 showed similar staining intensities emphasized by quantitative analysis (Figure 11
e1-e6). The qualitative analysis showed that CT and SCT are stained after all antigen
retrieval methods, although different intensities were obtained depending on the treatment.
While the CT showed a brighter staining than the SCT after pepsin digestion, the staining
after ph6 treatment reveals no difference in intensity between the trophoblast types. After
the treatment with ph9 a more intense staining of the CT can be observed in many areas,

but not in all. Therfore, a defined conclusion concerning the staining intensity is not feasible.

For qualitative analysis, the example images given do not always provide a comprehensive

basis.
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4.3.5 E-Cadherin

The staining of the transmembrane protein E-cadherin showed a positive staining result
after the pretreatment with pepsin, ph6 and ph9. Without a pretreatment no staining was
observed. Optimal results were obtained after the pretreatment with ph9, evidenced by the
quantitative analysis (Figure 11 f1-f6). The qualitative analysis indicated that after the
pretreatments that showed a positive staining results only the CT showed a fluorescence

staining.

4.3.6 Von Willebrand factor (vWF)

The automatized analysis as well as the qualitative analysis revealed that the natobody for
VWF yielded optimal results when enzymatic antigen retrieval with pepsin was applied
(Figure 11 g1-g6). The endothelial marker vVWF showed positive staining result after the
pretreatments with pepsin, ph6 and ph9. No staining was observed without a pretreatment
(noAR). The qualitative evaluation indicated that the treatment with pepsin, ph6 and ph9

resulted specific staining of endothelial cell.

4.3.7 Zona Occludens Protein 1 (ZO-1)

The ZO-1 antibody against the Tight junction protein-1 showed positive staining results after
all kinds of pretreatments except without pretreatment (noAR). Optimal fluorescence
staining was obtained after the pretreatment with ph9 (Figure 11 h1-h6). The qualitative
analysis revealed that the ZO-1 antibody yielded specific staining of endothelial cells after
pepsin digestion, whereas a pretreatment with ph6 led to a specific florescence signal of
endothelial cells and unspecific staining of CT and SCT. After a pretreatment with ph9
several cell types showed a specific fluorescence signal, such as EC, CT, SCT and

fibroblasts. However, ECs showed the brightest signal over all specifically stained cell types.

4.3.8 pB-Actin

B-Actin antibody showed positive staining results after no pretreatment and pretreatment
performed with ph6 and ph9. Staining of the samples pretreated with ph9 revealed the most
intense signals, emphasized by the quantitative analysis (Figure 12 a1-a6). The qualitative
evaluation showed that the treatment with pepsin and ph6 resulted in a more intense
fluorescence signal of the fibroblasts in the entire tissue area in contrast to the other
specifically stained cell types such as CTs, SCTs, ECs, EVTs, SMCs and HBCs. Treatment

with ph9 showed no differences in the staining intensity between cell types.

4.3.9 CD31

The endothelial cell marker anti-CD31 revealed specific staining after the pretreatments

with ph6 and ph9. According to the quantitative analysis the fluorescence signal showed
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the brightest signal after the treatment with ph6 (Figure 12 b1-b6). The qualitative evaluation

displayed a specific staining of endothelial cells after both kinds of treatments.

4.3.10 Desmin

The muscle specific Desmin antibody revealed optimal staining results after the
pretreatment with ph9. Specific staining was also observed after pretreatment with ph6
(Figure 12 c1-c6). Untreated samples showed a moderately positive signal. The qualitative
analysis indicates a specific staining of fibroblasts after all kinds of treatments, with the

exception of pepsin digestion.

4.3.11 Human leukocyte antigen-G (HLA-G)

The HLA-G antibody specific for staining of extravillous trophoblasts displayed fluorescence
signals after the pretreatments with ph6 and ph9. As the quantitative analysis shows,
optimal results are achieved after the pretreatment with ph9 (Figure 12 d1-d6). The

qualitative evaluation revealed that only EVTs are stained by the pretreatments mentioned.

4.3.12 Ki-67

The proliferation marker Ki-67 showed positive fluorescence signals after the pretreatments
with ph6 and ph9. The brightest signals were obtained after treatment with ph9 (Figure 12
e1-e6). The qualitative analysis reveals a specific staining of proliferating nuclei after the

pretreatment with ph6 or ph9.

4.3.13 Leptin

Leptin antibody showed positive staining results after the treatments with ph6 and ph9, with
optimal results after treatment with ph6. This is evidenced by qualitative analysis (Figure 12
f1-f6). The qualitative analysis showed a specific staining of CT as well as SCT after both
treatments. However, the staining revealed poor cellular integrity, no clear differentiation
between the cells was possible. After treatment with ph6, a weak background staining of

fibroblast can be observed.

4.3.14 Smooth muscle Actin (SMA)

Anti-smooth muscle actin displayed specific staining after no pretreatment (noAR), and the
treatments with ph6 and ph9. Most intense staining results were achieved after the
treatment with ph9 (Figure 12 g1-g6). Qualitative analysis revealed a very weak staining
after no pretreatment of fibroblasts, whereas strong and specific staining of fibroblasts was

achieved after pretreatment with ph6 and ph9.
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4.3.15 Vimentin

The antibody against the structural protein vimentin displayed specific staining after the
pretreatments with ph6 and ph9 and without pretreatment (noAR). Brightest signals were
observed after the treatment with ph9, emphasized by the quantitative analysis (Figure 12
h1-h6). Qualitative analysis obtained specific staining of fibroblasts after all kinds of
treatments, with the exception of pepsin digestion. However, staining of untreated samples

is hardly visible.

4.3.16 CD163

The macrophage marker CD163 displays varying results after the different kinds of
pretreatments. Quantitative analysis shows specific staining after pepsin digestion,
pretreatment with ph6 and the pretreatment with ph9. However, qualitative analysis
indicates that the high values for the specific staining after pepsin digestion are due to an
unspecific staining (Figure 12 i1-i6). After the treatments with ph6 and ph9, however,
specific staining of the Hofbauer cells was observed. Optimal results were obtained after

the pretreatment with ph6.
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B-HCG

CD34 11

CK7 (rabbit)

CK7 (mouse)

E-Cadherin

vWF

Figure 11: Tested antibodies show specific binding on first trimester placental tissue after enzymatic digestion
with pepsin. HE staining (column 1) reveals a morphological overview of the tissue. Fluorescence stained serial
sections with four different antigen retrieval pretreatments (noAR, Pepsin, ph6, ph9) are shown in columns.
Graphs in column 6 show the automatized analysis of the mean fluorescence intensity per mm? of the antibody
used.

Abbreviations: noAR; no Antigen retrieval, Pepsin; pepsin digestion, ph6: steam heat with citrate buffer, ph9;

steam heat with ph9.
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Figure 12: Tested antibodies show no binding on first trimester placental tissue after enzymatlc digestion with
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pepsin. Abbreviations: noAR; no Antigen retrieval, Pepsin; pepsin digestion, ph6: steam heat with citrate buffer,

ph9; steam heat with ph9.
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4.4 Comparison of proteinase K and pepsin digestion as
enzymatic antigen retrieval methods for low-melting-point paraffin
embedded cellularized PCL/PLA scaffolds for

immunohistochemical staining of CK7

Trophoblast cellularized membranes fixed in 3.7% PFA, embedded in low-melting-point
paraffin, and pretreated with proteinase K for antigen retrieval revealed irregular an
insufficient staining of CK7 with poor cellular integrity (Figure 13 a, b). In contrast, the most
intense and specific immunohistochemically staining of CK7 was observed using an
enzymatic pretreatment with pepsin (Figure 13 c, d). Pepsin digestion appeared to be the
most effective antigen retrieval method to treat cellularized, temperature-sensitive PCL/PLA
membranes. Hence, this technique proved to be the method of choice for further
experiments requiring antigen retrieval. Rabbit immunoglobulins served as a negative

control.
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Figure 13: Enzymatic antigen retrieval of PCL/PLA membranes cellularized with trophoblast cells. Columns
represent different enzymatic antigen retrievals. Membranes were fixed in 3.7% PFA and embedded in low-
melting-point paraffin (max. 50 C). Sections were immunostained with anti-CK7. Nuclei were counterstained
with hematoxylin. Sections were imaged with bright field. (a, b) Antigen retrieval with proteinase K digestion for
30 min reveals unspecific staining of CK7 with poor cellular integrity. (c, d) Antigen retrieval with pepsin digestion
for 30 min provides specific immunohistochemically staining of CK7 and optimal morphology of cellularized
PCL/PLA membranes. CK7 Cytokeratin 7, PCL/PLA polycaprolactone/polylactide, PFA paraformaldehyde.
Scale bars in a, ¢ represent 200 um and in b, d 20 uym.

Reproduction from Fuchs et al.2018 (58) with permission of publisher “SPRINGER-VERLAG” by license number
4676480552184.
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4.5 Immunofluorescence staining of trophoblast cells in

low-melting-point paraffin embedded PCL/PLA scaffolds

DAPI staining confirmed successful cellularization of PCL/PLA membranes with ACH-3P
cells (Figure 14 a, b). ACH-3P cells migrated to the centre of the PCL/PLA membrane
(Figure 14 c, d). The cells stopped migrating at the coarse-meshed/fine-meshed interface,
as the cell size is too large for invading the fine-meshed fiber network of the two-layered
scaffold. In addition, immunofluorescence of CK7 showed distinct staining of ACH-3P cells
(Figure 14 e, f).
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Figure 14: Immunofluorescent staining of cellularized PCL/PLA membranes cellularized with trophoblast cells.
Sections were fixed in 3.7% PFA, embedded in low-melting-point paraffin (max. 50 C), and antigen retrieval was
performed with pepsin for 30 min. Nuclei were counterstained with DAPI (blue). (a, b) DAPI staining reveals
successful cellularization of the PCL/PLA membrane. (c, d) Overlay image with fluorescence and bright field
microscopy. Trophoblast cell migration into the PCL/PLA membrane is visualized with DAPI staining. (e, f)
Sections are immunostained with anti-CK7. CK7 is used with Alexa Fluor 633 secondary antibody.
Immunofluorescence demonstrates positive expression of CK7 in trophoblast cells. CK7 cytokeratin 7, PCL/PLA
polycaprolactone/polylactide, PFA paraformaldehyde. Scale bars in a, ¢, e represent 200 um, and those in b, d,
f represent 20 um.

Reproduction from Fuchs et al.2018 (58) with permission of publisher “SPRINGER-VERLAG” by license number
4676480552184.

Doctoral Thesis Julia Fuchs 54



Results

4.6 In situ padlock probe detection in combination with
immunostaining for CK7 on low-melting-point paraffin-embedded
cellularized PCL/PLA scaffolds

After pepsin digestion, the cellularized PCL/PLA scaffolds were processed for in situ
padlock probe technology and immunofluorescence staining of CK7. Single treatment with
in situ padlock probe technology for ACTB mRNA transcripts displayed clear ACTB signals
appearing as red fluorescence dots (Figure 15 a—c). The combination of in situ padlock
probe technology and immunofluorescence offers ideal conditions for effective spatial
discrimination between mRNA transcripts and proteins. The cells showed expression of
CK7 (orange fluorescence signals) and exhibited clear ACTB signals (red fluorescence
signals) present at the border of the cell nucleus (Figure 15 d—f). Negative controls showed
no staining for CK7 and no expression of ACTB (data not shown). Thus, in situ padlock
probes can be successfully combined with immunostaining on cellularized thermosensitive
PCL/PLA membranes.

Figure 15: In situ padlock probe method applied on cellularized PCL/PLA membranes. Nuclei were

counterstained with DAPI (blue). (a—c) In situ detection of ACTB mRNA transcripts using padlock probes. Single
dots represent ACTB transcripts. (d—f) In situ detection of ACTB (red) mRNA transcripts using padlock probes
combined with immunofluorescent staining of CK7 (orange). Scale bars in a, d represent 200 um, those in b, e
represent 50 um, and those in ¢, f represent 10 ym. ACTB beta actin, CK7 cytokeratin 7, PCL/PLA
polycaprolactone/polylactide, DAPI 4',6-diamidino-2-phenylindole

Reproduction from Fuchs et al. 2018 (58) with permission of SPRINGER-VERLAG by license number
4676480552184.
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4.7 Analysis of cell morphology after cryofixation and low-

melting-point paraffin embedding

An automatized cell analysis was cunducted to validate the influence of the selected
embedding methods on the cell specific morphology. Analysis of the cell size revealed that
low-melting-point paraffin embedding preserved cell morphology much better than
cryofixation. Thus, after cryofixation the average cell size was reduced by 14% compared
to the cell size after low-melting-point paraffin embedding, 160 + 8 ym2 and 186 £ 6 um2

(p = 0.0351), respectively (Figure 16).
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Figure 16: Automatized analysis of cells attached on PCL/PLA scaffolds after low-melting-point paraffin
embedding and cryofixation. Overlay images of the immunofluorescent channels DAPI (nuclei, blue) and Cy5
(intermediate filaments, orange) of (a) low-melting-point paraffin-embedded and (b) cryofixed samples are
shown. (c, d) Output images of the quantification of cell nuclei and cell area by the CellProfiler software are
displayed. The coloured areas show the cellular regions. Cell nuclei are indicated by white frames. (e) The
relative cell area of each embedding method shows the difference between the embedding methods. (*p < 0.05).
Ck7: Cytokeratin 7; Scale bars in a and b represents 20 ym.

Reproduction from Fuchs et al. 2018 (58) with permission of SPRINGER-VERLAG by license number
4676480552184.
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4.8 Placenta specific antibody characterization in the 3D cell

culture model of the human placenta

To establish the 3D cell culture placental model, we proceeded as follows:

After testing the different antibodies on first trimester placenta sections (Figure 11, Figure
12), a single cell culture with external seeded ACH-3P cells was first prepared on PCL/PLA
tubes (Figure 17).

In a second step, a tissue culture with first trimester explants was performed, cultivated on
the outside of the PCL/PLA membrane. Staining with different placenta specific antibodies

after pepsin digestion was also tested in this context. (Figure 19).
In these approaches, the major interest was to observe migrating trophoblast cells.

The next step was to establish a co-culture system in the trophoblast cell line ACH-3P was
cultivated on the outside and endothelial (HIVEC) cells were cultured on the internal side of
a mono-layer PCL/PLA tube.

4.8.1 Single Culture (Cell line)
After antibodies were tested on pepsin-digested first trimester placentas (Figure 11 and
Figure 12), antibody characterization was done on two-layer scaffolds cellularized with

ACH-3P cells on the outer surface used in the 3D cell culture model of the human placenta.

As the cell line ACH-3P was generated by fusion of first trimester trophoblasts and the
choriocarcinoma cell line AC1-1, it is characterized by the expression of the specific EVT

markers as described in chapter 1.4.

Thus, seven antibodies whose associated proteins are very likely to be expressed by the
ACH-3P cell line were tested for their binding specificity after the pretreatment with pepsin.
The antibodies tested include: B-hCG, CK7 (rabbit), CK7 (mouse), E-cadherin, ZO-1, HLA-
G and Ki-67. Table 3 summarizes the full names and clone numbers of the used antibodies
as well as the animal source, the company and the concentrations used according to the
antigen retrieval pretreatment. Table 7 summarises the stock concentrations of the

antibodies used.

Figure 17 shows antibody binding after pepsin digestion on ACH-3P attached on the
external surface of PCL/PLA hollow fibers. Staining of HLA-G (Figure 17 k, 1) and KI-
67(Figure 17 m, n) after pepsin digestion showed no staining. Positive staining results were
obtained after staining with B-hCG, CK7 (rabbit), CK7 (mouse), E-cadherin and ZO-1.
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While B-hCG (Figure 17 a, b) and ZO-1 (Figure 17 i, j) displayed a moderate staining, high
signal intensities were detected after antibody staining with CK7 (rabbit) (Figure 17 ¢, d),
CK7 (mouse) (Figure 17 e, f) and E-cadherin (Figure 17 g, h). The CK7 mouse antibody

displayed a more consistent staining and revealed better morphological cell integrity

compared to the CK7 rabbit antibody.

Z0-1

HLA-G

KI-67

Figure 17: Testing of antibody on two-layer PCL/PLA scaffolds cellularized with ACH-3P on the external surface
enzymatically pretreated with pepsin. Testing of antibodies after pepsin digestion, on PCL/PLA scaffolds
cellularized with ACH-3P on the outer surface. All antibodies tested showed a positive signal, in exception for
HLA-G (k, 1) and K1-67 (m, n). Scale bars in a, ¢, e, g, I, k, m, represent 100 ym, and those in b, d, f, h,j, I, n

represent 20 pm.
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4.8.2 Tissue Culture under normoxic conditions (Tissue)
A further step towards establishing a 3D cell culture model of the human placenta was the
cultivation of first trimester placenta villi on the external side of mono-layered PCL/PLA

tubes (Figure 18 a).

Hence, tissue culture was performed as described in chapter 3.5.3. Figure 18 shows a
PCL/PLA membrane cultured with first trimester placenta villi on the external side for seven
days under normoxic conditions (21% O;). Some of the villi adhered to the membrane, as

can be seen in Figure 18 c.

The PCL/PLA parts with adhered villi were used for further investigations to observe the

migration pattern of the EVTs.

Figure 18: First trimester villi cultured on a mono-layered PCL/PLA tube for 7 days with an oxygen concentration
of 21%. (a) Scheme of first trimester explant cultivated on the PCL/PLA tube. (b) Image of a PCL/PLA tube fixed
in a metal housing with the first trimester villi cultured on its external surface. (c) First trimester villi adhering to
the PCL/PLA tube.

In a first step, the migration of EVTs from the first trimester villi towards the membrane was
investigated by HE staining (Figure 19 a, b). In order to distinguish the cells that migrated
into the membrane, an immunohistochemical staining using the HLA-G antibody (typical
marker for extravillous trophoblast cells) was performed on a serial section to verify the

migrated cell type.

Staining with HLA-G antibody after pepsin digestion as antigen retrieval showed positive
staining results (Figure 19 c). Thus, it was possible to characterize the cells that migrated
into the PCL/PLA membrane as EVTs.

In addition, immunofluorescence staining with placenta specific antibodies which showed
positive staining results after pepsin digestion in Figure 11, was conducted on tissue

sections of adhered first trimester villi on mono-layered PCL/PLA tubes (Figure 19).

Antibodies used include: CD34ll, ALPPL2, CK7 rabbit, CK7 mouse, E-cadherin, HLA-G, -
hCG, vVWF and ZO-1. Table 3 summarises the full names and clone numbers of the
antibodies as well as the animal source, company and concentrations used according to
the antigen retrieval pretreatment. Table 7 summarises the stock concentrations of the

antibodies used.
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Figure 19: First trimester villi cultivated for 7 days on the outer durface of the monolayered PCL/PLA scaffold
under normoxic (21% Oz) conditions. Light fiber-like structures marked with curly brackets indicate mono-layer
PCL/PLA membranes, black arrowheads highlight migrated EVTs. (a, b) HE staining shows that single
trophoblasts migrated through the PCL/PLA membrane. (¢) HLA-G staining (typical marker for extravillous
trophoblast cells (EVTs)) displays that migrated cells can be characterized as EVTs.

All antibodies used in Figure 20 showed positive staining results after pepsin digestion on
sections of external adhered first trimester placental villion PCL/PLA. The CD34Il antibody
showed specific staining of endothelial cells, marking blood vessels occurring in villous

stroma of the first trimester villi (Figure 20 a, b).

A positive signal of alkaline phosphatase placental like 2 (ALLPLZ2) antibody was observed
after the treatment with pepsin occurring exclusively in the SCT and migrated EVTs (Figure
20 ¢, d).
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Both the rabbit and the mouse CK7 antibody showed a positive staining after pepsin
digestion on membrane-adhered first trimester placental villi. The staining with CK7 mouse
antibody (Figure 20 g, h) led to brighter and more distinct staining than the CK7 rabbit
antibody (Figure 20 e, f). In relation to CK7 mouse antibody, CK7 rabbit antibody displayed
poor cellular integrity. However, both antibodies revealed positive signals on migrating
EVTs within the PCL/PLA membrane.

In addition, a positive result was achieved after the staining of the transmembrane protein
E-cadherin. After the pretreatment with pepsin the CT cells as well as the migrating EVTs

displayed a positive fluorescence signal (Figure 20 i, j).

The specific EVT marker HLA-G revealed a positive staining of existing EVTs in membrane-
adhered first trimester villi, as well as a positive signal of migrated EVTs within the PCL/PLA

membrane (Figure 20 k, I). Migrated cells can be characterized as EVTs.

As expected, SCT was stained positive for B-hCG after pepsin digestion. Additionally, the

migrated EVTs within the membrane showed a positive signal for B-hCG (Figure 20 m, n).

The endothelial marker vVWF displayed a positive staining result on first trimester placenta
villi after the pretreatment with pepsin. The vWF antibody exhibited a specific staining of
endothelial cells marking the blood vessels within the villous stroma of first trimester villi.
EVTs that have been migrated through the PCL/PLA appeared negative for vWF (Figure 20

o, p).

After enzymatic pretreatment with pepsin, the ZO-1 displayed positive staining results of
first trimester placenta villi. ZO-1 antibody yielded specific fluorescence signals of several
cell types, such as EC, CT, SCT and fibroblasts. Even migrated EVTs appeared positive for
Z0-1 (Figure 20 q, r).

In summary, the cultivation of first-trimester explants on the outside of a mono-layered
PCL/PLA hollow fiber under normoxic conditions (21% O2) revealed that individual
trophoblast cells migrate through the PCL/PLA membrane. Positive staining for HLA-G

indicates that migrated cells can be characterized as EVTs.
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Figure 20: Immunofluorescence staining with placenta specific antibodies on first trimester placental villi
adhered to mono-layered PCL/PLA scaffolds. White boxes indicate the zoom-in area of the right image. All
antibodies used displayed a positive fluorescent signal. Scale bars in a, c, €, g, I, k, m, 0, q represent 100 ym,

and those in b, d, f, h, j, I, n, p, r represent 50 um.
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4.8.3 Co-cultivation of ACH-3P and HIVECs on mono-layer PCL/PLA holoow
fibers under hypoxic conditions (2.5% O2)

As Figure 21 shows, hypoxic conditions (2.5% O) lead to the proliferation of ACH-3P
trophoblast cells. The images a and b of Figure 21 provide an HE-stained overview of the
mono-layered PCL/PLA membrane co-cultured with ACH-3P cells on the outer surface and
HIVECs on the internal surface. Figure 21 ¢ and d show a double staining with CK7
antibody, representative for trophoblast cells and vWF antibody, representative for
endothelial cells, marking the different cell types as expected. Additionally, Ki-67 revealed
proliferating cells only in the trophoblast population as shown in Figure 21 e, f. Cleaved
Caspase 3 antibody (CASP3) displayed that hardly any cells entered apoptosis. No

migrating cells could be detected.

In general, it can be concluded that the co-cultivation of ACH-3P and HIVECs under hypoxia

conditions lead to the proliferation of trophoblast cells.
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Figure 21: ACH-3P cells on the external surface of PCL/PLA co-cultivated for 7 days with primary endothelial

cells (HIVEC = human vena iliaca endothelial cells) in the inner compartment of the PCL/PLA hollow fiber under
hypoxic (2.5% O?) conditions. (a) and (b) show a HE staining of both cell types. (c) and (d) display characterization
of the two cell types with the CK7 (typical marker for trophoblast cells) and vWF (typical marker for endothelial
cells) markers. (e, f) Ki-67 showed proliferating cells only in the trophoblast population and Casp3 antibody
staining did not reveal any apoptotic cells. Basically, it can be seen that trophoblast cells expand under hypoxic
conditions. No nuclear counterstain was applied.
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4.8.4 Co-Culture (Tissue 21%)

Figure 22: Immunohistochemical double staining of a co-cultured PCL/PLA hollow fiber cellularized with ACH-
3P (external surface) and HIVEC (internal surface) for cytokeratin 7 (Ck7, brown, serves as marker for
trophoblasts) and von Willebrand factor (VWF, blue, serves as marker for endothelial cells). Brown coloured
trophoblast cells are found between the endothelial cells. No nuclear counterstain was applied.

A co-cultivation of ACH-3P trophoblast cells on the external surface and primary endothelial
cells (HIVEC) on the internal side of a mono-layered PCL/PLA scaffold was conducted
under normoxic (21% O) conditions for seven days. Figure 22 a and b show the

characterization of the two cell by staining of CK7 and vVWF.

EVT cells invade the PCL/PLA fiber meshwork towards primary endothelial cells on the

inner surface. Brown coloured trophoblasts are found between the endothelial cells (blue).

In general, it can be concluded that trophoblast cells cultivated on the external surface begin
to migrate towards endothelial cells on the internal side of the PCL/PLA hollow fiber under

normoxic conditions.
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5 Discussion

Please note that parts of the "Discussion" section are based on the publication of Fuchs et
al. 2018 (58).

The present study focused on the establishment of basic requirements and methods for a
matrix-based 3D placenta cell culture system to investigate the interaction of maternal
arterial and vein endothelial cells with trophoblasts. Here, human iliac venous endothelial
cells and the trophoblast cell line ACH-3P were used. The main focus was on the directed
migration of trophoblast cells towards endothelial cells under normoxic (21% O2) or hypoxic
(2.5% 0O2) conditions including the associated histological characterization of the cells.
Although artificial organ systems pose limitations compared to in vivo studies, in vitro model
systems are still essential for investigations of trophoblast invasion. Trophoblast cells
invade maternal endothelial structures in vivo for which reason endothelial cells from the
iliac vein were used as a model throughout this study. An alternative to the conventional
histological processing methods had to be found for thermosensitive samples due to the
application of a matrix-based system that is comprised of biodegradable and heat-sensitive
materials. Since there were hardly any heat-reduced alternatives to the standard
histological protocols described in the literature, a suitable method for histological
embedding of thermosensitive materials had to be established additionally within this

project.

5.1 Heat induced effects on thermosensitive PCL/PLC

membranes while histological processing

The histological treatment and analysis of thermosensitive materials like PCL/PLA, as used
in this study, require the adaptation of already existing protocols. Besides cryo-embedding
most histological embedding methods include processing steps at temperatures above 61
°C. Since the melting temperature of PCL/PLA is 51°C, it was necessary to keep the
processing temperature below this level, in order to identify the scaffold structure and cell-

membrane interactions after the embedding procedure.

Specific antibody staining is essential for the histological analysis of the samples for which
epitope demasking by antigen retrieval is required in most cases. In the absence of this
process, the majority of antibody staining techniques such as immunohistochemistry or
immunofluorescence do not yield any results on the tissue. Generally, antigen retrieval is

performed at temperatures of about 120°C. Since there is hardly any literature offering
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solutions to avoid heat exposure in histological embedding methods or antigen retrieval
methods, information on handling procedures that involve thermos-sensitive materials are

completely missing.

Hence, several histological techniques for heat-sensitive materials like electrospun
PCL/PLA scaffolds were compared in this study, including cryofixation, gelatine embedding
with subsequent automated dehydration and standard paraffin embedding, as well as an

acrylic resin embedding technique and the established method of low-melting-point paraffin.

In this regard, cryofixation seems to be the method of choice for these applications.
However, compared to paraffin-embedded sections, frozen tissue sections are usually
thicker, resulting in lower microscopic resolution making it difficult to capture tissue
morphology in detail. However, it is assumed that cryofixation preserves antigens and

antigenicity more efficiently (82).

Following the publication of Hruschka et al. (83) we tested embedding the PCL/PLA scaffold
in different gelatine concentrations before embedding them in standard paraffin to increase
the heat stability of the material. The simple application of the gelatine embedding technique
makes it attractive for a wide range of cell-material interactions studies. Sectioning the
gelatine/paraffin blocks, however, caused a major problem, as the unequal density of the

materials led to the separation of the gelatine core from the paraffin block.

Similar observations were also obtained by other research groups such as Brown et al. and
James et al. They assume that, cellularized scaffolds exhibit an enormous spatial
discontinuity during the phases of cell proliferation compared to mature natural tissues. It is
possible that this discontinuity within the cell-material interaction is the reason for the

difficulties during preparation (84, 85).

Generally, histological embedding in acrylic resin is carried out at temperatures of 60 °C or
higher. Since the method is also used for immunolabeling, embedding at room temperature
is possible (86, 87). Basically, acrylic resin embedding is used for the investigation of tissue
ultrastructure resulting in the fact that it is hardly possible to produce sections with a
thickness greater than 3 um, presenting a difficulty for conventional light microscopy. With
exception of the toluidine blue staining, the high density of the resin prevents standard
histological staining such as HE staining or immunohistochemistry, as hardly any dye has
the ability to penetrate the resin (88). In addition, the method has an extensive processing
time of up to several days. Consequently, the method is not suitable for a quick

immunohistological characterization of cells.
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In order to obtain histological images with fibers unchanged in diameter and structure, and
preserved scaffold formation, the embedding of uncellularized and cellularized PCL/PLA
scaffolds in low-melting-point paraffin at a temperature of 50 °C turned out to be the most
efficient method. Compared to all alternative methods, this variant of fixation and
embedding seemed to be the best available technique as it preserved an intact structure of

the unprocessed and cellularized PCL/PLA scaffolds.

5.2 Influence of antigen retrieval on antibody binding on villi of

first trimester placenta

Tissue samples are generally fixed prior to histological processing using fixatives. There
are several reasons for tissue fixation, including the preservation of the biological material
as close as possible to its natural state (89). During the fixation with formaldehyde,
methylene bridges cross-link reactive sites within and between different proteins (85, 90).
As a consequence, the tertiary and quaternary structures of proteins are modified while
primary and secondary structures are preserved (90). Temperature and duration of fixation,
however, significantly reduces immunoreactivity for many antigens (91, 92). In order to
perform immunohistochemical or immunofluorescence staining on formaldehyde fixed

samples, usually antigen retrieval is required (90).

Antigen retrieval reveals epitopes and other cellular targets providing access to antibodies
and oligonucleotides (93). Besides heat-induced antigen retrieval methods, enzymatic
digestion with proteolytic enzymes such as proteinase K or pepsin offers a useful alternative
to prevent heat-induced modifications of the thermosensitive PCL/PLA scaffold (70). The
working mechanism of antigen retrieval by enzymes is not yet fully understood.
Nevertheless, it is assumed that the bonds existing between the proteins and the fixative
are cleaved in an unspecific way (94-96). This cleavage activity is determined by the

duration and temperature of the enzymatic digestion (91).

Using heat to invert modifications caused by formalin on the protein structure has
revolutionized IHC and expanded the number of antibodies that can be used in formalin
fixed tissue samples. However, heat treatment is not applicable for all kind of samples,
especially if these reveal thermosensitive properties. In some cases, heat exposure may

also reduce or eliminate the detection of certain antibodies rather than improve it (97-99).

Consequently, in most of these studies histological analysis is completely missing due to

the material characteristics.
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Since the establishment of the matrix-based 3D placenta cell culture system includes
thermosensitive and biodegradable PCL/PLA membranes, a heatless antigen retrieval
method was required for low-melt-point-paraffin embedded samples for further

immunohistochemical or immunofluorescence analysis.

Therefore, we examined 17 placenta-specific antibodies for their binding properties on
formalin-fixed and low-melting-point paraffin embedded first trimester placenta sections
after four different antigen retrieval methods. To evaluate which type of antigen retrieval is
most appropriate for the applied antibody and whether enzymatic digestion with pepsin
represents a valid alternative to heat-induced antigen retrieval, a comprehensive screening
was conducted. The immunofluorescence staining results were analysed in a quantitative

and qualitative way.

While all examined antigens could be detected after pretreatment with steam heat with
either ph6 or ph9, not a single antibody showed positive staining after pretreatment with
pepsin only. However, eight antibodies showed positive binding properties after pepsin
digestion, making the enzymatic method a heat-free antigen retrieval alternative for these
antibodies (Figure 11). Two of these eight antibodies, specifically B-hCG and vWF, even
showed improved binding properties after pepsin digestion in contrast to the steam heat

pretreatment.

Not all antibodies were found to give verifiable results after enzymatic digestion. In some
cases, enzymatic antigen retrieval led to complete or incomplete epitope degradation. As
shown in Figure 12, eight antibodies were completely lacking in staining reaction as their
epitopes have probably been completely degraded. This result closely parallels the findings
of Battifora et al. (91) and Daneshtalab et al. (100) which argue, that overdigestion damages
the morphology and immunoreactivity of the tissue and may cause a reduction in the

number of antigenic sites available for immunohistochemical staining.

Interestingly, CD163, showed an unspecific staining pattern throughout the tissue after
pepsin digestion. We assume that this result is due to incomplete degradation of the cross-
links, as non-specific primary antibody reactions may also occur according to the presence
of unreacted hydroxymethyl groups after formaldehyde fixation. Additionally, depending on
the type of epitope and antibody, non-specific interactions may appear between the primary
antibody and other antigens in the tissue (100). Battifora et al. also states that there are
antigens that are resistant to digestive enzymes (91). Therefore, it is generally assumed
that the point at which tissue gets over digested is variable and depends not only on the

duration of fixation, but also on the antigen and the type of tissue examined (100).
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Further, no antigen retrieval was necessary in eight cases to obtain a positive staining
signal. However, all of these antibodies showed a more intense immunofluorescence

staining signal after the pretreatment with steam heat or enzymatic digestion.

In conclusion, when applying enzymatic digestion with pepsin as an alternative to heat
induced antigen retrieval methods, the result of immunohistochemical staining is related to
the duration of the fixation and digestion step and has to be determined for each antigen

individually.

For antibodies that did not show a positive result using enzymatic digest in this study, the
duration of pepsin digestion to receive positive staining results can be determined by further
investigations. It is likely that shortening the digestion time would yield positive results for

some antibodies.

5.3 Automatized-quantitative and qualitative analysis of antibody

staining

In recent decades, researchers have recognized the importance of the field of quantitative
image analysis in histology. With the introduction of digital scanners for whole slides, entire
histological specimens can now easily be digitized and automatically analysed. The
increased amount of image data opened this extensive evaluation opportunity to a wide

range of scientific research areas (101).

Today, automated quantitative analysis is a tool in clinical routine and is increasingly
demanded in scientific research. However, the application in new areas is often challenging,
since analytical procedures have to be designed individually for each specific research

questions always.

The major advantage of an automated computational analysis is a more objective and thus
less biased interpretation of data. The benefits of computer-based evaluation are plentiful,
although the methods are not entirely problem-free. The main problem with automated
analysis is the possibility of misinterpretation of data before and after evaluation, especially

by unqualified professionals (102, 103).

In this study, a quantitative analysis of the signal intensity of the antibodies was crucial and
is nowadays indispensable in research. Nevertheless, the qualitative aspect of the
appropriate histologic antibody binding to its respective target remains essential for an

overall assessment of the antibody specificity. As the qualitative analysis in this study
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demonstrates, the application of different antigen retrieval methods often stains different
cell types, which can be observed regarding B-HCG and the two investigated CK7
antibodies. This aspect has to be considered in quantitative analyses, to avoid

misinterpretation.

To give an example, the CK7 rabbit antibody was found to bind to all trophoblast populations
and uterine glands without any reactivity to mesenchymal stroma as described in the
literature after heat induced pretreatments with ph6 or ph9 (79, 104). However, the CK7
rabbit antibody showed differences in its staining pattern intensity depending on the antigen
retrieval pretreatment. After the pretreatment with ph6 (Figure 11, c) a more intense staining
of the CT was observed compared to the SCT. After the treatment with ph9, the CK7 rabbit
antibody showed hardly any difference in the staining intensities between CTs and the SCT
cells. However, the antibody showed an exclusive staining of CT cells after enzymatic
digestion with pepsin. If no antigen retrieval method was applied, the CK7 rabbit antibody

did not show any staining signal at all.

Being ignorant of these peculiarities may lead to misinterpreting a high fluorescence signal
as equal to a very intense staining of the cell type expected to be stained. However, high
levels of fluorescence in quantitative analysis can occur as a result of accumulating signals
due to the fact that additional cell types were stained by the AG method used. Consequently,
the total fluorescence level of the image increases, but not the fluorescence intensity of a
single cell type. These differences in cell type staining have to be considered before

interpreting quantitative analysis data.

Hence, our analysis shows that an enzymatic digestion with pepsin can often serve as an
alternative to heat-affected antigen retrieval methods, but it is not suitable for every
antibody. In addition, for histological preparations a quantitative analysis must be
accompanied by a qualitative analysis and vice versa in order to give a comprehensive

statement on the data.

To evaluate whether cryofixation or low-melting-point paraffin embedding is the preferred
method for thermosensitive embedding for ACH-3P cellularized PCL/PLA samples, both
variants were stained with human CK7 and the relative cell size was determined
quantitatively. The comparison of the cell size showed that low-melting-point paraffin
embedding conserved cell morphology more effectively than cryofixation. The average cell
size after cryofixation was reduced significantly by 14% compared to the cell size after low-
melting-point paraffin embedding. Hence, low-melting-point paraffin embedding in
combination with pepsin antigen retrieval appeared to be the most beneficial technique for

the visualization of cell morphology and fiber-structure of cellularized PCL/PLA scaffolds
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when compared to all variants related to the methods of fixation, embedding and
thermosensitive antigen retrieval methods. This approach allows histological analysis of the

attached cells and evaluation of cell-scaffold interactions.

In addition, we were interested in whether our novel histological procedure is a feasible
method for low-melting-point paraffin embedded and enzymatically treated samples when
applied to highly specific methods. Therefore, the in situ padlock probe method (73, 105),
a mRNA-based staining technique was applied on our samples by targeting the mRNA
transcripts for the housekeeping ACTB, which yielded positive results (Figure 15). Further,
the combination of this method with immunofluorescence for CK7 resulted in positive

signals from both techniques.

Repeatable results were obtained with all tested methods, including immunohistochemistry,
immunofluorescence and in situ padlock probe techniques. Low-melting-point paraffin
embedding combined with enzymatic antigen recovery offers a cost-effective and
convenient method that perfectly suits histological processes involving heat sensitive

material with complex physical characteristics.

In summary, we were able to develop a convenient heat-reduced method to histologically
characterize the migration of cells in thermo-sensitive materials. This method allowed the
morphological assessment of cells cultured on complex materials and, for the first time, to
analyse these quantitatively. It also offers an adequate alternative to standard preparations

for histological investigations in a variety of sensitive samples.

5.4 3D cell culture system of the placenta — Invasion of EVTs

In recent years, the invasion of trophoblasts into the myometrium and the associated plug
building of spiral arteries and remodelling of veins and lymphatic vessels has been
extensively studied (12, 17, 106, 107). Extravillous trophoblasts invade the decidual
interstitium to the upper third of the myometrium during the first trimester of pregnancy. This
results in anchoring the placenta in the uterus. The process is responsible for a histiotrophic
nutrition of the fetus when uterine glands are opened into the intervillous space and for

establishing a haemotrophic nutrition at the beginning of the second trimester (12).

Although it has been shown that certain cytokines produced by trophoblast cells and
paracrine factors secreted by the endothelial cells influence the invasion process of the

trophoblasts (108—111), the exact mechanism of invading of EVTs still remain unclear.
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Moser et al. speculates that none of the pathways of extravillous trophoblast invasion,
neither interstitial, endovascular nor endoglandular is specifically directed. This suggests
that EVTs are just highly invasive cells and simply attach to and invade any structure within
their vicinity. The coherent evidence stems from in vivo scenarios, as embryos can attach
to and invade into the tissue of the fallopian tubes, ovaries and peritoneum. In addition,
there are in vitro studies supporting this hypothesis, since in vitro cultured EVTs, in addition
to decidual tissue, also attach to and invade various offered matrices such as collagen |I,

laminin and matrigel (12).

This assumption is consistent with the results of the present work, considering that both,
the trophoblast cell line ACH-3P and EVTs of first trimester villi, adhere and invade into the
PCL/PLA material as shown in Figure 17 - 20.

5.5 The influence of oxygen on extravillous trophoblasts

The effect of oxygen on migration of EVT cells needs to be taken into account. Due to the
lack of connection to the maternal blood system, embryo development in the first trimester
of preghancy takes place in an oxygen-deficient environment (23). It is speculated that the
naturally occurring oxygen gradient is one of the main reasons that trophoblast cells start

migrating towards endothelial cells (13).

Our findings show that trophoblast cells (ACH-3P as well as primary EVTs) that were single
cultured or co-cultured with primary endothelial cells in the matrix-based 3D cell culture
system, begin to increase the proliferation under hypoxic conditions (2.5% O2). However,
they do not start to invade the PCL/PLA material as shown in Figure 21. These findings are
in line with previous in vitro results from other research groups. Kilbur et al., for instance,
observed that HTR-8/SVneo cells, a human first trimester CT cell line, show both increased
proliferation and reduced invasion through Matrigel when cultured in 2% oxygen conditions
(112).

At oxygen concentrations of 21% and under single culture conditions, many ACH-3P cells
could be found within the PCL/PLA membrane of the 3D cell culture model of the placenta
(Figure 17). The trophoblast cell line showed hardly any proliferation compared to reduced
O; conditions but started to migrate. Same observations were made for primary EVTs from
first trimester placenta villi, which also started migrating into the membrane at normoxic
(21% O-) conditions (Figure 19, Figure 20). Co-culture experiments displayed that many

ACH-3P cells could be found within the primary endothelial cells on the internal side of the
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matrix based 3D - placenta cell culture system at oxygen concentrations of 21% as shown

in Figure 22.

According to these results, we conclude that trophoblast cells begin to migrate under
normoxic (21% O2) conditions and switch their properties from a proliferative to an invasive

phenotype.

These findings are in agreement with the in vitro data by Genbacev et al. (113) who showed
that in vitro hypoxia shifted the balance between the proliferative and the invasive
phenotype of extravillous trophoblasts towards the proliferative one (114). This effect is
potentially due to a shift in the expression pattern, which changes trophoblast cells that are
sufficiently supplied with oxygen (115). James et al. points out that there are two opposing
opinions about the effect of hypoxia (2.5 % O-) on trophoblast differentiation in the first
trimester of human pregnancy. On the one hand, hypoxia promotes a proliferative
trophoblast phenotype to create a high number of trophoblasts to invade maternal decidua.
On the other hand, conflicting results showed that hypoxia promotes an invasive trophoblast
phenotype, which may be important to achieve sufficient depth and extent of trophoblast

invasion (13).

Huppertz et al. comprehensively argues that trophoblastic cell columns develop at the tips
of the anchoring villi, precisely at the border between the actual placenta and the decidua
basalis, and thus develop within the oxygen gradient. The proximal parts of the cell columns
are exposed to the lowest oxygen levels within the whole columnar structures and is known
as the site of proliferation. These proliferating trophoblasts passively push their daughter
cells towards maternal tissue at the end of the distal parts of the cell columns. Due to the
higher oxygen level in this area, the proliferation of the daughter cells stops and shifts to a
high invasive potential. Consequently, they migrate towards the myometrium and potentially

reach spiral arteries, veins and lymphatic vessels (10, 23, 116).

Whether trophoblasts migrate towards endothelial cells or whether they start to migrate in
an undirected manner under normoxic conditions cannot be concluded from our results.
According to the hypothesis of Moser et al. (12), which assumes that EVTs are highly
invasive cells that invade in an undirected manner into various materials, there would be no
correlation between endothelial cells and the migration pattern of trophoblasts. This
hypothesis is supported by our results as ACH-3P and EVTs of first trimester placenta villi

also migrate into the PCL/PLA membrane under single culture conditions.

Co-culture experiments in this work were initially conducted using the ACH-3P cell line as
trophoblast substitute on the external side of the 3D — placenta cell culture system and

primary endothelial cells on the inner surface. It is controversial to what extent fusion cell
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lines such as ACH-3P can serve as substitutes for primary extravillous trophoblasts and
whether these cell lines reflect the behaviour and characteristics of an in vivo situation.

However, cell lines provide a fundamental basis for ongoing studies.

Concluding, we were able to establish a new matrix-based 3D placenta cell culture system
in which we could demonstrate the migration pattern of trophoblast cells under different
oxygen concentrations. The migration of trophoblast cells could not only be demonstrated
under single culture conditions using the cell line ACH-3P and first trimester placenta villi,
but also under co-culture conditions trophoblast migration towards primary endothelial cells

was shown.

Without a doubt, these assumptions have to be verified by further experiments. Since the
receipt of first trimester placenta villi was discontinued during the project, unfortunately it
was no longer possible to conduct co-culture experiments with primary trophoblasts in the

3D - placenta cell culture system.

For future prospects of this project it would be interesting to investigate the interaction
between primary trophoblasts of first trimester placental villi and primary endothelial cells
via the matrix-based 3D placenta cell culture system. The migration behaviour of
trophoblasts at different oxygen concentrations needs to be further investigated, alongside
various factors and parameters released into the medium by endothelial cells. These may
be discovered as triggers for the proliferation or migration behaviour of trophoblast cells. It
is likely that further results obtained in this system may contribute to a better understanding
of the invasion process of trophoblasts into maternal arteries, veins and lymphatic vessels

and may help clarifying certain pregnancy disorders in the future.
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Appendix

7 Appendix

Table 7: Antibodies used for experiments with corresponding stock concentrations according to manufacturer.

Concentration

Antibody Animal source Antibody source* Code/clone (stock solution)
ALPPL2 rabbit Thermo Fisher Scientific® PA5-22336 1 mg/mL
B-Actin mouse abcam® AC-15 /ab6276 2.1 mg/ml

CD 163 rabbit DB Biotech® K20-T 2 mg/ml

CD31 rabbit abcam® Ab28364 no information
CD3411 mouse Agilent Dako* M7165/QBEnd 10 0.045 mg/ml
Cytokeratin 7 rabbit OriGene Technologies® AP06204PU-N 1 mg/ml
Cytokeratin 7 mouse Thermo Fisher Scientific? OV-TL12/30 0.2 mg/ml
Desmin mouse Agilent Dako® MO0760/D33 0.111 mg/ml
E-Cadherin rabbit Cell Signalling Technology' 2,40E+11 no information
HLA-G mouse Santa Cruz® 4H84 0.2 mg/ml
Ki-67 mouse Agilent Dako* M7187 no information
Leptin mouse Santa Cruz® sc-48408 0.2 mg/ml
Smooth Muscle Actin mouse Agilent Dako* 1A4 /M0851 0.071 mg/ml
R-HCG rabbit Thermo Fisher Scientific? Ab-2 /RB-059-A no information
Vimentin mouse Agilent Dako* V9/M0725 0.156 mg/ml
vWF rabbit Agilent Dako* F3520 7.0-13.0 mg/m
Z0-1 rabbit abcam® ab96587 0.4 mg/mL
cleaved Caspase 3 rabbit Cell Signalling Technology' #9664 no information
ng Control IgG1 mouse Agilent Dako* x0931 0.1 mg/ml

ng Control IgG rabbit Agilent Dako* x0936 15 mg/ml

* Superscript letters refer to sources and manufacturers section, which can be found in the Appendix 7.1.

7.1 Sources and manufacturers

a. Thermo Fisher Scientific, MA, USA

b. abcam, Cambridge, UK

o

o

0]

—h

. DB Biotech, Kosice, Slovakia, EU

. Agilent DAKO, Santa Clara, CA, USA
. OriGene Technologies, Rockville, MD, USA

Cell Signalling Technology, Danvers, MA, USA

g. Santa Cruz Biotechnology, Dallas, TX, USA
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