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Abstract

Preeclampsia (PE) is a pregnancy-related disoftesatag 5-8% of women worldwide (4% in
Norway). It is believed that placental ischemithis initial event in the development of PE and
is characterized by placental insufficiency andhichl symptoms such as hypertension and
proteinuria. In this project, we aimed to studytallie biomarkers for morphological analysis
of human term placenta from normal pregnancies wonchen with PE using advanced

fluorescence microscopes.

To reach this objective, we optimized the labelstgps for advanced fluorescence optical
microscopy imaging of formalin-fixed paraffin-emloksdti (FFPE) and cryo-preserved tissue
sections of the human placenta. Furthermore, mdogiwal and subcellular differences
between healthy and preeclamptic placentas wekesiigated. For this, various fluorescence
microscopy techniques were explored, including wkslide scanner, high-resolution
deconvolution microscopy (DV) and super-resolutstnuctured illumination microscopy
(SIM), along with diverse image processing toold analysis of the microscopy images. In
this thesis, diverse strategies were examinechmtabeling of placental biomarkers including
immunofluorescence staining of laeverin, cytokerdti (CK-7) and placental alkaline
phosphatase (PLAP), as well as direct labelingattin, membranes and nuclei via phalloidin-
Atto 647 N, CellMask Orange (CMO) and DAPI, respeay.

The microscopy investigation revealed actin spdisndantly localized in subtypes of the
chorionic villi in both healthy and PE placentascts as terminal villi §-value 0.55), mature
intermediate villi p-value 0.50), immature intermediate vili-¢alue 0.54) and stem villp{
value 0.47), thus no observable differences. Howewefound significant differencep{alue
0.015) of syncytial knots in PE compared to heatibgue. A disorganized brushborder at the
apical surface seems to be observed in the PEathorvilli. Moreover, we found PLAP
expression in the syncytial microvesicles in hgafitacentas. The immunofluorescence study
using laeverin and CK-7 antibodies seem to shovocalization in the syncytial plasma
membrane in healthy placentas, though the labeletiS8ues showed laeverin expression in
the syncytial plasma membrane and cytoplasm, iieduolverexpression of laeverin in the fetal

capillaries.

In conclusion, the biomarkers explored in this gtohy have the potential to play an important

role in understanding and predict PE in the future.



Table of contents

1 0o [0 TX i o] o [P PPPPPPPPPPPPPR 1
1 Theoretical backgroUNd........cccooo oo e 4
O o [0 g =TT o] F= Vo =T o - PP 4
1.1.1 Early placental development ................ e e eveevviiiiiiiise e e e e e e e e e eeeeeeeeeeeeens 4
1.1.2 Trophoblasts — the major constituents of the placen..............cccoe e, 5
1.1.3 From trophoblast differentiation to fully developedman placenta at term......
1.1.4  Chorionic villi - microscope identification of SWHES .......cccoevvvieiiiiiiiiiiieiiiiiinnes
1.1.5 The role of chorionic villi placental funCtion............cccccoevveiiiiiiiiiiiiieiiiiiis 9..
1.2 Abnormal pregnancy and pregnancy-related disotders............cccoeeeeiiiiiiiiiiiiinnnns
1.2. 1  PreCIaMPSIA. . c.cuiuuiieiiiiieeeeee e e e e oottt a e e e e e e e e e e aaaaaeaaaaaaaaas 9
1.2.2 Pathophysiology of preeclampsia............ccceeereeeiiiiiiiiiiiineee e 10
1.2.3 Treatment of Preeclampsia...........cooviiiiiiiiiiiiiiii e e 12
1.2.4 Eclampsia — extreme complication of the preeclampsi..............ccccevvveiinnnee 12
1.3 BIOMAIKEIS. ...ttt st et e e e ettt s e e e e e e e 12
1.3.1 Placental DIOMArKErs ..........ooooiiiiiiietmmmme e e e e e e e e e eeeeeibeeeae s sneees 12
L1.3.1.1  LAEBVEIIN ettt e et meeemas s e e e e e e e e e e e e e e eeeeeebbassnn s nmnnree 13
I I @4V (0] (=] = 11| C AU 13
1.3.1.3 Placental Alkaline Phosphatase ...........cocccoee oo 13
1.4  Mechanism oOf flUOrESCENCE .........ooo it 14
1.4.1 Direct flUOreSCENt AYES......ccceeiiieieeieeeeeeeer e e 14
1.4.2 Immunofluorescence teChNiqQUE...........cooviereiiiiiiiiiiceee e 14
1.4.2.1 Antibody and antigen..........coooiiiiiiiiiiceeeenceese e 15
1.4.2.2 The direct and indirect teChNIQUE..........comeeeeeeeeeeiiiiiiiee e e e 15
1.4.3 Autofluorescence background................ceemmmeiieiiieieeeeeeeeeeeeeeei e 16
1.5 Advanced fluorescence optical MICTOSCOPY ...ceeeverrerrrrrrrnnnniiiaireeeeeeeereeeeeennenns 17
1.5.1 Deconvolution MICTOSCOPY .....ccvvreeerrrrresmmmmmmeeeeeeeeeeeerssessnnnnaaaaeeaaasaaseeee. 17
1.5.2  Structured illumination MICTOSCOPY .....uuuurimmmmeeeeeeeeeeeerireiirnrea s eeeeeeeeaeeeeens 17.
1.5.3 Limitations of fluOresScenCce MICrOSCOPY .....vueeeeerrrerrrrrrrnnniiaarreeeeeeeeeeereeennnnns 18
2 Materials and MEtNOUS .......oooiiiiiiiiie e e e 19
2.1 Clinical evaluation of full-term placentas ............ccoooiiiiiiiiiiiiiici e, 20
2.2 Collection of human placental tisSue SAMPIES.caaeaeriiieeiiiiiiiii e 20
2.3 Tissue preparation Of FFPE SECHONS ..o ieiiiiiiiiiiiiineeee e e 21



PG T TR o 14 0 0 = 1T IR 0= L 1[0 o IR 21

2.3.2 Dehydration, paraffin embedding and sectioning..............cccovvviiiiiiiiinnnnnnn. 21
2.3.3 Deparaffinization and rehydration ...........ccceeuiiiiiii e 21
2.3. 4 ANGEN FEIHEVAL. ... oo i 22
2.3.5 Immunofluorescence l1abeling ..............uie e eeeeeeeee e 22
2.3.6 Direct fluorescence labeling.............ouvucieeeiiiiiiii e 23
2.3.7 Multiple immunofluorescence labeling........ o i, 24
2.3.8  Mounting and SEaAlING ..........uuiiiiiieie e e e ———— 25
2.4 Tissue preparation Of CrYOSECHONS ........uuuiiiiiiie e eeee e eree e e 26
2.4.1 FixXation Of CrYOSECHONS .......uvvuiueenee s seseesaseeeeeeeaeaeeeseesssssnnnnnnnnnnnes 26
2.4.2 Storage in lIqUuid NItFOGEN .....ccvvvviieiiiimmcce et e e e e e e e e e e nennns 26
P2 G T O V[0 Bt Y= Tox 1 o 1 Vo IS USSP 26
2.4.4 Immunofluorescence 1abeling ..............eie e 27
2.4.5 Direct fluorescence labeling.............ouvcieeeiiiiiiii e 28
2.4.6 Mounting and SEAlING ..........uuiiiiiiee e e ———— 29
2.5 MICTOSCOPY -..eeiiieiitiittutiaea e s e e e e e e e e eaaeee e e e e e e e et eeeeeaaebbaa e e e e e e eeaeeeeeeeeaaaeeaeeeeeeeesnnnes 30
2.5.1 WhOIe-Slide SCANNET .......ccooiiiiiiiiiiiitemmmmme e eee e 30
2.5.2 DV aAnd OMX ...t ettt e e e e et e e aneenne e 30
2.6 AUtOflUOIrESCENCE CONLIOIS ...vuviiiii e 31
2.7 QUANLIALIVE BNAIYSIS....cii i i e e e e e 31
RESUILS .. ettt eeea e e e e e e e e e e e e e e e eearraaana 32
3.1 Autofluorescence characterization ..........cccccceuuieiiiiiinniin e 33
3.2 Optimization of concentration and incubation tinoésnarkers for FFPE and cryo-
1= o110 1 PSRRI 35
3.3 Optimization of multiple labeling technique ..............ooooiiiiiii e 37
3.4 Large FOV imaging of chorioniC Villi..........ccccoooiiiiiiiii e 38
3.4.1 Actin filament spots found in chorioniC Villi «eeee.....eciiiiii, 39
3.4.2 No significant differences of actin spots in norraatl PE placentas ............... 40
3.4.3 Anincreased amount of syncytial knots in PE................coovviiiiiiiiciiinnneenn. 41
3.5 Different contrast from FFPE- and Cry0-SeCtion w.......covvvvvvvvinniiiiiinenennnnn 42
3.6 High-resolution vs super-resolution of chorioniivi...........ccceeeeeeeeviiiiiinnnnnnn . 43
3.7 Microvilli identified by super-resolution imaging............ccccceeeeeiieeieeeeeeeeneennnn 45
3.8 PLAP expression observed in microvesicles at theawilli brushborder.............. 47
3.9 Laeverin expression at the apical side of the syoirgphoblast membrane .......... 49

iv



3.9.1 Laeverin expressed in fetal capillaries ..o 50
T B 1T o U 1= (o o PP 51
4.1 The progression during OPtiMIZAtioN.........cceeeeeeiiiiiiiiiiiiiiae e eeeeee 51
4.1.1 Artifacts affected imaging of FFPE SeClONS cceeeevvvvviiiiiiiiieiii 51
4.1.2 Limitations with direct fluorescent dyes .....cceeeevvvvviiiiiiiiiiiieeeeeeeeeeeeeiiii, 52.
4.1.3 The mixed technique is optimal for multiple labglin..............ccccoevviiiiiinnnnn. 52
4.1.4 Challenges of imaging FFPE placenta sections o©OMX (SIM) ................. 53
4.1.5 Super-resolution obtained using cryo-sections atste#f FFPE sections.......... 54
4.2  Microscope observations of term placentas. . o .coovvveeeeeiiiiiiiiiiiiieeeeeeeeeeeen. 57
4.2.1 Actin spots — a sign of fibrin ClOtS?.......cceeeeiiiiiiiei e 57
4.2.2 Quantification of syncytial KNotS ..........ccoeeeeiiiiiiiiiiii e 58
4.2.3 Disorganized brushborder in PE?.........oo oo 60
4.2.4 PLAP - a potential biomarker for syncytial microM#ss ...........cccceeeeeeeeeeeenn.. 61
4.2.5 Subcellular localization of laeverin in PE placenta............ccccccvvvvceiiiennnnn. 62
4.3 Strengths and limitations of the Study ..., 65
5 CONCIUSIONS ...ttt e e e e e e et e et ettt ettt r s e e e e e e eeaaaasseaeeeeaeaeeeeeennnnes 67
6 FULUIE PEISPECLIVES ...ttt ettt e e e e e et e e e e e ee e e e e e eeeeeereannnns 68
] (= (=T o T TP 69
Supplementary INFOrMEATION .........uuuuei e 77



List of figures

Figure 1 The master ProjeCt SEIUP. ... cccccccereeeeeeieiiiiiee e s e e e e e e e e e e e e eeeeee e ennnreeeeaeeennnn s 3

Figure 2 Fertilization of a human egg in the Faboptube and implantation of a blastocyst. .5

Figure 3 Structure of human term PIACENTA. .. oeeee e 6
Figure 4 Normal human placenta at termM. ... cccceeeceeiieeee e 7
Figure 5 Schematic representation of placentalioch@ Villi................cccoeeiiiiiiiiiiis e 8
Figure 6 Pathophysiology of preeclampsia. ....ccceeveevviiveiiiiiiii e 11
Figure 7 Direct and indirect labeling techniqgueduseimmunofluorescence assay. ............. 16

Figure 8 Schematic overview of sample preparatratogols for advanced fluorescence

MICroSCOpPY Of Placental tISSUE. ...........o e oo e ettt e e e e e e e e e eee e e e e e e e e e eeaeeannnns 19
Figure 9 Sample preparation for FFPE sections usitigect labeling technique. ................ 23
Figure 10 Sample preparation for FFPE sectiongyudirect labeling technique. ................. 24
Figure 11 Schematic representation of two typesulfiple labeling techniques.................. 25
Figure 12 Sample preparation for cryo-sectionsgisidirect labeling technique.................. 28
Figure 13 Sample preparation for cryo-sectionsgudirect labeling technique. ................... 29
Figure 14 Methodology for quantitative analysSis.........ccccoeeeiiiiiiiiiiiiii e 31
Figure 15 Experimental plan of the master project..........ccceviiiiiiiiiiiiiiiii e 32
Figure 16 Autofluorescence control of unlabelledPERplacenta section. ............cccccee.... 33..
Figure 17 Autofluorescence control of unlabellegbemplacenta section...............cccc.... 34.
Figure 18 Concentration optimization for PLAP iyaisections of healthy placentas.......... 36

Figure 19 Two different multiple labeling technigusere performed on 4pum thick FFPE

normal healthy placenta SECHONS. .........cceceeeeiiie e 37
Figure 20 Large FOV of normal and PE human chocioflii...............ccccooeiviiiiiiiinninnnnnn, 38
Figure 21 F-actin filament present in 4 um thickmal and PE chorionic villi. ................... 39

Figure 22 High-resolution deconvolved image of narplacental chorionic terminal villi.. 42

Figure 23 Comparison of high-resolution and supsolution of hSTB in PE placenta tissue.

Figure 24 Super-resolution of chorionic villi innmaal and PE placenta.......................... 46
Figure 25 PLAP expression located at the apicat\gyal trophoblast membrane of healthy

(o] aTo T4 To] o1 [V | | PO PPPPPI 48
Figure 26 Laeverin expression in normal and PE hlBBma membrane............................ 49
Figure 27 Laeverin expression in the fetal capillar.............ccoooiiiiiiiic e 50

Vi



List of tables

Table 1 Overview of full-term placentas from Cauaagatients used for this study. .......... 20

Table 2 Overview of excitation wavelength and emoissilter for the four channels in the

(@ 1Y D o1 o3 0 1T oo o1 TP 30
Table 3. List of optimized concentrations and iretidn times of markers used in this study
for FFPE Sections and Cry0-SECLIONS. ... uummmmmsssssnnnaeeeeeeaeeeereereesrnsnnnnnnnmnnanssssnnneeees 35
Table 4 Quantitative analysis of actin spot loaian in normal and PE tissue.............. 4Q..

Table 5 Overview of the number of syncytial kndbserved in normal and preeclamptic term
PIACENTAS. ... . e e e et e et ettt bbb e e e e e e e e e e eeeeeearnnnns 41

vii



Abbreviations

Ab
AF-488
AF-647
AT1
BP
BSA
CK-7
CMO
DAPI
DNA
DV
ECM
FA
FC
FFPE
FOV
fRBC
GDM
hD
hBP
hCP
hCTB
hCVv
HE
HELLP
hEVT
hSTB
hTB
hTED
huC
hUCA
huCv

Antibody

Alexa Fluor 488

Alexa Fluor 647

Type-1 angiotensin Il receptor

Blood pressure

Bovine serum albumin

Cytokeratin-7

CellMask Orange
4’,6-diamidino-2-phenylidole, dihydrochloride
Deoxyribonucleic acid

DeltaVision Elite High-resolution Microscope / Dexmlution microscopy
Extracellular matrix

Formaldehyde

Fetal capillary

Formalin-fixed paraffin-embedded

Field of view

Fetal red blood cells

Gestational diabetes mellitus

Human decidua

Human basal plate

Human chorionic plate

Human cytotrophoblast cells

Human chorionic villi (chorion frondosum)
Hematoxylin and eosin

Hemolysis, elevated liver enzymes and low platelet
Human extravillous trophoblast cells
Human syncytiotrophoblast

Human trophoblast cells

Human trophectoderm

Human umbilical cord

Human umbilical cord arteries

Human umbilical cord veins

viii



ICM
lgG
IHC
1\
IUGR
MIV
MLT
MSV
OMX
PBS
PE
PHEM
PIGF
PLAP
PSF
PTL
ROI
SBB
sFlt-1
SIM
SK
STBEV
STBM
SV
TBS
TBST
TV

Inner cell mass

Immunoglobulin G
Immunohistochemistry

Immature intermediate villi

Intrauterine growth restriction

Mature intermediate villi

Multiple labeling technique

Mesenchymal villi

DeltaVision OMX V4 Blaze Microscope
Phosphate-buffered saline

Preeclampsia
PIPES-HEPES-EGTA-Magnesium sulfate
Placental growth factor

Placental alkaline phosphatase

Point spread function

Preterm labor

Region of interest

Sudan black B

Soluble fms-like tyrosine kinase receptor-1
Structured illumination microscopy
Syncytial knots

Syncytiotrophoblast extracellular vesicles
Syncytiotrophoblast microvesicles

Stem villi

Tris buffered saline

Tris buffered saline with Tween 20

Terminal villi



Introduction

The placenta is a highly specialized organ onlg@néduring pregnancy. The organ is vital for
the normal growth and development of the fetus raaternal health (1). When the placenta
fails to develop normally, several complicationsctsuas preeclampsia (PE) may rise.
Preeclampsia is a pregnancy-specific disorder @figs-8% of women during pregnancy
worldwide (4% in Norway) (2, 3). The only cure fible disorder is to fully remove the organ.
The etiology of preeclampsia is still unknown. Hoeg it is believed that placenta ischemia
produces soluble toxic factors that are releasttite maternal circulation causing placental
dysfunction. Because placenta ischemia might berdloé cause of PE, it is necessary to
investigate the differences between normal hegithgentas and preeclamptic placentas, thus
various placental-specific biomarkers are usedntestigate morphological changes in the
placenta (4, 5). For this reason, placental bioeraskudies may potentially play a key role in
understanding the disorder and for prediction aganty stage.

The morphology studies of placental pathology are of the cornerstones of diagnosis of
abnormal pregnancies and one of the research fecfisee Women'’s Health and Perinatology
Research Group at the Department of Clinical Mediat The Arctic University of Norway

(UIT). Their main emphasis is on translational afidical research in women’s health and
perinatology which includes fetal-maternal physgylcand genetics, placenta, reproductive
biology and immunology, evidence-based pregnanoy aad epidemiology, urogynaecology

and chronic pelvic pain (6).

The Master thesis was performed at the Women’sthleald Perinatology Research Group,
Department of Clinical Medicine (UiT) in collaboma with the Optical Nanoscopy Research
Group, Department of Physics and Technology (Urhg aim of the collaboration was to shed
light on the pathophysiological mechanisms of piaepsia with the use of advanced

fluorescence microscopy methods.

Due to the interest in this field in addition talted studies associated with advanced optical
fluorescence microscopy methods, this master prejas created. Thus, the primary aims for
the master project were to optimize the sample gregpn-steps of formalin-fixed paraffin-
embedded and cryo-preserved human placental sesiens for fluorescence high-resolution
and super-resolution imaging using advanced miomsenethods. These included a whole-

slide scanner (Olympus VS120), high-resolution deotution microscope (DV) and super-
1



resolution structured illumination microscope (SIMhe secondary aim of the thesis was to
investigate relevant and suitable fluorescenceepi@t biomarkers for ultrastructural and
subcellular investigation of placentas. Additiogave wanted to compare placentas from
women that have had preeclampsia with placentas women with healthy pregnancies and

to identify morphological changes between them.

Furthermore, the findings from the study usingetiht placental-specific biomarkers and
direct fluorescent dyes might contribute to a etiaderstanding of the preeclampsia.
Additionally, our ultimate goal for future reseairishto develop a type of pregnancy test, which
can be taken early in pregnancy to detect and monimen at risk of developing preeclampsia
to mitigate potential threats to women and theiudes. This study was the first step in the

direction to reach that goal; the goal of develgpprediction assay for PE.

The preliminary study for immunofluorescence inigegion started with optimization of the
methods for FFPE- and cryo-sections of human &ulnt placenta tissues from healthy and
preeclamptic pregnancies. The optimization stag&% research time={gure 1) included
optimizing the sample preparation, concentratiod arctubation times for biomarkers and
direct fluorescent dyes and investigating differatieling techniques suitable for FFPE- and
cryo-sections for the advanced optical imaging metfBoth, DV and OMX microscopes were
used for the optimization stage. After acquiring thptimal methodology, the morphology
investigation began — 25% research time. The mdoglyostudy included investigating
structural and subcellular differences of the imofluorescence labeled and direct fluorescent-

labeled healthy and PE placentas using variousosgopes (Olympus VS120, DV, OMX).



Figure 1 The master project setuplowchart represents an overview of the projectipdbr the experimental
plan. Stage 1 was the optimization of the methedsd for the study, and stage 2 was the morpholgly $n the
thesis.

The Master thesis starts with the theoretical fnaork, followed the methodology used in this
study. The third and fourth sections consist ofegxpental results and discussion, respectively.

The final sections include the conclusion and tharke perspectives for the project.



1 Theoretical background

The following section outlines the theoretical grckind of this study. All the information is

given to recapitulate the current state of knowkdg

1.1 Human placenta

The human placenta is a highly specialized orgaseat only during pregnancy and plays a
central role in the health of the mother and thadeThe organ is essential for normal fetal
growth and development, ensuring nutrition and @xygxchange in addition to transporting
carbon dioxide and metabolic waste away from thesfél). Placental pathology may lead to

abnormal fetal development.

1.1.1 Early placental development

Embryonic development, also known as embryogendsagins with fertilization which
initiates the pregnancy. Human fertilization occuwsen a male haploid gamete (sperm cell)
fuses with the female haploid gamete (ovum) fornaryploid zygote (7, 8). The fusion of two
gametes activates the zygote to frequently divitdenmigrating down the Fallopian tube
(Figure 2) (9). During 3-4 days after fertilization, a tréran from 4- or 8-cell to a compacted
morula occurs. On day 5, the morula matures inteeanly blastocyst, consisting of cells
forming an outer layer of human trophectoderm (hY,EeDfluid-filled cavity and an inner cell
mass (ICM). The human trophectoderm gives risautadn trophoblast cells (hTB). The ICM
is the origin of the human embryo and human unmdldilicord (hUC) including placental
mesenchyme (1, 10). Day 6-7, the blastocyst hatefastng the protective zona pellucida and
thus allowing trophoblast migration and invasiotoithe maternal uterine epithelium wall
which initiates the formation of the human placefit@). The formation of the placenta starts
when hTB differentiates into the human syncytiohoiplast (hSTB) invading the myometrium.



Figure 2 Fertilization of a human egg in the Falldpn tube and implantation of a blastocydtertilization of
the egg with a sperm cell occurs on Day 0. Thdlifextl egg proliferates and divides while migratihgough the
Fallopian tube in the uterus (Day 1-4). On dayle preimplantation stage begins, where the moritagyrise
to an early blastocyst consisting of human tropbeetm (hTED), blastocoel (blastocyst cavity) anaeincell
mass (ICM). On day 6-7 the blastocyst hatches ayd3d9, the blastocyst implants in the uterine @aternal
decidua). Formation of the human placenta has beglen the human trophoblast cells (hTB) differertiato
human syncytiotrophoblast invading the myometrigrom: Winslow, T., 2001 (11).

1.1.2 Trophoblasts — the major constituents of the placenta

The structure of the human placenta is complex.ukbene wall (epithelial wall) is located in
the uterus and transforms into human decidua (Rigu¢e 3A) (10). The human trophoblast
cells (hTB) undergo extensive proliferation andfediéntiates into various types of cells
forming the human chorionic villi (hCV) (1). The iman cytotrophoblasts (hCTB) are stem
cells forming the inner layer of the human choreowiili (hCV) with the basement membrane
(Figure 3B). Further, the hCTB cells divide and differentiaieto multinucleated
syncytiotrophoblast (hSTB), also called syncytidatalized at the outer layer of hCV (10).
The hSTB are in direct contact with the maternabtland are the site of maternal-fetal gas
and nutrients exchange. The remaining hCTB that iareontact with the hD, which
differentiates into human extravillous trophobleslis (hEVT) (10). The hEVT migrates into
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the hD and initiates uterine artery remodeling andbles maternal blood to flow into the
intervillous space of the placenta (1, 12, 13). ME® T anchor the placenta. The villous tree is
furthermore developed by the remaining hSTB locatdzktween the lacunae which are called

trabeculae (13, 14).

Figure 3 Structure of human term placenta(A) Structure of a placenta and fetus in a huratarus. The fetus
is connected to the placenta through the umbikicatl. The uterine epithelial wall transforms interhan decidua
(hD). Human trophoblast cells (hTB) proliferate agifferentiate into forming human chorionic vilk€CV) which
are in direct contact with the maternal blood. @8)largement of boxed region from (A). An overviéthe villous
tree in the placenta which is covered by a basemmambbrane (purple) and human cytotrophoblast ¢blZTB)
that are overlined by the human syncytiotrophob{&SXTB/syncytium). HSTB forms a barrier betweerfeéhes
and the mother where gas and nutrients exchangefdthl blood vessels (fetal capillaries) are l@zhinside the
villous. Some cytotrophoblast cells differentiat®dihuman extravillous trophoblast cells (hEVT) ethare in
direct contact with the hD and anchor the placeimtahe uterus. The figure is retrieved and modifiean:
Zeldovich et al., 2011 (12).



1.1.3 From trophoblast differentiation to fully dev eloped human placenta
at term

A fully developed human placenta at term is 500-§68m, 2-3 centimeter thick and 15-20
centimeter in diameter (15, 16). The human placentzomposed of both maternal tissues
derived from the endometrium and the fetal tissiexsved from hTB (1). The fetal region of
the human placenta, called the human chorioniela€CP), consists of fetal blood vessels
branching from the human umbilical cord arterids@A) and the human umbilical cord veins
(hUCV) (Figure 4) (1). The human basal plate (hBP) is located atntfaternal part of the
placenta. This region consists of the maternabkpirtery, maternal vein and human decidua
(hD). Numerous branched human chorionic villi (hGifg submerged in maternal blood (1,
12).

Figure 4 Normal human placenta at term(A-B) Macroscopic image of a healthy placenta\deked from a
pregnant woman at term. (A) Fetal side of the pfaaeshowing human umbilical cord (hUC) at the human
chorionic plate (hCP). (B) The maternal side of giacenta showing human decidua (hD) partly remoy&d
Schematic illustration of normal placenta showihg human chorionic plate (hCP) located at the fsidé of the
human placenta, where the fetal blood vessels Iwiagcfrom the human umbilical cord arteries (hUCax)d
human umbilical cord vein (hUCV), located withirethuman umbilical cord (hUC). The intervillous spas
filled with maternal blood and the human chorionitti (hCV) that are submerged in the maternal ldod@he
human basal plate (hBP) and human decidua (hD)l@cated at the maternal region of the placenta.e®ahtic
image made with BioRender.com. Macroscopic photdd, (Photo: Bjgrn-Kare Iversen, UiT-The Arctic
University of Tromsg, Norway.



1.1.4 Chorionic villi - microscope identification o f subtypes

The human chorionic villi are a complex structua¢egorized into different subtypdsigure

5A). The hCV are composed of mesenchymal villi (MS¥hich are present during the early
stages of pregnancy and gradually transformed imtoature intermediate villi (11V) (18).
Mature intermediate villi (MIV) are longer and lafskal vessels in the stroma compared to the
immature intermediated villi (18, 19). MIV develofisthermore into terminal villi (TV) that
are connected to the stem villi (SV) by intermeslisiructures (18). Large amounts of TV are
commonly visualized in term placentas. Howevarait be difficult to differentiate the different
subtypes of villi in a histological investigationelto different shapes, sizes and structures. One
of the factors that may affect the observationhis $ectioning angle of the tissue sample,
resulting in a microscope observation of diffefemms of the same subtype of the viligure

5B).

Figure 5 Schematic representation of placental cihamic villi. (A) The chorionic villi (yellow) in the middle
show where the different subtypes of villi are tedaThe arrows display the different subtypeshofionic villi.
The chorionic villi are a complex structure in difént subtypes: stem villi (SV), terminal villi (Tvhesenchymal
villous (MSV), immature intermediate villi (11V) dmature intermediate villi (MIV). The figure isieved from
Baergen RN., 2010 (20). (B) Tissue sectioning fitrdint angles results in observing different stsaézes, and
structures of chorionic villi with the microscop€he black line indicates where the section is mané the
representative images are shown at the right. ithed is retrieved and modified from: Kingdom,2000 (21).



1.1.5 The role of chorionic villi placental functio n

The human placenta plays a key role in feto-mateéraasport, metabolism, protection against
foreign and dangerous pathogens and endocrinetisecfd, 22). Terminal villi exchange
nutrients and gases over the syncytial trophobtammnbrane (23, 24). It transports oxygen,
water, carbohydrate, amino acids, lipid, vitammserals and other essential nutrients to the
fetus (1, 16). Removal of carbon dioxide, wategauand other waste products from the fetus
to the mother occurs over the syncytial plasma mangto the maternal blood (23). The
placenta maintains the protection of the fetus foamain xenobiotic molecules, infections, and
maternal diseases (1). Additionally, the placerdkeases hormones that circulate in the
maternal blood and affect the pregnancy, metaboligtus growth, parturition and other
functions (1, 16, 25).

1.2 Abnormal pregnancy and pregnancy-related disord ers

Health problems may occur during pregnancy affgagither the mother, the fetus or both. The
most common pregnancy-related disorders that duefiore, during or after pregnancy include
preeclampsia (PE), intrauterine growth restric{itGR), preterm labor (PTL) and gestational
diabetes mellitus (GDM) (26-28).

1.2.1 Preeclampsia

Preeclampsia (PE) is a pregnancy-related hypevterdisorder affecting 5-8% of women
worldwide (2, 4). The disease generally occurseam&n during their pregnancy after 20 weeks
of gestation and frequently near term (29). Diagghobpreeclampsia is based on hypertension
(defined as BP 140 mmHg systolic and/or BP0 mmHg diastolic) and proteinuria after 20
weeks of gestation (4). In absence of proteinyi@eclampsia is defined as the onset of
hypertension with thrombocytopenia, renal insuffiy, impaired liver function, pulmonary

edema and cerebral or visual symptoms evidencgstémic disease (4).

Preeclampsia may be classified into two groupsy emeeclampsia (<34 weeks) with a higher
risk of maternal and fetal complication and lategmampsia (34 weeks) (4). Early-onset
preeclampsia is characterized as a fetal disoederred to as a reduction in placental volume,
intrauterine growth restriction, abnormal uterined aumbilical artery Doppler, low birth
weight, multi-organ dysfunction, perinatal deatll @dverse maternal and neonatal outcomes

(29). Late-onset preeclampsia is often relatethéomaternal condition with a characterization
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of a normal placenta, large placental volume, nbfetal growth, normal uterine and umbilical
artery Doppler and normal birth weight (30). Howevearly-onset is more severe in

comparison to late-onset preeclampsia.

1.2.2 Pathophysiology of preeclampsia

The root cause of preeclampsia is unknown. Howekerdisorder results from ischemia of the
placenta which initiates releases of various seluiakctors (earlier called toxins) into the
maternal circulation that interrupts the pregnamynunomodulation and thus induces the
clinical manifestation of the disease (5, 31). Was agents such as genetic factors, abnormal
trophoblasts, oxidative stress and increased agiogensin 1l receptor type 1 (AT
autoantibodies may contribute to reduced migradios invasion of the spiral arteries resulting
in placental dysfunctionFigure 6) (4). Thus, the condition of preeclampsia occufremv
adaptive responses release inflammatory cytokind3, antibodies, angiogenesis,
antiangiogenic factors and syncytiotrophoblastytiparticles into the circulatory system of
the mother (4, 32). All these different factorsund the activation of leukocytes, intravascular
inflammation, endothelial cell dysfunction and essige thrombosis. The stimulation of this
process in various target organs is the reasonetgnt the multiorgan pathogenicity of

preeclampsia (4).
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Figure 6 Pathophysiology of preeclampsia Different factors including genetic factors, aiomal
trophoblast/decidual interaction, oxidative stressid increased ATautoantibodies increases the failure of
physiological transformation of the myometrial seginof the spiral arteries (deep placentation) whieads to
placental dysfunction. The effect of these factessilts in preeclampsia which occurs when adaptgponses
release inflammatory cytokines, anti-ATantibodies, angiogenesis, antiangiogenic factorand
syncytiotrophoblast-derived micro-and nanopartidle® the maternal circulatory system. Further,gsbdactors
initiate leukocytes, intravascular inflammation dethelial cell dysfunction, and excessive thrombasay be the
cause of the multiorgan pathogenicity of preeclamgsrom: Chaiworapongsa et al., 2014 (4).
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1.2.3 Treatment of Preeclampsia

To date, there is no specific treatment for preapksia. Thus, the only cure is to remove the
placenta to manage the symptoms (33). NumerousveriBons have been tested for the
prevention of preeclampsia, including low-salt sliediuretics, fish oil, calcium supplement,
antioxidants, aspirin and heparin (4, 33, 34). &tedaspirin is the only substance that has been

shown to have a prophylactic effect for the prenenof PE (33).

1.2.4 Eclampsia — extreme complication of the preec  lampsia

Eclampsia is an extreme complication of preeclampigt causes damage to maternal arteries
and other blood vessels which might restrict tle@8liflow, leading to swelling in blood vessels
in the brain, resulting in seizures and maternatli€35-37). The complications followed by
eclampsia include stroke, hemolysis, elevated liezymes, and low platelets (HELLP)

syndrome, and disseminated intravascular coagulé8®).

1.3 Biomarkers

The World Health Organization (WHO) defines bioneasas any substance, structure, or
process that can be measured in the body or itslymband influence or predict the incidence of
outcome or disea8¢39, 40). Biomarkers, also known as biologicalrkeais, are key tools in

clinical and biomedical research. These types dicators provide vital information about
biological mechanisms, pathogenic processes, pltalogic processes, or therapeutic

intervention depending on the type of applicatisadifor the research purpose.

1.3.1 Placental biomarkers

There are several types of biomarkers used tofigets the biological and clinical mechanisms
of placental and fetal development, including proteased biomarkers, DNA-based
biomarkers, RNA-based biomarkers, or biomarkers goedicting fetal outcomes (41).
Placental biomarkers are used to understand theemgia function linking to placental
physiology, maternal-fetal physiology, including apéntal abnormality (42). Various
angiogenic and anti-angiogenic biomarkers are tsau/estigate PE, where a study led to the
discovery of over-expression of soluble fms-likegosine kinase receptor-1 (sFlt-1) and
decreased levels of placental growth factor (PI@Ffulating in PE patients (43). Today, the
sFIt-1/PIGF ratio is used as a predictor for e&ty (44). For this study, different chorionic

villi-specific biomarkers were used such as lagv€éaminopeptidase-Q), cytokeratin-7 (CK-
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7), and placental alkaline phosphatase (PLAP). @liesmarkers were chosen for this study
due to their specificity of expression in the plaed cells within the chorionic villi.

1.3.1.1 Laeverin

Laeverin is an aminopeptidase-Q specific to thegalta expressed in the plasma membrane of
human trophoblasts and was first identified by Wafjaet al, in 2004 (45). The protein is
expressed on the cell surface of the human embeyiwat! extravillous trophoblasts (45, 46).
According to a study by Nystaet al, the laeverin was expressed in syncytiotrophdoplas
including cytotrophoblasts cells and extravillougphoblast cells in the human placenta (47).
The expression of laeverin protein in the preeckrmacenta was shown to be significantly
higher and might be expressed in cytoplasm andavésicles in cytotrophoblast compared to

normal placentas (47, 48).

1.3.1.2 Cytokeratin-7

Cytokeratin-7 (CK-7) is a low molecular weight cskeletal intermediate filament protein of
cytokeratins. Studies have shown that the expregdithe CK-7 is expressed in the cytoplasm
of the human trophoblast (49, 50). Thus, the Ck-Zammonly used as a cytoplasmic marker
for identifying the human placental trophoblasi<él7, 50).

1.3.1.3 Placental Alkaline Phosphatase

Placental alkaline phosphatase (PLAP) is a synitgpboblast marker used in immunoassays
and has been proved that PLAP is a particularljulisgarker for detecting syncytiotrophoblast
extracellular vesicles (STBEV) (microvesicles) sled from syncytiotrophoblast (51). Several
studies have shown an increase in the number ofilating STBEV in early-onset PE

compared to a normal pregnancy (52, 53).
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1.4 Mechanism of fluorescence

Fluorescence microscopy requires that the objettmterest have fluorescence capacity.
Fluorescence is a spontaneous emission of light dbeurs within nanoseconds after the
absorption of light that is typical of a shorterwgbength. The difference between the excitation
and emission wavelengths, known as the Stokesssligftthe critical property that makes
fluorescence a powerful tool for microscopy (54-3Fduorophore molecules absorb energy at
a specific wavelength and re-emit at a differemt@l@angth. Within the fluorophore molecules,
some electrons will absorb the photon energy aartsition from the ground state to an excited
state (57). When transitioning back to the grouatesthe electrons will emit photons at higher
wavelengths and, consequently, lower energy (58)using the appropriate filter set, it is
possible to completely filter out the excitatioght and collect the emitted fluorescence,
allowing the visualization of the fluorescent sijffdis approach provides superior contrast to
conventional labeling techniques in which objectsstained with agents that absorb light, such
as hematoxylin and eosin (HE) staining, where tmeunt of light absorbed becomes only

infinitesimally different from the background (54).

1.4.1 Direct fluorescent dyes

Direct fluorescent dyes are reactive dyes (i.e.raieed in animals) conjugated to fluorophores.
The direct fluorescent dyes are widely used fogding specific proteins, compartments,
molecules and structures within a tissue of intg%®%). They allow the detection of structures
of interest on a fluorescence microscope withoutrfopming histochemical or
immunohistochemical methods (60). For this stuldg Rhalloidin-Atto 647 N marker was used
to target F-actin and CellMask Orange was usedfEmbrane staining. Additionally, DAPI is
a common marker for deoxyribonucleic acid (DNA)isitag and was used for detecting

placental nuclei.

1.4.2 Immunofluorescence technique

Immunofluorescence microscopy is a powerful techaigxtensively used in biomedical
research labs worldwide to analyze and visualizdeoubes (antigens) of interest. This
technique provides both high contrast and highigpig of the labeled structures, enabling
the study of biological mechanisms in both heatthgl diseased models (61-63). The principle
of this technique is to use fluorescently-conjudasmtibodies that recognize and detect

antigens of interest by a fluorescence microsc@#. (In this study, immunofluorescence
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labeling was used as a tool to investigate the roenae of different biomarkers targeting
molecular structures within the placenta tissuehsas the laeverin, CK-7 and PLAP.

1.4.2.1 Antibody and antigen

An antibody (Ab) is a protein compartment produesd defense mechanism within the host
in response to the exposure of a foreign substaatted an antigen (65). An antigen is a
substance that activates the immune system to peodntibodies against it (65). An antigen

consists of molecules such as proteins, polypegtidelysaccharides, lipids, or nucleic acids.
The structure of an antibody is classically Y-slthped consists of two heavy chains and two
light chains within a binding site on the short ar(66). The binding site of the antibody is

highly specific to a particular combination of maléar conformation and component

molecular groups such as a specific region in amamacid sequence. The antibody binds to
the epitope (specific region) located on the swfatthe antigen. Antibodies can be either
monoclonal or polyclonal. Monoclonal antibodies aggize only one epitope, whereas,

polyclonal antibodies are formed by repeated immation of the animal that binds to the

antigen of interest (67).

1.4.2.2 The direct and indirect technique

Direct immunofluorescent labeling uses only a snghtibody conjugated to a fluorophore
which binds directly to the antigen (68). Wherdae indirect immunofluorescent assay uses
unconjugated primary antibodies binding to fluorophiconjugated secondary antibodies to
detect the antigen of interest. In the latter methib is also important that primary and
secondary antibodies are originated from differgpécies, to avoid cross-reactivity in the
sample of the secondary antibodies with endogemoomsinoglobulin G (IgG) (69)Figure 7
illustrates the mechanism behind the productioprimhary and secondary antibodies. First, an
antigen is inoculated into a rabbit, which produpamary antibodies that are raised against
that specific antigen, thus enabling the speciiindling to the epitope of the antigen. Second,
an inoculated donkey with rabbit IgG will producesecondary antibody that will enable the

binding to the primary antibody raised againstdpecific rabbit IgG (66).
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Figure 7 Direct and indirect labeling technique uden immunofluorescence assayhe top panel illustrates
the mechanism behind the production of primary sewbndary antibodies. An antigen is inoculated atabbit
who then produces primary antibodies against thatigien. An inoculated donkey with rabbit IgG prodsic
secondary antibodies against that rabbit IgG, emapthe binding to the primary antibodies. The bottpanel
shows the working principle of both direct and nedi immunofluorescent labeling. In the direct lfg method,
a fluorescently-tagged primary antibody binds dilgdo a specific antigen, whereas the indirect dhifng
technique uses two antibodies: a primary antiboolyrial to a fluorescently-tagged secondary antib8dpematic
image made with BioRender.com.

1.4.3 Autofluorescence background

Generally, successful observation of fluorescenas dn formalin-fixed paraffin-embedded
(FFPE) tissue sections is significantly hamperee unatural autofluorescence occurring in
the tissue. This prevents clear visualization & kibeled tissue section. Autofluorescence
appears when a biological structure emits fluoneseeat a natural level without being
manipulated by fluorescent dyes (70). Studies Isdn®vn that the cause of autofluorescence
might be due to the presence of native cell compitzsich as red blood cells, collagen, elastin,
flavins, porphyrins, chlorophyll, lipofuscin, inading cyclic ring compounds (NADPH and
riboflavin), aromatic acids, and cellular organglignitochondria and lysosomes) (71-77).
Additionally, autofluorescence may also occur frizxatives such as neutral buffered formalin,
a commonly used fixative in tissue preservatiort foams covalent bonds between amino
groups (78). Consequently, fluorescent product$areed resulting in an intense fluorescent
background (79). Most of the induced autofluoreseeim tissue has an emission between

and which overlaps the emission wavelength of fluokmgls. Thus,

autofluorescence might affect the interpretatiorthaf fluorescence signal coming from the

samples.
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1.5 Advanced fluorescence optical microscopy

1.5.1 Deconvolution microscopy

Deconvolution microscopfDV) is a diffraction-limited computational technique'méting a
stack of images to be processed by inexpensive gtargpin a short time depending on the
acquisition size and the deconvolution algorithré, (80). This technique aims to remove the
optical blur and reduce statistical noise by usimigrmation about the images from the
microscope to estimate the original object. Theseanf blurring and noise in the microscope
is largely due to the limited aperture of the msmape objective lens. The out-of-focus blur
and photon noise that degrades the image of tleeisjremoved by the optical sectioning (56,
81). By moving the focal plane of the objectivergjahe optical axis, it is possible to determine
the point spread function (PSF) of the microsc&®. (If the PSF is known, then deconvolution
can be performed to remove the blur from the aegudata, thus improving the contrast and
resolution of the microscope image. DV images argcaptible to reconstruction artifacts
derived from non-symmetric PSF. Therefore, carefllmatching is required before the

acquisition of the raw image stack.

1.5.2 Structured illumination microscopy

Structured illumination microscopy (SIM$ a super-resolution technique using laser-based
widefield configuration (82). SIM permits for obsation of fluorescence-labeled samples at a
lateral and axial resolution below the diffractionit, reaching at most and ,
respectively (83). In SIM, diffracted laser beamizero-order and/or first order are used to
illuminate the sample. After passing the microscolgective, the beams interfere at the sample
plane with each other creating a high spatial feeqy stripe-like pattern (82). The overlapping
between the stripe illumination and the high spatemuency of the sample creates low spatial
frequency patterns called Moire fringes that ares mathin the resolution capabilities of the
objective lens (82, 84). The information of the #nwructures in the sample can be
computationally retrieved from the Moiré fringeso Tapture isotropic information in all
regions and spatial directions, the illuminatiottgxa needs to be shifted in five lateral phase
steps and rotated in three angles for every fdealgy(82). A stack size of at least eight planes
IS required to reconstruct an optical section witper-resolution in all three axes (x, y, z). Due

to sensitivity to out-of-focus light, artifacts nmigbe generated by imaging with SIM (84).
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1.5.3 Limitations of fluorescence microscopy

Despite the advantages of the microscopy methodsioned above compared to commercial
brightfield microscopy, fluorescence microscopy bBame disadvantages. Photobleaching is
one of the limitations that might occur using alhds of fluorescence microscopes.
Photobleaching is the permanent loss of fluoreseehthe dyes due to an irreversible chemical
reaction that changes the absorption and emissipabilities, becoming non-fluorescent (85,
86). Advanced microscopy methods such as DV andr8tMire photo-stable dyes for optimal
image reconstruction. Thus, in these methods phledobing hampers the quality of the
reconstructed image. Furthermore, the broad enmisspectra of autofluorescence pose a
challenge in computationally-based microscopy teghes such as DV and SIM. Additionally,
in the case of live-cell imaging, a process calpdtotoxicity will also limit the imaging
acquisition. In live processes, prolonged exposiireells to light leads to chemical reactions

that alter the biochemistry of the samples (86-88).
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2 Materials and methods

In this project, full-term human placenta from hiegl pregnancies and women with
preeclampsia were used to investigate suitableeptat biomarkers for ultrastructural and
subcellular detection of the protein-specific sigassociated with preeclampsia. FFPE and
cryopreservation techniques were used to prepategeasserve the tissue specimeRgj(re

8). Placental samples were collected, preservedipsed, immunofluorescence-labeled, and
investigated using advanced fluorescence opticalaacopesTable S1in Supplementary
provides a detailed list of all the equipment, exdg and solutions used for the study. The
labeling experiments with the different combinaiaf markers are presentedTiable S2in

Supplementary.

Figure 8 Schematic overview of sample preparatiomfocols for advanced fluorescence microscopy of
placental tissugA) FFPE tissue sections sample preparation proced(B) Cryopreserved tissue section
preparation procedure. (C) Different advanced fleszence microscopy methods were performed to genera
images, including the Olympus VS120 whole-slidarseg the DV microscope, and the OMX microscopenfr
Villegas-Hernandez et al., 2020 with permissiomfrgillegas-Hernandez.
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2.1 Clinical evaluation of full-term placentas

Clinical evaluation of the normal and preeclamptit-term placentas were performed by
clinicians at the University Hospital of Northerroiway (UNN) (89) following the Norwegian
guidelines for diagnosis at the Department of Glisgeand Gynaecology.

2.2 Collection of human placental tissue samples

Full-term placentas from normal and preeclamptittepés were collected as referredito
Table 1 For optimization, normal (n=2) and PE (n=2) plateesamples and for morphological
investigation, normal (n=6) and PE (n=6) sampleseva®llected immediately after delivery
(within 30 minutes). The study was approved by Regional Committee for Medical and
Health Research Ethics-North Norway (REK Nord r@D£0/2058-4). The written consent was
obtained from the participants. All the samplesensmonymized.

Table 1 Overview of full-term placentas from Caudas patients used for this study.

Human term placenta  For optimization For investigation
FFPE sections Normal (n=1) PE (n=1) Normal (n=5) PE (n=5)
Cryo-sections Normal (n=1) PE (n=1) Normal (n=1) PE (n=1)
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2.3 Tissue preparation of FFPE sections

2.3.1 Formalin fixation

The collected placenta tissues were processedvioipstandard histological procedures. The
tissue processing was performed by the bioengiaedhe pathology department. Tissue
fixation is crucial for obtaining the high-qualitspnorphology needed for targeting and
identifying structures of interest in histopathatay diagnosis and analysis. Tissue fixation
entails a series of complex chemical modificatiohsnacromolecules in tissues to preserve
their structure and chemical composition as claséheéir natural state (90, 91). It prevents
autolysis, mitigates putrefaction and preservesribgohology while maintaining antigenicity
(63). The human placental tissues were quickly sriged in formalin fixative after the biopsy
to prevent autolytic degradation by proteolytic yanes and contamination within the tissue
(91). The formalin fixative is commonly used in Ipalbgy examination because of its degree
of accuracy and adaptability (91). Longer fixatioh the tissue may harden the further
processing of paraffin infiltration, which may haempthe quality of sectioning. Thus, this

procedure was vital for acquiring adequate tissotians.

2.3.2 Dehydration, paraffin embedding and sectionin g

After fixation, the tissue specimens were furthergessed for dehydration with graded ethanol
and Xylene to remove the water. Thereafter, tlreuésvas infiltrated with an infiltration agent
(molten paraffin wax) to remove Xylene from the yefation step before embedding in
paraffin which permits the tissue to be cut intio $ections. This process solidified and formed
a hard matrix which was then cut into semi-thirtises of 4-5um thickness using a microtome
(HM 355S Automatic Microtome, Thermo Fisher SciBatiWaltham, Massachusetts, USA).
With co-assistance and training from a histo-tetbgist, adequate paraffin blocks of FFPE

were sectioned into 4 um thickness and mountedraitiescope glass slide.

2.3.3 Deparaffinization and rehydration

The tissue sections were incubated &066vernight before performing deparaffinization and
rehydration. Incubation overnight was performealtain good adhesion of the sample to the
slide including melting the substantial amount afgsfin. Overnight incubated tissue sections
were then deparaffinized in Xylene (3 x 10 minutasyl rehydrated in graded alcohol:100%
ethanol (2 x 10 minutes), 96% ethanol (2 x 10 mi@% Ethanol (10 minutes). Xylene is a
flammable toxic organic solvent that is commonlyedisto solubilize paraffin for
deparaffinization of the tissue sections. The savfedegraded alcohol concentration solutions
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removed Xylene and reintroduces the water moleiciitethe tissue. The deparaffinized and
rehydrated tissue sections were washed with 150tyMng bleaching solution (30 minutes)
to neutralize free aldehydes in the tissue andreséhthe binding capabilities of the antibodies
and dyes to the sample. Lastly, the FFPE secti@me washed with MilliQ-water (5 minutes)

to remove the bleaching solution.

2.3.4 Antigen retrieval

Following deparaffinization and rehydration, antigeetrieval was performed using citrate
buffer (pH 5.98) which enabled the antibodies toeas the target proteins within the tissue and
separate the crosslinks that were formed duringtibx (63). This technique was highly
beneficial to restore epitope-antibody reactivitiie citrate buffer solution was pre-warmed to
around 95°C (10 minutes), and the samples wereglaca glass-beaker filled with hot buffer.
The glass-beaker containing tissue sections weceomaved (2 x 5 minutes) at 50% power
(filled up with hot buffer in between if the levgbt low). Thereafter, the sections were cooled

down in the buffer solution (20 minutes) at roomperature.

2.3.5 Immunofluorescence labeling

After antigen retrieval, immunofluorescent labelwgs employed. The FFPE sections were
washed with MilliQ-water (3 x 2 minutes) and waghiouffer (TBST; 1X TBS and 0.05%
Tween 20) (2 minutes) before incubating in a blogkbuffer (1% BSA in TBST) (30 minutes)
at room temperature. Blocking buffer prevents thepecific binding of antibodies in the tissue
sections. Primary and secondary antibodies werpaped by diluting in blocking buffer
according to the optimized concentrations showhahble 3(Table S2in Supplementary). The
slides were then placed in a wet chamber to avgithgl of the sample during incubation and

started with applying primary antibody on the sla incubated overnight at 4°C.

After overnight incubation, the FFPE slides wereskneal with washing buffer/TBST (3 x 5
minutes) and PBS (2 x 5 minutes) before secondemybation (1 hour) at room temperature.
All steps from labeling with secondary antibodiesrgv performed under aluminum foil to
prevent photobleaching. Thereafter, proceed witehivey buffer/TBST (3 x 5 minutes) and
PBS (2 x 5 minutes) washing step. Direct fluorest¢aipeling was used in combination with
immunofluorescence labeling to visualize structéeatures on the tissue accordind-tgure

0.
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Figure 9 Sample preparation for FFPE sections using indirdebeling technique Enlarged and modified image
from Figure 8.

2.3.6 Direct fluorescence labeling

Figure 10 represents the preparation of fluorescence lapelor FFPE sections. For
fluorescence labeling, antigen retrieval was noluded as fluorescence dyes can bind to the
target structure directly. The following steps wpegformed under aluminum foil to prevent
photobleaching of the fluorescence dyes. After ddfiaization and rehydration, the FFPE
samples were directly incubated with phalloidineA®47 N for F-actin staining (15 minutes),
then washed with PBS (2 x 5 minutes) before laeliith CellMask Orange (CMO) for
membrane staining (15 minutes). The slides weremagashed with PBS (2 x 5 minutes) and
then incubated in DAPI for nuclei staining (15 nties). The labeled slides were finally washed
with MilliQ water (2 x 5 minutes) to remove any dyleft on the slide. The FFPE samples were

thereafter mounted and sealed accordirggtdion 2.3.8
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Figure 10 Sample preparation for FFPE sections uginlirect labeling techniqueEnlarged and modified image
from Figure 8.

2.3.7 Multiple immunofluorescence labeling

In addition to direct and indirect labeling techurg, multiple labeling technique (MLT) was
also performed and optimized for FFPE- and crydises. This technique is widely used to
identify co-localization, different cell populatisnor to obtain multiple antigen localization
within the tissue or sample. However, some critergie required in multiple labeling using
the indirect method. It involved using primary @aiilies and secondary antibody conjugates
raised in different species of animals to succdlysfiet the result without cross-reaction
complications. The other criteria were to use sdaon antibodies conjugated to different
fluorochromes (92). For this study, the first labgltechnique (mixed technique) implied
mixing two primary antibodies and labeling the uisssection before incubation overnight
(Figure 11). Thereafter, the tissues were labeled with misedondary antibodies and
incubated for 1 hour. The second technique (sardteichnique) indicated labeling with one
biomarker before labeling with the second biomadamording td-igure 11 The labeled FFPE

sections were thereafter mounted and sealed aogoi@section 2.3.8
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Figure 11 Schematic representation of two typesnadltiple labeling techniquesThe first technique is called
the mixed technique: mixing two biomarkers in oolet®on and labeled them together. The second igcienis
called the sandwich technique: labeling with onentirker before labeling with the second biomarEshematic
image made with BioRender.com.

2.3.8 Mounting and sealing

The excess liquid of the FFPE glass slides withlabeled tissue sections was aspirated and
mounted with Prolong Gold to prevent photobleaclasing to closely match the refractive index
of the objective lens. The mounted slides were ttwrered with #1.5 Poly-L-Lysine coated
coverslips and sealed with dental glue PicodemgivR2 (1:1 mixture of solution A and B).

Then, stored at 4C protected from the light until further use.
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2.4 Tissue preparation of cryosections

The cryo-sections were prepared using the Tokugeethod. The Tokuyasu method is a simple
protocol that includes simple chemical fixationag#reezing in presence of sucrose, cutting
into 100-400 nm cryo-sections, then labeling andaste at AC until further use (93, 94).

2.4.1 Fixation of cryosections

The collected tissues (REK Nord ref.# 2010/2058~)e macro-dissected approximately 3 cm
beside the umbilical cord on the fetal side andar3fom the peripheral side at the maternal
side to obtain the maternal and fetal side of taegnta tissue (48, 95). The placental samples
were rinsed with 9 mg/mL sodium chloride to remtweremaining maternal blood and frozen
at high pressure (EMPACT 2 HPF; Leica Microsystendggenne, Austria) to prevent
crystallization of ice (more details Nystatlal, 2014 (48)). Tissue samples were infiltrated in
5 mL of 1 x PIPES-HEPES-EGTA-Magnesium sulfate (RHBbuffer (seeTable S1 for
chemicals used to make the 1x PHEM byffBHEM is a non-toxic buffer (pH 6.96) used for
preserving the cell structure as it gives bettérastructural preservation by stopping the
enzymes from digesting the tissue (96). Placemtalpdes werdurther dissected into 1 mim
and immersed in 5 mL 8% paraformaldehyde (PFA)HER buffer and incubated at@
overnight (94).

2.4.2 Storage in liquid Nitrogen

The overnight fixed tissue samples were washednrL5LM PBS (2 x 5 minutes) following
immersion in 12% gelatine at 3C in a Tube Rotator B7925 (Agar Scientific Ltd.j fohour.
The 12% gelatine immersed tissue samples were @edbn 0.12% glycine and infiltrated in
1 mL 2.3 M sucrose overnight atCl on a tube rotator to avoid crystallization durithg
freezing process. The samples were assembledaetinsen pins and stored in liquid Nitrogen.
Before transferring the tissue sample to the pismall drop of 2.3 M sucrose was applied to
each specimen pin to enhance attachment of thespea@nd placed in cryogenic vials before

storage in a liquid nitrogen tank.

2.4.3 Cryo-sectioning

To obtain high-quality cryo-sections, an experiehergineer cut the snap-frozen samples into

100-400 nm thick slices using a cryo-ultramicrotofl®MUCG6 ultramicrotome, Leica

Microsystems, Vienna, Austria). The sectioned sasiwere collected with a wire loop and

transferred on #1.5 Poly-L-Lysine coated coverslipscrose infiltration was performed to

prevent crystallization into ice by disrupting tlweater molecule interaction. This was
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performed by applying 2% methylcellulose and 2.30drose on the tissue specimen placed
on the coverslips to prevent structure collapsenkimg, and minimize cell deformation. The
sections were then placed on a parafilm-covereahgbetri dish for storage at@ until further

use.

2.4.4 Immunofluorescence labeling

Figure 12represents the protocol for immunofluorescenceliag on cryo-sections. The cryo-

sections were prepared on a parafilm-covered npéigd. To make sure the methylcellulose-
sucrose mixture was dissolved, the coverslips wenmen washed with PBS (3 x 20 min) on a
heating plate at 40°C. The immunofluorescence iafpgbrotocol was performed at room

temperature and started with incubating the tissudocking buffer (30 minutes), washed in
PBS (2 x 5 minutes), incubated in primary antib¢tyour) and then washing with PBS (2 x
5 minutes). All steps from labeling secondary amdies were performed under aluminum foll
to prevent photobleaching. The tissue sections wexgated in secondary antibody (1 hour)
at room temperature and washed with PBS (2 x St@#&)uThe sections were then labeled with
CMO and DAPI via direct fluorescent techniques tsualize the membranes and nuclei,
respectively. Thereafter, the labeled cryo-sectinese washed with MilliQ-water (2 x 5

minutes) and prepared for mounting and sealingrdoug tosection 2.4.6
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Figure 12 Sample preparation for cryo-sections ugimdirect labeling techniqueEnlarged and modified image
from Figure 8.

2.4.5 Direct fluorescence labeling

Figure 13 represents the protocol for fluorescence labetingcryo-sections. The labeling
process for the cryo-sections was similar to theEERuorescent labeling technique. The same
reagents and dyes were used including the dye ntratien presented iffable 3. Direct
fluorescence labeling started with incubation iralfhdin-Atto 647 N (10 minutes), then
washed with PBS (2 x 5 minutes) before labelindivdMO (10 minutes). The cryo-sections
were washed again with PBS (2 x 5 minutes) andoatad in DAPI (10 minutes). The labeled
sections were then washed with MilliQ-water (2 mbutes) and prepared for mounting and

sealing according teection 2.4.6
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Figure 13 Sample preparation for cryo-sections ugidirect labeling technique Enlarged and modified image
from Figure 8.

2.4.6 Mounting and sealing

The excess liquid from the cryo-sections were asgar before mounting with Prolong Gold
Antifade Mountant in the center of the microscopasg slide and placed the sample facing the
mounting medium. The excess mounting medium wasvenhby tapping gently on top of the
slides and aspirated the excess on the edges obtieeslip. The visible air bubbles were also
removed by tapping gently with a plastic tweezdre Elides with the sample on were then
sealed with dental glue Picodent twinsil 22 (1:ktomie of solution A and B) and stored 4c4

protected from the light until further use.
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2.5 Microscopy

For this study, 3 advanced fluorescence microscojes used. The Olympus VS120 whole-
slide scanner Microscope (Olympus Life science,9dabusetts, USAthe DeltaVision Elite
High-resolution Microscope (GE Healthcare, Chicad8A), referred to as DV microscope,
and the DeltaVision OMX V4 Blaze (GE Healthcarejdalgo, USA), referred to as the OMX
microscope. The Olympus and DV microscopes were tgseacquire a large field of view
(FOV) fluorescent images, whereas the DV and thexQMcroscopes were used to generate

high-resolution (deconvolution) and super-resolu{i8IM) images, respectively.

2.5.1 Whole-slide scanner

Olympus VS120 is a whole-slide scanning microscty allows multicolor imaging of
fluorescently-labeled samples in manual and autedhatode (97). For a large field of view
(FOV), a 20X/NA 0.75 objective lens (Olympus, Tokydapan) was used. The image
acquisition was performed by a specialized technicat the Advanced Microscopy Core
Facility, UiT. Further, whole-slide scanning imagesre reconstructed and processed using

Olympus Soft Imaging Solution GmbH software.

2.5.2 DV and OMX

The labeled slides were gently cleaned with 70 Bamal to make sure the coverslip was dust-
free and cleaned before microscopy. The labelechandabeled samples were imaged on the
DV microscope with four channel3gble 2). Started with a 20X/NA 0.75 objective lens to
generate a large FOV. Then, progressively incre#iseanagnification to 60X/NA 1.42 oil-
immersion objective lens to identify regions ofergst (ROI). Used the same coordinates of
the ROI on the OMX microscope with 60X/NA 1.42 wmilmersion objective lens, three
sCMOS cameras, including four channels to obtagh-nesolution and super-resolution

microscopy images.

Table 2 Overview of excitation wavelength and enggdfilter for the four channels in the OMX microsape.

Channel 1 642 683/40
Channel 2 568 609/37
Channel 3 488 528/48
Channel 4 405 436/31
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To ensure that the refractive index of the immers0 matched that of the coverslip, a PSF
optimization was required. PSF optimization wagiedrout by orthogonal visualization of
single emitters on diverse z-stacks acquired vimtimersion oils of different refractive indices
(S4in Supplementary). The PSF of single emitters wasitared in the orthogonal view of the
constructed images until symmetrical shapes wetairedd. This was essential as a mismatch
can lead to artifacts in the reconstructed imagedlowing, the generated images were

reconstructed and processed using SoftWoRx and&gjpectively.

2.6 Autofluorescence controls

A test to visualize the autofluorescence was peréal by following all the steps except labeling
on a normal FFPE- and cryo-sections. The unlabetethal healthy placenta sections were
mounted and sealed accordingsextion 2.3.8andsection 2.4.6respectively. The FFPE- and
cryo-sections were then imaged using the DV mi@psanith a 20X/NA 0.75 objective lens.
Autofluorescence control was performed to evalaatkcontrol the fluorescence dyes and their

excitation ratio.

2.7 Quantitative analysis

The quantification analysis was performed on plédeeatures independently localized using
large FOV images generated from Olympus VS120 mampe and DV microscope. A grid
was placed above the large FOV image. Then, theeptal features were counted on each box
using naked eyes$igure 14).

Figure 14 Methodology for quantitative analysisThe quantitative measurements of placental festwvere
characterized by using a large field of view (FOMpge. A grid was placed above the large FOV imade
placental features were identified by counting ihesence of the features in each box with nakes. eye
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3 Results

The results were obtained from two stages of rebedfigure 15). Stage 1 included
optimization of the methods for FFPE- and cryo4isest which was 75% of the research time.
The placenta samples of FFPE sections (normal nd1P& n=1) and cryo-sections (normal
n=1 and PE n=1) were used for the optimizationest&y microscope and OMX microscope
were used to generate large FOV, high-resolutiotV)(2and super-resolution (SIM),
respectively, for quality and optimization contadlthe labeled sections. Stage 2 took 25% of
the research time. This part included morphologggtof FFPE sections from normal (n=5)
and PE (n=5) using the Olympus VS120 microscopetlaadV microscope to generate large
FOV and high-resolution images, respectively. LaF§8V was also used for quantitative
analysis. The cryo-sections of normal (n=1) andi®8) were used to investigate subcellular-
and ultrastructure in high-resolution (DV) and supesolution (SIM) images generated by the
OMX microscope. The morphological investigation yasformed using different biomarkers
to analyze the morphological and quantitative déffeees comparing placentas from healthy

pregnancies and pregnancies of preeclamptic women.

Figure 15 Experimental plan of the master projedelowchart representing two stages of the mastejegt.
Stage 1 included optimization of the methods onE-FRhd cryo-sections and occupied 75% of the redetime.
Large FOV and high-resolution images were generatgidg DV microscope and OMX microscope for super-
resolution images. Stage 2 of the study was theplnobogy investigation of labeled FFPE sections angb-
sections using Olympus VS120 and DV microscopgeoerating large FOV and high-resolution (DV) image
respectively. Whereas OMX microscope was useddioergting super-resolution (SIM) images. Stage thef
thesis took 25% of the research time.
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3.1 Autofluorescence characterization

Autofluorescence was observed in the human placERRE sectionsHigure 16) and cryo-
sections Figure 17) in all the fluorescent channels of the micros¢capéh maximum signal
strength ( excitation intensity and acquisition time). More details of excitation
wavelength and emission filters for the differehtenels are presented Tiable 2 Natural
autofluorescence responses from maternal and fethlblood cells were observed in all
channels in the FFPE section but not in the crytise.

Figure 16 Autofluorescence control of unlabelled FFE placenta section.A normal placenta section of 4 um
thickness was used for observation of the autofisoence response in the four channels. The chamestsset

to 50% excitation intensity and 50ms acquisitioneti Channel 1(yellow) with excitation wavelengt 6 and
the emission filter 683/40nm. Channel 2 (magentih wxcitation wavelength 568nm and emission filter
609/37nm. Channel 3 (cyan) with excitation waveller38nm and emission filter 528/48mn. Channelldelb
with excitation wavelength 405 nm and emissioarfl#t36/31 nm. Natural autofluorescence was obsefred
fetal and maternal red blood cells in all channels.

33



Figure 17 Autofluorescence control of unlabelled cryo- plagansection. A normal placenta section of 400 nm
thickness was used for observation of the autofiscence response in the four channels. The chamestsset

to 50% excitation intensity and 50ms acquisitioneti Channel 1(yellow) with excitation wavelengt 6 and
the emission filter 683/40nm. Channel 2 (magentdh wxcitation wavelength 568nm and emission filter
609/37nm. Channel 3 (cyan) with excitation wavele88nm and emission filter 528/48mn. Channelldelb
with excitation wavelength 405 nm and emissioarfd36/31 nm.
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3.2 Optimization of concentration and incubation ti mes of
markers for FFPE and cryo-sections

Optimization of biomarkers and incubation timessath marker on FFPE- and cryo-sections
was required to obtain adequate quality for higtehation and super-resolution microscopy. It
was a lengthy process that took 75% of the resed@immk for this study. Optimized
concentrations and incubation times are present&€dble 3. The optimized concentrations of
the different markers were the same for FFPE- ayd-sections, whereas the optimized
incubation times were different. The optimizatioh the placental biomarkers included
laeverin, CK-7 and PLAP, as well as fluorescentkaes non-specific to placentae such as
phalloidin-Atto 647N, CMO and DAPI.

Table 3. List of optimized concentrations and in@tion times of markers used in this study for FFPEections
and cryo-sections.

Markers Target Concentrations  Incubation times

FFPP Cryo-
sections  sections

Laeverin  hTB® plasma 1:100 Overnight 1 hour

membran
llellizle Placental CK-7* hTB® 1:100 Diluted Overnight 1 hour
=cllllel biomarkers cytoplasn in BB’
PLAP? hSTB 1:50 Overnight 1 hour
microvesicle
Phalloidin- F-actin 1:100 15 10
Atto 647 N minutes  minutes
Direct Fluorescent Diluted
labeling dyes CMQC? Membrane 1:2000 in PBS 15 lq
minutes  minutes
DAPI* Nuclei 1:1000 15 10

minutes minutes

1CK-7: Cytokeratin-7

2PLAP: Placental alkaline phosphatase
3CMO: CellMask Orange

“DAPI: 4 ,6-diamidino-2-phenylindole
ShTB: human trophoblast cells

®hSTB: human syncytiotrophoblast

"BB: Blocking buffer

8PBS: Phosphate-buffered Saline

°FFPE: Formalin-fixed paraffin-embedded
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An example of the optimization process for PLABhswn inFigure 18, where cryo-sections
were labeled with PLAP (yellow), CMO (magenta), dDAPI (cyan) (see reference #1 in
Table S2in Supplementary). Cryo-tissue sections were &belith different concentrations
of PLAP antibody (namely 1:50, 1:100, 1:500, and0D0). The strongest signals were
observed from PLAP 1:50 concentration, comparedh wite other dilution (1:100

concentration), thus used for comparisons of hgaltid PE tissue sections.

Figure 18 Concentration optimization for PLAP in go-sections of healthy placentasSyncytial microvesicles
stained with PLAP (yellow), membrane stained withGC(magenta), nuclei staining with DAPI (cyan). Qmgo-
section of 4 um thickness was labeled with 1:5@enptration, and the second cryo-section was labeiéu 1:100
concentration. The strongest signals were detedtedh 1:50 concentration compared with the 1:100
concentration. FC: fetal capillary, hCTB: human aybphoblast cells, hSTB: human syncytiotrophobl@sfO:
CellMask Orange, DAPI: &4-diamidino-2-phenylindole, PLAP: placental alkediphosphatase.

36



3.3 Optimization of multiple labeling technique

In addition to improvement and optimization of bianker concentrations and incubation times,
optimization of the multiple labeling technique (MLwas also part of this study. MTL was
investigated to obtain high-quality and optimaldibg using two different biomarkers in the
same placental tissue sample. Normal placenta RisSBi#e sections of 4 um thickness were
labeled using the mixed technique and the sandtechnique of MLT (seé&igure 11 and
reference #2 infable S2for details). High-resolution images were generaising a DV
microscope with a 60X/NA 1.42 oil-immersion objeetiens. The experiment showed similar
results for both techniques using laeverin and Clas/ biomarkers focusing on the
syncytiotrophoblast membrane of the chorionic iligure 19). The sandwich technique
included 3 days of preparation, whereas the migetrique was only 2 days of preparation.
Thus, the mixed technique was deduced to be mboseet for MLT.

Figure 19 Two different multiple labeling techniqeewere performed on 4um thick FFPE normal healthy
placenta sectionsMixed technique: a high-resolution deconvolved imadf syncytiotrophoblast located at the
terminal villi in normal healthy human placentasi;e with 60X magnification using mixed labelinghtéque.
Sandwich technique: high-resolution deconvolutiomage of syncytiotrophoblast in normal healthy human
placenta tissue of the same magnification using shedwich labeling technique. Laeverin (yellow),-CTK
(magenta), and nuclei (cyan). DAPI;,@diamidino-2-phenylindole, MLT: multiple labeliigchnique, CK-7:
cytokeratin-7.
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3.4 Large FOV imaging of chorionic villi

The FFPE placenta tissue sections of 4 um thickinessnormal (n=5) and PE (n=5) placentas
were immunofluorescence-labeled with CK-7 (greeo) human trophoblast cytoplasm
staining, CMO (red) for membrane staining and D&ie) for nuclei staining (see reference
#3 in Table S2. A large FOV was generated using a DV microscaph a 20X/NA 0.75
objective lensKigure 20). Various parts of chorionic villi such as sterfi¢5V) and terminal
villi (TV) were observed in both healthyFigure 20A) and preeclampticHigure 20B)
placentas. In addition, syncytial knots (SK) (arh@ad) were identified in the large FOV

images.

Figure 20 Large FOV of normal and PE human chorioaqivilli. (A) A large FOV image of a normal placenta
with a 20X/NA 0.75 objective lens. (B) A large F@\& preeclamptic placenta with a 20X/NA 0.75 ofiyedens.
Human trophoblast cytoplasm was stained with CKy2dn), membrane stained with CMO (red), and nuclei
counterstained with DAPI (blue). CK-7: cytokerainDAPI: 4,6-diamidino-2-phenylindole, FOV: field of view,
SV: stem villi, TV: terminal villi, arrowhead: syyital knots.
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3.4.1 Actin filament spots found in chorionic villi

The FFPE placenta tissue sections of 4 um thickinessnormal (n=5) and PE (n=5) placentas
were direct fluorescence-labeled with phalloidirie®47 N (magenta), CMO and DAPI (blue)
for actin, membrane and nuclei staining, respelgtigecording to reference #4 Trable S2in
Supplementary. The large FOV images generated pyn@ls VS120 with 20X/NA 0.75
objective lens not only provided an overview of therionic villi (hCV) but also revealed actin
filament localization in the preeclamptic placernissue section Higure 21). For better
visualization of the morphology, the CMO channelswarned off inFigure 21. F-actin
filaments were observed at the basement membratie ahorionic villi and in the terminal
web regions of the placenta villi in both normBigure 21A,B) and PE placentasg-igure
21C,D). Additionally, several actin flament spots wetgserved randomly and independently
localized at the hCV in both normd&i§ure 21A) and PE sectiong-{gure 21C).

Figure 21 F-actin filament present in 4 pum thick manal and PE chorionic villi F-Actin labeled with phalloidin-
Atto 647 N (magenta), and nuclei counterstaineth WAPI (blue). (A-D) Olympus VS120 images with ROX/
0.75 objective lens. (A) Normal FFPE section. Aspiots are located randomly and independently ohedher

in the chorionic villi. (B) A magnified region frofA). F-actin is located in the basement membraneGY and
actin spots are also identified. (C) Preeclampti€FE section. Actin spots are located randomly and
independently of each other in the chorionic villd) A magnified region from (C). F-actin is locdtén the
basement membrane of hCV and actin spots are déstified. DAPI: 46-diamidino-2-phenylindole, FOV: field
of view, SV: stem villi, TV: terminal villi, hCVuman chorionic villi, hSTB: human syncytiotrophaitla
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3.4.2 No significant differences of actin spots in normal and PE
placentas

Quantitative analysis was performed to identifynibenber of actin spots present in normal and
PE placenta tissues. The analysis was performeording to Figure 14. The quantitative
measurement was performed to understand the spkiflization of actin spots expression.
Table 4 represents the quantitative analysis of actin splotalized randomly and
independently in normal and PE chorionic tissuém actin spots were identified in different
subtypes within the chorionic villi in both norm@E=5) and PE (n=5) placenta tissue sections.
The p-value was estimated using Student’s t-test. Thanpesalue was higher than 0.05 for
the actin spots localization in the different sydety in the chorionic villi. This indicates no

significant difference between normal and PE plta®n

Table 4 Quantitative analysis of actin spot locaton in normal and PE tissue.

Mean value
Actin spots
localization

Normal (n=5) PE (n=5) P value
TV 14¢ 17¢ 0.5t
MIV 2 46 21 0.50
v 3 12 27 0.54
S\ 44 76 0.47

ITV: Terminal villi

2MIV: Mature intermediate villi
3IIV: Immature intermediate villi
4SV: Stem villi

SPE: Preeclamptic placenta
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3.4.3 An increased amount of syncytial knots in PE

A guantitative study of syncytial knots presenc@iand normal chorionic villi was identified
by naked eyes according Fgure 14. The FFPE samples of normal (n=5) and PE (n=5)
placenta were labeled using CK7 (green), CMO (radd, DAPI (blue) according to reference
#3 in Table S2in Supplementary. Large FOV images of immunofluoees-labeled normal
(n=5) placenta sections and PE (n=5) placentasectivere used to quantify the syncytial
knots.Table 5represents the number of syncytial knots quaditifie normal placentas were
427 syncytial knots identified, whereas 689 syradyjknots were present in PE placentas. The
meanp-value of 0.015 was estimated using Student’stt-iHse p-value is lower than 0.05
which indicates that there are significant differesbetween PE and normal placentas.

Table 5 Overview of the number of syncytial knotsserved in normal and preeclamptic term placentas

Mean value

Normal (n=5) PE (n=5) P value

SK!? 427 689 0.015

1SK: Syncytial knots
2PE: Preeclamptic placenta
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3.5 Different contrast from FFPE- and Cryo-section

Healthy full-term placenta of FFPE sections of 4 finckness and cryo-section of 400 nm
thickness were labeled using phalloidin-Atto 64 yHllow), CK-7 (magenta) and DAPI (cyan)
(see reference #5 ifable S2. Microscopy images of the tissue sections weregded using
the DV microscope with a 60X/NA 1.42 oil-immersiobjective lens to obtain high-resolution
images. The representative images of the FFPEsetid cryo-section are presenteBigure

22. The high-resolution images allowed for observatxd placental compartments such as
terminal villi (TV), human syncytiotrophoblast (hBY and fetal capillaries (FC) in both
sections. The FFPE section showed background sigmad artifacts including decreased
contrast Figure 22A), whereas enhancement of contrast and signalta@tegas observed in
the cryo-sectiondHgure 22B). Additionally, finer structural details were olpged in the cryo-

section image compared to the FFPE images.

Figure 22 High-resolution deconvolved image of noafrplacental chorionic terminal villi. F-actin stained with
phalloidin-Atto 647 N (yellow), CK-7 (magenta), andclei labeled with DAPI (cyan). High-resolutiomage

generated by DV microscope with 60X/NA 1.42 oil-érgion objective lens. TV, hSTB, and FC were ifledti
in both sections. (A) High-resolution image of FF&€tion. (B) High-resolution image of cryo-sectiGontrast

and signal enhancement in cryo-section comparddRBE-section. DAPI: 46-diamidino-2-phenylindole, CK-
7: cytokeratin-7, FC: fetal capillaries., hSTB: hamsyncytiotrophoblast, TV: terminal villi.
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3.6 High-resolution vs super-resolution of chorioni c villi

PE human placenta cryo-section of 100 nm thickmesslabeled using CMO (magenta) and
DAPI (cyan) (see reference #6Table S2. High-resolution (DV) and super-resolution (SIM)
images were generated using an OMX microscopeand®X/NA 1.42 oil-immersion objective
lens Eigure 23). Microscopy images of DVHjgure 23A) and SIM Figure 23B) allowed for
visualization of chorionic villi morphology in PElgrenta tissues. The DAPI channel was
turned off due to better visualization of the meamar structures. The images show membrane

staining in magenta.

DV and SIM images show similar results in termssmfnal detection and contrast of the
placental tissues. Placental features were idedtiin both images such as hSTB, syncytial
plasma membrane and fetal capillaries (FC) locatsdle the chorionic villi. The high-
resolution images were generated by deconvolufibe. DV images show great contrast and
signal detection. Super-resolution images were rgéeeé by SIM reconstruction. The SIM
images show enhancement in contrast and resolailomving the identification of subcellular
structures such as the syncytial microvilli brusitleo located at the apical surface of the
syncytial plasma membran€igure 23D). In comparison, these features are not discernible
the DV imagesKigure 230).
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Figure 23 Comparison of high-resolution and supeesolution of hSTB in PE placenta tissuBV images and
SIM images generated by OMX microscope with 60XUMA oil-immersion objective lens. Membrane stajnin
in magenta. (A) DV images of hCV in PE placent3.¥B/ image of hCV in PE placenta. (C) Magnified DV
image of the boxed region in (A). High-resolutiamacontrast enhancement is obtained, hence strestoot
easily distinguishable (D) Magnified SIM imagetwd boxed region in (B). SIM image allows for higresolution
and structural observation of placental membranéctviallows for visualization of chorionic microvilFC: fetal
capillary, hSTB: human syncytiotrophoblast cellEvh human chorionic villi.
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3.7 Microvilli identified by super-resolution imagi ng

Normal and PE placenta cryo-sections of 100 nnkti@ss were direct fluorescent-labeled with
CMO and DAPI according to reference #6Tiable S2in Supplementary. The reconstructed
SIM images were generated using an OMX microscoipe av60X/NA 1.42 oil-immersion
objective lens. Super-resolution images were géegrand the representative image show
membrane staining in magenkgure 24). The contrast enhancement provided by SIM allows
for a clearer observation of placental morpholoye membranes and nuclear structures are
well observed in the representative image. Theciiras of membranes are easily

distinguishable and allow for fine details in thagnified imagesKigure 24C-D).

The SIM images show human chorionic villous in nari@igure 24A) and PE Figure 24B)
placentas. Fetal capillaries (FC) and human syotgphoblast (hSTB) are identified. SIM
images allow the visualization of ultrastructuratalls of the placental morphology. The
magnified images froriigure 24A andFigure 24B show normal syncytial plasma membrane
and PE syncytial plasma membrane, respectively.ntagnified images allow for observing
chorionic microvilli (arrow) located at the brushitder of the hSTB in normaF{gure 24C)
and PE placenta&igure 24D). The microvilli are located at the apical surfatéhe syncytium
which physiologically is in direct contact with theaternal blood. The arrows point to the area
of the PE microvilli at the apical surface seem#otik disorganized compared to the normal

microvilli.
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Figure 24 Super-resolution of chorionic villi in nomal and PE placentaCMO was used for membrane staining
(magenta). (A) 100 nm thick cryo-section of thenmalrplacenta. (B) 100 nm thick cryo-section of R&centa.
(C) Enlarged image from (A) showing normal plasmambrane of hSTB and syncytial microvilli locatedhet
surface of the plasma membrane. The arrow reprssira localization of microvilli at the apical sade of
normal villi. (D) Enlarged image from (B) showing&Plasma membrane of hSTB and syncytial micrdedkhted

at the surface of the plasma membrane. The arr@resents the localization of microvilli at the aglicurface

of PE villi, where it seems to be disorganized cairag to the healthy microvilli. CMO: CellMask Orang-C:
fetal capillary, hSTB: human syncytiotrophoblast.
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3.8 PLAP expression observed in microvesicles atth e
microvilli brushborder

Reconstructed SIM image of normal cryo-section 0004 nm thickness was
immunofluorescence labeled with CMO (magenta), Plidllow) and DAPI (cyan) according
to reference #1 iable S2in SupplementaryThe representative image was generated using
the OMX microscope with a 60X/NA 1.42 oil-immersiatjective lens to perform SIM
reconstruction. The representative images identiture intermediate villous (MIV) and
terminal villous (TV) within a normal placentaldise Figure 25). In addition, placental cells
were also identified, such as human and syncypbioblast (hSTB), which are located in MIV
and TV. The super-resolution image allowed for olisg PLAP expression in normal
chorionic villi. Increased signal detection from AR (yellow) was observed at the apical
surface of the syncytial plasma membrane bordétlvfand TV. The SIM image of 400 nm
thick cryo-section did not allow for structural dié¢d observation as observed in the previous
SIM images of 100 nm thick cryo-sectiofsdure 23 andFigure 24).
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Figure 25 PLAP expression located at the apical sytial trophoblast membrane of healthy chorionicllvi
Cryo-section of normal placenta labeled with CelB¥®range for membrane staining (magenta), PLAP for
syncytial microvesicles (yellow), and DAPI for reidtaining (cyan). Imaged using SIM with 60X/NA210il-
immersion objective lens. PLAP expression is olegkiv the syncytial microvesicles localized atliheshborder

of hSTB. Additionally, placental compartments adentified as human syncytiotrophoblast (hSTB),feta
capillaries (FC) located inside the mature interrizd villous (MIV), and terminal villous (TV).
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3.9 Laeverin expression at the apical side of the
syncytiotrophoblast membrane

Multiple labeling technique (the mixed techniquegsaperformed using laeverin (green) and
CK-7 (red) biomarkers on 4 um thick FFPE normalSnhand PE (n=5) sections. The sections
were counterstained with DAPI (blue) for nucleiisitag (see reference #2 rable S2. The
whole slide was scanned making images with largé¢ FQympus VS120 with 20X/NA 0.75
objective lens). Low-resolution with large FOV walstained for the FFPE sections for the

morphology study.

The microscope images appear to show laeverinrfyyegression, CK-7 (red) expression and
nuclei (blue) Figure 26). Laeverin expression appears to be observed én aical
syncytiotrophoblast plasma membrane and CK-7 egpmmesn syncytial cytoplasm in normal
samples, where colocalization (yellow) of the maskappeared to be observéaglure 26A).

In PE samples, the laeverin expression seemsabserved in the syncytial plasma membrane
and the trophoblast cytoplasiigure 26B). Additionally, the microscope observation appears

to show laeverin expression in the fetal capillasfls in both normal and PE chorionic villi.

Figure 26 Laeverin expression in normal and PE hSTiBasma membranetHuman chorionic villi present in
normal and PE 4um thick FFPE placenta tissue sacti@everin expression in the syncytiotrophobldasma
membrane and cytoplasm in green, cytokeratin-7esgad in hTB cytoplasm in red, and nuclei staindu®API
in blue. Images generated by Olympus VS120 (whidle-scanner) with 20X/NA 0.75 objective lens.l({@gverin
expression in normal chorionic villi. Laeverin erpsion appears to be observed in the syncytialnmpas
membrane. Co-localization of laeverin and CK-7 agopd to be observed (yellow) (B) Laeverin expressidPE
chorionic villi. Laeverin expression seems to bsavbed in the syncytial plasma membrane and trolaisob
cytoplasm. Additionally, laeverin expression apekto be observed in normal and PE fetal capillasfls. CK-
7: Cytokeratin-7, hSTB: human syncytiotrophobl&g; fetal capillary, DAPI: 4,6-diamidino-2-phenylindole.
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3.9.1 Laeverin expressed in fetal capillaries

Cryo-sections of 100 nm thickness from normal aBdpfacentas were immunofluorescent
labeled with laeverin (yellow) and CMO (magenta) &API (channel turned off in the image)
according to reference #7 Trable S2in Supplementary. SIM images were generated using a
OMX microscope with a 60X/NA 1.42 oil immersion ebfive lens. In the SIM images,
contrast enhancement and signal detection fronmiduders are observe#igure 27). Fetal
capillary (FC) and fetal red blood cells (fRBC) mormal and PE chorionic tissue were
identified in the representative image. The reprda/e images show laeverin expression in
the fetal capillary wall including on fRBC in th@mal placentaKigure 27A). In PE tissue,
the laeverin is observed as overexpressed inseléethl capillary with the presence of fRBC
inside Figure 27B).

Figure 27 Laeverin expression in the fetal capillarNormal and PE placenta tissues cryo-sections of A0
thick labeled with laeverin (yellow), CMO (magentajd DAPI (turned off) to identify laeverin expsEsn and
localization. Super-resolution image generated Hy>Owith 60X/NA 1.42 oil-immersion objective len&) (
Laeverin expression in normal fetal capillary w#B) Overexpression of laeverin expression in R&l feapillary.

FC: fetal capillary, fRBC: fetal red blood cellsMD: CellMask Orange, DAPI: &-diamidino-2-phenylindole.
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4 Discussion

In this study, optimization of sample preparati@beling concentrations and incubation times
of biomarkers for immunofluorescence labeling waseatial for advanced fluorescence
microscopy methods. The morphological studies ohetl different biomarkers for the
cytoplasm of human trophoblast cells (CK-7), syraytnembranes (laeverin) and syncytial
trophoblast-derived microvesicles (PLAP). Thesemadkers including direct fluorescence
dyes (phalloidin-Atto 647 N, CMO and DAPI ) wereedsfor the identification of placental
subcellular structures and lesions which discrit@aabetween term placentas of healthy
pregnancies and placentas of women with preeclampsi

4.1 The progression during optimization

4.1.1 Artifacts affected imaging of FFPE sections

Solid FFPE preservation was a good basis for aicguinigh-quality microscope images since
a vast majority of tissue samples are preservaghraffin blocks. However, several artifacts
appeared in the fluorescently stained FFPE slilggacts might have arisen from improper
fixation, the type of fixative used for the tissymor dehydration and paraffin infiltration,

unsuitable reagents, poor sectioning, poor depaizdtion and rehydration, defective labeling
technique and/or inadequate oil matching at thegintasite. All of these artifacts vary from

sample to sample leading to imperfect imaging teslilis not possible to control artifacts that
stems from the tissue processing, and paraffin-eoiibg since these were performed by

different pathologists at different time points.

One of the poor qualities in imaging at the begignof the project came from the laboratory
technique, such as poor deparaffinization and nettioh steps$3in Supplementary). Poor
deparaffinization and rehydration were easily Viiea as reduced signal detection, blurriness
and unclear regions in the imaged FFPE sections ditifact was improved by a longer
incubation time (overnight incubation) for the FFR&ue sections in a 80 incubator to
remove the paraffin. To be sure the paraffin isteaskproperly, a longer incubation time was
preferred since it was easier to remove the expesaffin in the deparaffinization and
rehydration step. In addition, using clean (purepataffinization and rehydration reagents
instead of reusing the reagents was also prefdwedvoid contamination and properly
removing the paraffin excess. Sufficient removalpafaffin had a major influence on the
labeling and the imaging result.
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4.1.2 Limitations with direct fluorescent dyes

Commercial fluorophores are designed with maximwitation and emission wavelength
which allows the researcher to choose an ideakdkment dye within these excitation and
emission wavelengths. However, choosing a fluoropmath poor extinction coefficients and
guantum vyields will lead to fluorophore appearirsgdam and might lead to photobleaching
(63). Photobleaching was one of the artifacts Hygieared during the study. To limit the
bleaching, we chose bright and photostable fluooogdto reduce the duration and intensity of
the excitation, in combination with antifade mougtreagents to minimize the photobleaching
(63). Another limitation with fluorescence dyes vgagctral overlapping. Spectral overlap can
occur when two fluorophores are within the samespm of excitation and emission, which
leads to overlap. It was crucial to avoid spectreérlap of fluorophores when multiple
fluorophores were in use in the study. This canabeonsequence when imaging using a
fluorescence microscope where the researcher didshaw which fluorophore was emitted
and cross-linking of the dyes may appear. To atl@droblem, we looked for spectral overlap

in reference to the manufacturer’'s spectrum vigway.

4.1.3 The mixed technique is optimal for multiple |  abeling

As already mentioned in the result, optimizatiomufltiple labeling techniques was a part of
this project. Antibodies combination using multigibeling techniques was exceedingly
difficult and sensitive to optimize compared toedir fluorescence labeling. The difficulty of
multiple labeling technique optimizations is crosactivity between different antibodies. To
avoid this, the researcher must be aware of whidib@dies are utilized, the animal the
antibody is raised in, and which fluorophores aomjegated to the secondary antibody.
Additionally, avoid using antibodies that are rdigethe same species to avoid cross-reactions
and thereby non-specific binding of antibodies. Wthis in consideration, we were able to
combine laeverin and CK-7 antibodies and label BRE and cryo-sections using multiple
labeling techniques. We were able to experimenh wio different techniques, where the
sandwich technique and the mixed technique showvmdas results. Both the sandwich
technique and the mixed technique showed sufficgentrast and signal detection using the
DV microscope with a 60X/NA 1.42 oil-immersion objee lens Figure 19). Thus, we
choose to continue with the mixed technique duéhi® technique was optimal and time-

efficient compared to the sandwich technique.
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4.1.4 Challenges of imaging FFPE placenta sections  on the OMX (SIM)

OMX is an extremely sensitive microscope, thus @éiswecessary to obtain a high-quality
labeled sample for generating high-resolution amgesresolution images with the OMX.
Sample preparation-steps for both FFPE and crytiesscwere crucial and necessary to be
optimized. However, challenges did occur while imgd-FPE sections on the OMX. The main
challenge was the natural autofluorescence in kl@epta sections which made it difficult to
distinguish the signals from the fluorescence markised in this study. The autofluorescence
signal interfered with the imaging and resulteaiieating artifacts from the reconstruction in
SIM in the form of haloing effect, which limitedelcapabilities of the instrument to properly
reconstruct the image, and not allowing for cleasesvation of cellular structures within the

tissue.

There are various methods for diminishing auto#scence in FFPE samples, ranging from
exposure to light to a variety of chemical treattsg0, 98-100). One of the methods chosen
for this study was to incubate the slides in a0 glycine solution after the deparaffinization
step. As mentioned in the Methods section, thetieolwas used to neutralize free aldehydes
that might lead to cross-binding of the markerthe sample. The autofluorescence control in
FFPE placenta sections were characterized by pngpamlabeled sections which were imaged
by DV microscope. We set all the channels to excitation intensity and acquisition
time to observe the response of autofluorescemoagh the four channelfigure 15). Natural
autofluorescence signals from fetal- and matere@lbiood cells were observed in the FFPE

section but not in the cryo-sectidrigure 17).

To our knowledge, there have been published stddmssing on reducing autofluorescence
background (70, 77, 98). The study by Viegasl reported that pre-treating the FFPE tissue
with short duration, high-intensity UV irradiaticend Sudan Black B (SBB) reduced the
autofluorescent background (77). Thus, this apptioacould be tested in placenta samples to
diminish autofluorescence. Due to time limitatiomge were not able to investigate this

hypothesis. However, it could be implied in futstadies.

Another challenge that occurred with imaging FFBE&tisns (and cryo-sections) generated by
OMX was oil matching. This is a standard challengeurring during OMX imaging which is
still thoroughly investigated by the Optical Nanogg Research Group at UiT. Oil mismatch
can be monitored by observing the point spreadtiom¢PSF) in the orthogonal view of the
OMX software §4in Supplementary). Observing asymmetrical PSF éendtthogonal view
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indicated oil mismatch. This artifact could be aptied by adjusting the refractive index of the
immersion oil. Changing the oil will lead to reftare index enhancement of the PSF
(symmetrical shape can be observed) and thus tiedwtftthe artifact. However, oil match for
multi-color samples is challenging. Due to oil nabg corresponding to one specific
excitation wavelength, it leads to haloing or dadplartifacts because of suboptimal oil
matching for different excitation wavelengths. Tdéfere, the best solution to minimize the

artifacts was to match the oil with the excitatiwavelength (channel) of interest.

4.1.5 Super-resolution obtained using cryo-sections instead of FFPE
sections

DV microscope was used to generate high-resolutmonvolved images with a 60X/NA 1.42
oil immersion objective lens. For further investiga of the region of interest (ROI) of the
tissue, the same parameters were used to genenaderesolution with OMX using SIM
reconstruction. Acquiring high-resolution imagesswehallenging and needed optimization. It
also depended on the different markers and typesations used for this study. Regardless of
using the same labeling markers, the results frdfRPHE-section and cryo-section were
significantly different. Contrast enhancement ahe treduced out-of-focus signal were
generated from the cryo-sectidAdure 22B). Hence signal detection from the FFPE section
showed poor contrast and signal which made italiffito observe morphological structures
(Figure 22A). A complementary study was performed in this ®raptoject to optimize the
FFPE section imaging with OMX (not presented in tinesis). However, due to the artifact
challenges mentioned above, we excluded superutgsolstudies with FFPE sections, thus
cryo-sections were used for super-resolution ingasbn of ROIs in the sample from normal

and PE placentas.

The cryo-sections were prepared following the Taswy method, developed by Kiyoteru
Tokuyasu in the 1970s for preparing fixed cryodeest and cryo-protected biological
specimens for electron microscopy (93). The miapgcresults following the Tokuyasu
method for human placenta cryo-sections have beanrsto work sufficiently from previous
studies (94). The technique included sucrose nafiin which was performed on placenta
specimens during tissue preparation to prevenidissllapse and avoid crystallization during
freezing of the biological material. Placenta tess@are a complex structure of chorionic villi
submerged in the maternal blood. To maintain thecgire, the sucrose immersion step was a
crucial step for tissue preservation. The protaasdigned by Bernhard and Virion early in the
70s has been modified since then and optimizethfstthesis (101).
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Furthermore, the optimization of dissolving the apyotectant mixture of sucrose-
methylcellulose from the sample before labeling alas optimized. Previous super-resolution
studies on Tokuyasu sections used cold washindpefctyo-protectant (94). However, we
experienced unspecific and/or poor labeling orctige-sections using this approach. We found
that prolonged incubation of the sample (1 hourdéiC was effective to remove the
cryoprotectant and achieve optimal labeling of piacental cryosectionsTherefore, we
implemented warm wash with PBS at 40°C on a heatiatg, which gave better results with
reduced artifacts and background signglgiyre 24). In addition to performing the warm-wash
method, we labeled the cryo-sections of 100 nnktigss instead of 400 nm thick cryo-sections
to omit artifacts. This application (warm-wash a@@D nm thickness of cryo-sections) to our
protocol enabled ultrastructural investigationgrn#icantly reduced background signals and
artifacts including structure enhancement were meskein the SIM images obtained from

normal and PE cryo-sections of 100 nm thickness.

The out-of-focus light contribution, the refractivelex mismatch and the autofluorescence
appearing while imaging with the FFPE section posedenormous challenge on the
reconstructive algorithm of SIM microscopy. Thugasections were preferred and suitable
for SIM reconstruction which allowed for greatetrastructural preservation. As mentioned,
the cryo-section with 100 nm thickness increasesattal resolution of the microscope image.
The thin section thickness provides optical seatigrbeyond the axial resolution of the
objective lens. Thereby, super-resolution generasaalg SIM on 100 nm thick cryo-sections
iIs more preferable. Regardless of obtaining supsotution on 100 nm thick samples, it was
difficult to find regions to image. Cryo-sectionstlw100 nm thickness were indeed fragile
because of the thin section and were more susteptibsectioning artifacts such as folds,
wrinkles and tearing, as compared to the 400 nok triyo-sections. Therefore, limited regions
were available to image. This limitation will henaffect histopathology studies due to these
studies involves examining tissues in large FOV piopoint abnormal observations.
Consequently, imaging cryo-sections can lead tolook or miss abnormal regions within the
tissue which would not be valuable for diagnostialgsis. However, an advantage with cryo-
section is that the simple sample preparation poitis time-efficient compared to the FFPE

section protocol.

To sum up, the major advantage of using FFPE tisggéons over cryo-sections was the
observation of the morphological structures andgmeation in a large FOV. The comparison

study of acquiring large FOV of FFPE and cryo-sewiindicated that FFPE sections were
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preferable for histological investigations. Thisdt also revealed that FFPE sections were not
adequate for the investigation of ultrastructuredrges in the tissue. Nevertheless, the frozen
sections (cryo-sections) might be beneficial ofreixee tissues in small regions which cannot

be visualized in a large FOV image.
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4.2 Microscope observations of term placentas

4.2.1 Actin spots — a sign of fibrin clots?

The present morphology study of the human placata normal and PE pregnancies using
phalloidin-Atto 647 N dye revealed an interestifigervation of actin spots in the FFPE tissue
sections. We found that the actin spots were amitydcalized in the chorionic villi in both
normal and PE placentaBigure 21). It is evident from the results and previous iings$ that
placental actin filaments are present in the cmici@illi including the syncytium microvilli
brushborder, endothelial cells, and pericytes (1@2puld be argued that the actin spots may
have been an artifact representing some sort gfaaific binding during tissue preparation and

labeling, thus not staining actin filaments. Thiservation merits further study.

The limited number of publications regarding adtiImments in human placenta tissue made it
difficult to understand our findings of the specifactin spots. However, it could be
hypothesized that our observation of actin spoighinbe associated with placental fibrosis.
Previous studies have documented that fibrin déipasis morphologically important in
contrast to earlier discoveries that fibrin markethplogical process and placental aging,
including observing fibrin deposition in the heglidnd pathological placentas at all stages of
pregnancies (103). Placental fibrosis is presewouh the pregnancy and a large amount was
recognized at the term placenta (103). It is kntivat fibrosis is a common pathologic process
that takes place in tissue inflammation or injud04). Disease-related injuries and
inflammations in organs might trigger a cascadeatfbf cellular responses that result in the
accumulation of tissue fibrosis (104-106). Thisidentified in the connective tissues as
overproduction of the extracellular matrix (ECMurthermore, studies have confirmed that
fibrosis has a significant key role in the maintere of ECM and regulation of injury and

inflammation in the connective tissues (106).

The mechanism of fibrosis in the PE chorionic vi#imains unclear, but studies have suggested
that placental ischemia and hypoxia might be inedly107, 108). Another study confirmed
that overexpression and deposition of collagen tewleund in the ECM (106). A newly
published study by Fergt al have analyzed the fibrin deposition and expressfaollagen |

in the human placenta, in immortalized first-triteesplacental trophoblast cells and mice
models (109). They demonstrated that collagen ugdedpreeclampsia-like symptoms by

repressing the invasion of trophoblasts.
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Several studies have demonstrated that the mamfriBCM in mammalian cells are collagen
and involved in the maintenance of tissue strustutevelopment and ECM-remodeling (106,
109-111). Furthermore, studies have speculatedibinasis might be an important pathological
event in the PE placenta depending on the excesslafjen | deposition (110, 112, 113). This
led to the finding of overproduction of collagenirilform of fibrosis in PE stem villi and
terminal villi compared to the normal placentas1D14-116). In our study, we were not able
to find any significant differencepfvalue > 0.05) in the number of actin spots pregseE
placentas compared to healthy placentas. Howewveani be assumed that our quantitative
analysis was not accurate due to the low qualithefmethod. Thus, a thorough quantification
needs to be performed to verify the observations.

Additionally, another study reported that actimfilents were released into the ECM from the
cells while dying (115). Thus, it could be argubdttthe reason for the detection of actin
filaments using an actin-specific marker (phalloiditto 647 N) in different subtypes of the
chorionic villi might be linked to the fact that mesition of actin in ECM is related to the
fibrosis in chorionic villi. However, a thoroughviestigation is needed following quantitative
analysis on multiple placenta samples from normdlRE with z-stack serial sectioning to be
sure of specific localization of the actin spotsld&ionally, a preliminary study on collagen |
marker could be also performed to control the agpiots observations.

4.2.2 Quantification of syncytial knots

In 1893 the German pathologist Georg Schmorl repothe presence of multinucleated
syncytial fragments trapped in the lungs of wométh wclampsia who died during pregnancy
(32, 117). The multinucleated syncytiotrophoblastidentified as syncytial fragments or
syncytial knots and differs in size and shape {38). The nuclei are present arbitrarily in the
surface of hSTB and the cytoplasm in early pregpamtowever, at term regions of
syncytiotrophoblast with nuclei become aged andotgim leading to extrude and aggregate
as membrane-enclosed multinucleated structure9.($1@dies have revealed that deportation
of SK was found in the maternal circulation, thiapped in the arterioles and capillaries of the
maternal lungs causing severe complications (211382, 120). Numerous studies have found
an increased number of SK in term placenta thatssciated with pregnancy-related disorders
cases, such as IUGR and PE (119). Yet the cauge athed and deposition of SK from the
placenta is largely unknown.
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In the current study, we were able to identify 8Kull-term healthy placentas and preeclamptic
placentasKigure 20). Additionally, we found that there were signiintalifferencesg-value

> 0.05) in the number of syncytial knots in PE andmal. Thus the research indicates that an
increased number of syncytial knots were preseiutiltterm PE placentas compared to normal
placentasTable 5), which supports the previous findings (32, 128)1d 0 date, the function
of SK and the mechanisms of the formation and partation, including the increased number
of syncytial knots in PE are still unclear. Neveldss, a study by Tenney and Parker
hypothesized that syncytial knots in PE may reftethSTB aging or apoptotic death due to
the inactivation of transcription and replicatioh 5TB which may have led to several
molecular apoptotic signaling pathways activatid®?Q, 125). Moreover, another study
hypothesized that SK formation is linked to deceglaand inactivity of anti-apoptotic proteins
(125). Thus they quantified the density of SK irobnic villi and identified an increased
amount in PE which might be a result of hypoxiapdmnpxia or oxidative stress (125).
Additionally, it can be assumed that the significencrease in the formation of SK in the PE
placenta might indicate the changes in hormonabfacleading to cause changes in blood flow
(126).

Although, it can be argued that in this study thargitative measurement was not accurate due
to the measurement being done by using naked eyaddition, only a single large FOV image
of each sample (normal (n=5) and PE (n=5)) was tsestimate the number of SK. Hence
limits the quantitative analysis of SK within thiesues to only measuring one region of the
whole tissue section. However, the optimization aedhancement of quantitative
measurements need to be addressed in future worith@r limitation is the number of
placentas used for this study. The limited amodirsvailable placenta tissue might decrease
the quality and quantity analysis for this studpug, it would be preferable to enhance the
study by including more placentas from the PE amrtinal pregnancies to obtain more precise
information. Lastly, the observation of SK in tlegde FOV images could simply be artifacts
caused by tangential sectioningigure 5B). Therefore, it would be wise and beneficial to
acquire z-stack serial sectioning and perform lalgebn the z-stack serial sections to ensure
the abnormal structures. Z-stack serial sectiomihgys for a z-section visualization of the
tissue, thus enhance the observation and pinpb&étabnormal features and lesions in the

placenta tissue.
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4.2.3 Disorganized brushborder in PE?

The preliminary study of normal and PE cryo-sedifbtnorescent-labeled with CMO and DAPI
showed features of syncytiotrophoblast microvitlittee apical surface~{gure 24), thus we
were able to pinpoint the localization of micromitl normal and PE chorionic villi due to super-
resolution of the chorionic villi acquired from tH&!M reconstruction. The PE syncytial
microvilli seem to look disorganized compared taltiey tissue, however difficult to predict
our observation. A review article by Redmetnal have reported the microscopy finding of
microvilli clothing the apical surface in the noriterm, whereas PE syncytium microvilli were
observed to be distorted and shed as placentalkd@la7). The microscope observation from
the study did not look similar to our observatitircould be argued that tangential sectioning
differences of the healthy and PE samples may baxen a false-positive or false-negative

observation of the microvilli.

Another argument for not observing the same observaas Redmaret al. could be the

different preparation methods applied. In this giulkle frozen tissues were rinsed with sodium
chloride to remove the maternal blood and therdfiRePHEM buffer to preserve the structures.
This method may have led to removing all the shedenals at the apical surface of the
chorionic villi, thus could be the reason for ndiserve the same distorted microvilli and
placental debris shedding as Redman’s ultrastralcelectron microscope observations. An
application for future study could involve usingo#imer tissue preparation (fixation) method

that excludes the removal of maternal blood andeguital debris.

Although, it is known that placental debris is stismm microvilli and out in the maternal
circulation (127). The placental debris ranges fromultinucleated deported
syncytiotrophoblast (20-100 um) to sub-cellulargfreents (10-60 nm) and have different
biological functions, cargo and modes of productlmat may contribute to normal placentation
(127). Hence, oxidative and inflammatory stressuaweg in PE might activate hSTB to
produce more and larger microvesicles that haveirglammatory, anti-angiogenic, and
procoagulant activity (127). Thus could be hypoites the reason for observing microvilli

disorganized in PE tissue compared to normal tissue

Nonetheless, Redmat al. were able to generate ultrastructure of the noamdlPE syncytial
surface using an electron microscope. We can cuorifom this investigation that we were also
able to generate super-resolution images usingMX @icroscope, thus observe structural

details of the microvilli in both normal and PE dlemic villi. Hence the distorted microvilli
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and placental debris observations were limited twimay have resulted from the biological
implication as mentioned earlier and not from tietnument. Using SIM was beneficial for this
study due to the reconstruction improved the resglef structures beyond the diffraction-
limited resolution of a conventional optical lighicroscope, such as confocal microscopy and
deconvolution microscopy. Additionally, this meth@llowed for 2X spatial resolution
compared to the conventional fluorescence micrasso(84, 128). Although electron
microscope is capable of greater resolution stuglgina molecular and atomic level, SIM is
easier, faster and more conventionally availables® as to the sample preparation is similar
as for the optical fluorescence microscopes (99).Mhereas EM sample procedures are long

and complicated.

Nevertheless, in-depth investigation is needed mitine placenta samples and optimization of
the preparation method. Additionally, for futuredies it would be favorable to explore PLAP
and phalloidin-Atto-647 N markers together to oleethe microvilli disorganization in PE

tissue due to the PLAP marker is STBM specific phdlloidin-Atto 647N to stain the actin

filaments composed in the microvilli. This mightvgi a better understanding of the
disorganized brushborder of syncytial microvesieed placental debris in spatial resolution.
Due to time limitations in this project, we weret mble to investigate with this approach, but

could address to the future preliminary studies.

4.2.4 PLAP - a potential biomarker for syncytial mi  crovesicles

As mentioned, the syncytial layer of the choriovilt sheds placental debris into the maternal
blood including subcellular fragments, syncytialots) apoptotic bodies, microvesicles,
nanovesicles and exosomes (127). The placentalsdedaries placenta-specific molecules,
proteins, immune molecules, organelles, DNA fragimeand RNA fragments that may

contribute to the regulation of normal placentagbpgy (117, 127, 130). Hence studies of
their functional properties are still not clear. deems evident that syncytiotrophoblast
microvesicles (STBM) contribute to maternal-fetahtercellular communication and

inflammatory responses including activation of moytes, granulocytes, and endothelium
(127).

Other studies found an increased amount of cintigaticrovesicles in the plasma of PE
pregnant women compared to normal pregnant womén 18). Redman and Sargent
determined that oxidative stress might alter ttee@htal physiology to cause the shedding of

microvesicles into the maternal circulation (13$)IBM carries a wide variety of pro-
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inflammatory molecules, including cytokines and rolo&ines and others (127). Hence their
function in pathophysiology and the release of STiéMted to complications of pregnancy is
still in a formative stage. The immunofluoresceanalysis in this study showed expression of
the PLAP at the apical surface of the syncytiakpla membrane in healthy placerfg(re
25). However, with the super-resolution image, weenalnle to observe signal detection from
the PLAP marker at the brushborder (apical surfat&STB. Thus, we could predict that the
PLAP marker did work and was highly expressedeasipical surface of the healthy syncytium.
Nevertheless, it was difficult to visualize the mloology of the microvesicles due to the size
and structural diminution of the microscopy restiti.observe the structures of microvesicles,
further optimization is needed in addition to arthgh quantitative and morphological
comparison of microvesicles in healthy placentasl glacentas from women with

preeclampsia,

A study reported quantitative analysis on placedéived exosomes by determining the ratio
of PLAP exosomes (132). The findings revealed glo@ntification of the number of placental-
derived microvesicles in maternal circulation wéigher in early-onset and late-onset PE
compared with normal pregnancy (132). This discpuedicated that PLAP microvesicles
could be a promising biomarker for quantitativeegesh of the PE predictor. Due to time
restrictions, we were not able to investigate PLARrkers in PE placentas. Thus, we can
explore the PLAP marker on PE placentas for futtesearch of understanding PLAP
expression and the localization in relation to REhpphysiology mechanisms. Since the studies
have addressed that placental microvesicles anetedcby hSTB and deported into the
circulation, it could be hypothesized that the mnv@sicles containing cargos that might have
important diagnostic information about PE (132)u3Hor the future aspect, it would be
interesting to isolate and perform molecular pnogjlof PLAP STBM for diagnostics purposes
which might have great importance in the PE préahicin the early stage of pregnancy. The

procedure can be studied non-invasively.

4.2.5 Subcellular localization of laeverinin PE pl  acenta

Laeverin is a member of the aminopeptidase fanfitys family is involved in the maintenance
of homeostasis including maintenance of normal mmegy hypertension regulation and
antigen presentation (47, 133-135). In a study isaset al laeverin mRNA, among other

genes, were significantly upregulated (increasefibtd) which led to several molecular studies

of the involvement of laeverin in the pathophysgi®f preeclampsia (95). Nystatial. found
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laeverin expression in the cell membrane of hCTEoh placentas from healthy women (48).
In comparison placentas from women with preeclaepgsimonstrated laeverin expression in
the cytoplasm of trophoblast cells. It is evidewini the microscope observation that plasma
membrane expression of laeverin was shown in hSITEh& TB, in addition to the cytoplasmic
expression of laeverin in healthy placentas (11)e Do the expression and localization in
normal placenta observed in the study, they wete &bobserve upregulation of laeverin
protein in PE placentas thus further investigabedrole of laeverin in the PE pathophysiology
(17, 47, 48).

Furthermore, the immunoelectron microscopy analg&monstrated that the protein was
expressed in the microvesicles within the cytoplasciuding in extracellular space, syncytial
knots and the fetal capillaries in the PE placeaa, that there was a large amount of protein
expressed in the PE placenta compared to a hgalibgnta (48). However, the study was only
based on detection of the size in the electronoaaopy studies, whereas in our study with
PLAP biomarker showed specific expression in thcgiiotrophoblast-derived microvesicles.

In this current study, we used commercially avadantibodies against laeverin and CK-7 to
observe the expression using advanced immunofloenee microscopy (Olympus VS120) in
normal (n=5) and PE (n=5) placentas. It could mu@med from the microscope observation
that co-localization of laeverin and CK-7 was de&tdan the healthy placentas. In PE placentas,
we can assume that the laeverin expression waswelosa the syncytial plasma membrane
and cytoplasm of the trophoblast. Although the ams=ii observations support previous
findings, it was difficult to observe the expressan the low-resolution imageBigure 26),
therefore difficult to predict and pinpoint our @pgation. Further optimization of the multiple
labeling with laeverin and CK-7 for the super-resimn method is needed. Additionally, a
preliminary study with the application of life-ca&thaging of placental villous explant could be

more informative for observing the localizationtdlsution of laeverin.

However, the assumed observation of accumulatideeekrin in preeclamptic placentas might
have resulted from that the protein was not fullggessed during folding which might have
led to misfolding, protein damage or changes in-passlational modification in PE (133,
136). Changes in epigenetic regulation (DNA mettigtg histone modification, non-coding
RNA expression) may also play a key role in theseanf overexpression of the protein in PE
(137, 138). Due to the protein’s involvement inl@er homeostasis, it can be hypothesized

that dysregulation of laeverin protein might disrbpmeostasis in cells (133).
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Furthermore, a preliminary study using only laeveantibody, CMO and DAPI allowed for
super-resolution and enabled the observation ofeayeessed laeverin in PE fetal capillary
(Figure 27B). Although this is a preliminary study on a sing#sue, it could be hypothesized
that laeverin may function as a scavenger in thmiehtion of dangerous particles and
clearance of toxins from circulation. This couldabe the reason for laeverin expression in
the normal fetal capillary walls. On another nategrexpression of laeverin in fetal capillaries
might have to do with placental ischemia in PE. éé&gmot enough reports are associated with
the exact molecular mechanism behind this. Thusyauld be interesting to include a
preliminary study with a severe preeclamptic (eg@ao) placenta sample to compare the
distribution of the protein in the different stagdshe diseases and thereby might have a better

understanding of laeverin expression and subcello¢ation.
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4.3 Strengths and limitations of the study

In this master project, the optimal preparatiompsteicluding concentrations and incubation
times of the biomarkers and labeling techniquesHBPE- and cryo-sections of the human
placenta was found. Thus for future research,rtteghodology will be time-efficient. Due to
the high-resolution and super-resolution microsco@ghod were sample-dependent, we were
able to optimize the sample preparation for imagiagvell. Additionally, the optimization of
the methodology has minimized the use of equipmdmth contributes to more eco-friendly
preliminary tests. Another advantage of the proyeas that the optimized technique for cryo-
section allowed for studying the subcellular lozafion of compartments in placentas with an
OMX microscope. The study revealed that ultra-tbigo-sections improved the super-
resolution ability to resolve and visualize theailed morphology of the chorionic villi. Thus
super-resolution images contained more detailedramftion compared to low-resolution
images. Preliminary studies of biomarkers in thiastar project allowed for targeting
interesting placenta-specific proteins which opetiedperspective that biomarkers may have
a potential role in the prediction and diagnosid?&. However, a further thorough study is
required to understand the role of the biomarkersormal and PE placentas.

Nevertheless, there were several limitations is gtudy, primarily related to the lack of a
sufficient number of PE cases to address the comitoplacental lesions and morphology
features. Additionally, the analysis of differemdgenta tissues from patients was also limited
due to the anatomy and morphology differences@fptitients. This might limit the possibility
of predicting abnormal feature visualization of tissues and thus difficult to predict if it is PE
characteristics or not. However, investigating msaeples from different PE women and
comparing the finding to the controls gave us géebeinderstanding of what might be placental
attributes.

Secondly, the organ is dynamic, therefore it ididift to identify the pathophysiological
changes within a tissue section by only analyzimg section in a snapshot in time. As a
consequence, the major limitation with histologicalestigations is that the placenta has an
extremely convoluted nature and thus possible tedused and difficult to pinpoint the
abnormal structures using a microscope. This isume artifacts may occur from tangential
sectioning of the microscope as mentioned eaffier.future recommendations, z-stack serial

sectioning would provide more accurate and greatermation about the tissue.
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Furthermore, quantitative analysis of abnormalcstmes and placental lesions was observed
in the microscope images. Due to a complex tisadelze fact that FFPE sections are large, it
was difficult to perform a quantitative assay oé tbharacterized features (actin spots and
syncytial knots) on the whole tissue section. LaFg®/ images allowed us to identify the
features on one region of the tissue. Consequethidy guantitative analysis was performed
using naked eyes on a single large FOV for eaclpkarhhis resulted in uncertain predictions.
Hence, adequate analysis is necessary to undowlopeaihtify the observations. A future aspect
for enhancing quantitative studies in clinical bpthology research could be using artificial
intelligence (Al) technology. A preliminary studgwd be performed on designing/training an
Al-algorithm to characterize and quantify abnormlaicenta features objectively. This aspect

might have a significant improvement in clinicasearch and a diagnostic setting.

Another limitation of this study was the use ofratlin cryosection which might be a
disadvantage for pathological investigations. Thatthin section may limit the regions of the
sample to examine due to the sections being exlyefregile and easily damageable as
mentioned earlier. Thus, when we imaged the sextie were able to observe some folded
or damaged regions of the tissue which limitedint&ging area for high-resolution and super-
resolution. Consequently, this might lead to oweklog areas that may be abnormal, thus

giving us false-positive or false-negative results.
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5 Conclusions

In conclusion, the optimized methodology for FFRERd cryo-sections of placenta tissues were
well suited for histological investigation usingethdvanced fluorescence microscopy method.
The FFPE sections were more preferable for acquitlange FOV low-resolution images.
Whereas, ultra-thin cryo-sections were better femegating super-resolution images, which
allowed to observe detailed morphology at a sublzlllevel of the chorionic tissue. In this
study, we used immunofluorescence microscopy topewen the expression of placental
biomarkers (laeverin, PLAP and CK-7) in combinatiaith non-specific commercially
available fluorescent dyes (phalloidin-Atto 647@QMO and DAPI). By using phalloidin-Atto
647 N marker for actin staining, we found abundsoiin spots independently attached to the
chorionic villi, and that there were no significalitferences between healthy and preeclamptic
placentas. Nevertheless, the actin spots seemdedoeiated with fibrosis deposition and thus
attached to fibrin in the chorionic villi. The qu#ative analysis revealed an increased amount
of syncytial knots in PE compared to healthy tissiMoreover, the biomarker investigation
revealed expression localization of the placente#ic proteins. The comparison study seems
to show disorganized microvilli at the apical sedan PE placentas. The study also revealed
that PLAP is STBM-specific and was expressed iragiieal surface of the syncytiotrophoblast
in healthy placentas. Additionally, laeverin seetmsbe expressed in the syncytial plasma
membrane in the healthy placentas. The mixed meltgbeling technique using laeverin and
CK-7 marker revealed co-localization in healthycglatas, whereas in PE placentas laeverin
seems to be abundantly expressed in the syncydahya membrane and hTB cytoplasm.
Lastly, the super-resolution microscope image slaolaeverin expression in fetal capillary

walls in healthy tissue, and overexpression ofptteeein was found in the PE fetal capillaries.
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6 Future perspectives

The master project has been a great groundworkinfonunofluorescence studies using
advanced microscopy methods. However, further iiyatson must be performed to fill the
gaps in our understanding of the placental bionrarkaeverin, CK-7 and PLAP) related to
preeclampsia. Given that the production of pladespgacific factors may contribute to the
development of preeclampsia, it was an interesproach to study these placental-specific
biomarkers. Thus in this present study, the immiumooéscence mixed technique on the
expression of CK-7 (identified human trophoblastagverin (discriminates in PE/healthy
placentas), and PLAP (STBM-specific), was succdlggberformed and allowed for intriguing

observations.

To date, the pathologists routinely use immunobismistry and sFIt/PIGF ratio along with

other biomarkers as a predictor for PE. Therefthis, immunofluorescence pilot study of

biomarkers may contribute to understanding theqgtiasiology of preeclampsia and might be
potential predictors for PE. However, these po#triiomarkers as mentioned needs to be
further studied in a bigger clinical material. Qitimate goal is to find an early pregnancy test
for the prediction of PE, thus it would be of greatierest for future research to use these
biomarkers for investigation of their potential pwedict pregnancy-related diseases, as
preeclampsia in maternal blood. Additionally, indae achievable to perform a non-invasive
test of PLAP or trophoblast fragments/cells int&ternal circulation in week 20 of gestation

or first-trimester, thus predict the disorder atanly stage, closely monitor the pregnancy and

give prophylactic medication.
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Supplementary information

Table S1: List of equipment, reagents and solutions

Name
Sodium chloride (NaCl) 9 mg/mL
EGTA?

HEPES?

PIPES®
Magnesium sulfate
5M sodium hydroxide
FAS
FA (16%)
16 g FA in 100 mL MilliQ water
FA® (8%)
7 mL 16% FASin 7 mL 1X PHEM*
PFA® solution (4%)
15 mL 0.2 M PBS, 7.5 mL 8% FA® diluted in 4X PHEM*, 7.5
mL MilliQ water
Gelatine (12%)
12 g gelatine diluted in 100 mL MilliQ water
Sucrose (2.3 M)
342 g sucrose diluted in 100 mL MilliQ water
Methylcellulose (2 %)
2 g methyl cellulose in 100 mL MilliQ water
Methyl cellulose (1%)
250 pL 2% methyl cellulose in 250 mL 2.3 M sucrose
PBS’ (0.2 M)
10 Ml 1M PBS in 40 MI MilliQ water
PBS (1 M)
1 gPBSin 1L ddHO
BSA8 (1 %)
0.5gBSAin50 Ml 1 M PBS
Xylene (mixture of isomers) 1L

Ethanol absolute 100 Vol. % 1L
Ethanol 96 Vol. % 5L

Ethanol 70 Vol. %
diluted from 96 Vol. %
Citric acid monohydrate

Manufacturer

Fresenius Kabi AG

Sigma-Aldrich

VWR Chemicals

Sigme-Aldrich
Sigme Aldrich
Sigme-Aldrich
SigmeéAldrich

Fluka Analytical
Sigma-Aldrich

Sigma-Aldrich

VWR Chemicals
VWR Chemicals
Sigma-Aldrich

VWR Chemicals
VWR Chemicals
VWR Chemicals

Sigma-Aldrich
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Cat. No.
896968
E4378-1006

441476L

P675-500C
M750€-500C
3062(-1KG-R
15812°-500C

48723-599G-5
16104-1KG

M6385-100G

E404-200TABS
E404-200TABS
A8022

28975.291
20821.296
20823.362

C-7129

Purpose
Rinse the collected fresh tissue
Used to make 1X PHEMbuffer

Used to make 1X PHEMbuffer

Used to make 1X PHE?* buffer
Used to make 1X PHE?* buffer
Used to make 1:PHEM* buffer
Prepare 16% PF®

To further dilute to 8% FA
Used in 4% PFAsolution

Fixate tissue and preserve tissue morphology

Preserving tissue morphology

Preventing crystallization during freezing

To further dilute to 1% methylcellulose

Prevent the tissue section from drying

Used in fixative

Washing (Maintains intracellular Ph, which prevergds rupturing or
shriveling up due to osmosis)

Used in blocking buffer

Removed paraffin penetrated the tissue

The rehydration step reintroduces the water moéescinto the tissue
The rehydration step reintroduces the water moéscinto the tissue
Rehydration of FFPE samples

Used in Citrate buffer



Manufacturer Cat. No.
Solution A: 10.5 g citric acid monohydrate in 500 MMilliQ
water
Sodium citrate Sigma-Aldrich C-7254
Solution B: 29.4 g sodium citrate in 1 L MilliQ water
Citrate buffer
18 ml solution A and 82 ml solution B
Glycine (bleaching solution) Sigma-Aldrich G7126-100G
150 mM  11.6 g glycine + MilliQ water up to 1000 mL
TBST? (washing solution)
2.5 ml 20% Tween 20 + in 1L 1X TBS
10 X TBS1c
g Trizma base + 90 g NaCl + MilliQ water up to Q00 mL
VWR Chemicals 6636848
Sigma-Aldrich WSDR-100
Cryogenic storage vials Thermo Fisher 5000-0020
Agar Scientific Ltd.
VWR 48393-151
Thermo Fisher
Poly-L-lysine (0.2 mg/Ml) Sigma-Aldrich P1274

0.2 mg poly-L-lysine in 1 mL Milli-Q water

Prolong Gold Antifade Mountant Thermc Fishe P3693:

Dental glue Picodent twinsil 22
1:1 Solution A and Solution B

1IEGTA: Ethylene glycol tetraacetic acid (ethylengogl-bis ( -aminoethyl ether)-N, N, N’, N'-tetraacetic acid)
2HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesutfcadid

SPIPES: 1,4 piperazine bis (2-ethane sulfonic acid)

“PHEM: PIPES-HEPES-EGTA-Magnesium sulfate

5FA: Formaldehyde

SPFA: Paraformaldehyde

’PBS: Phosphate buffered saline

8BSA: Bovine serum albumin

9TBST: Tris buffered saline with Tween 20

10TBS - Tris buffered saline
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Purpose

Used in Citrate buffer

Enables rehydration and antigen retrieval by bregkross-links
between antigens and any substances in its fixatiedium

Reducing the unspecific cross-binding of the flsoent markers and
antibodies to the sample.

Decrease background staining and reagent spreadprgcedures

To further dilute to 1X TBS for TBST (washing saobut)

Used in 10X TB%’ solution

Used in 10X TB® solution

Used in TBST (washing solution)
A rack for Cryo-section samples

the placenta samples on pins were placed in #is &nd store in the
nitrogen tan

Tissue sample placed on the coverslip
Assemble coverglass
Provide adherence between tissue section and gass

Mounting mediurn
Seal the edge of the mounted cover glass



Table S2: Labeling combination using Biomarkers and fluorescence markers

Reference Human Preservation Manufacturer

placenta

Target

Antibody Name

Working
concentration

1 Normal Cryo-section ~ Syncytial 1'Ab3 PLAP* (8B6) Mouse Monoclonal Antibody Santa Cruz Sc-47691 1:50
microvesicles Biotechnology
2'Ab® Goat Anti-Mouse 1gG (H+L) Cross- Thermo Fischer A11001 1:250
FFPE section Adsorbed Secondary Antibody, Alexa Flus
Plus 48!
Membrane - CellMask Orangt Thermo Fische C1004! 1:200(
Nuclei - DAPI® Thermo Fische 62247 1:100¢
2 Normal FFPE section Laeverin 1 Ab® Anti-Laeverin Rabbit Polyclonal Antibo ~ Abcan Ab18534! 1:10C
2'Ab3 Donkey Anti-Rabbit IgG (H+L) Highly Thermo Fischer A31573 1:500
PE Cross-Adsorbed Secondary Antibody,
Alexa Fluor 647
Cryo-section  Trophoblast 1'Ab® Cytokeratin 7 Mouse Monoclonal Antibod' Santa Cruz Sc-23876  1:100
cytoplasm Biotechnology
2'Ab3 Goat Anti-Mouse 1gG (H+L) Cross- Thermo Fischer A11001 1:250
Adsorbed Secondary Antibody, Alexa Flus
Plus 48!
Nuclei - DAPI® Thermo Fischer 62247 1:1000

FFPE section Trophoblast 1'Ab3 Sc-23876  1:100

cytoplasm

Cytokeratin 7 Mouse Monoclonal Antibod: Santa Cruz

Biotechnolog
Goat Anti-Mouse IgG (H+L) Cross- Thermo Fischer
Adsorbed Secondary Antibody, Alexa Flui

Plus 48t

A11001 1:250

3 Normal
2'Ab3
PE
Membran: -
Nuclei -

CellMask Orangt Thermo Fische C1004¢ 1:200(
DAPI® Thermo Fische 6224 1:100(
4 Normal FFPE section Actin - Phalloidin-Atto 647 N Sigma-Aldrich 65906 1:100
PE
Membrane - CellMask Orange Thermo Fischer C10045 1:2000
Nuclei DAPI® Thermo Fische 62245 1:100(
Cytokeratin 7 Mouse Monoclonal Antibod: Santa Cruz Sc-23876  1:100

Biotechnolog

Goat Anti-Mouse 1gG (H+L) Cross-

5 Normal Cryo-section  Trophoblast 1'Ab®
cytoplasm
2'Ab?
Actin - Phalloidir-Atto 647 N
Nuclei - DAPI®

Adsorbed Secondary Antibody, Alexa Flui
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Thermo Fischer A11001 1:250

Plus 48:i
Sigmeé-Aldrich 6590¢ 1:10C
Thermo Fische 6224 1:100(



Reference Human Preservation  Target Antibody Name Manufacturer Working

No. placenta concentration
Normal Cryo-section Membrane - CellMask Orange Thermo Fischer C10045 1:2000
PE!
Nuclei - DAPI® Thermo Fische 62247 1:100¢
7 Normal Cryo-section Laeverin 1’Ab3 Anti-Laeverin Rabbit Polyclonal Antibody Abcam ab185345 1:100
PE 2'Ab3 Donkey Anti-Rabbit IgG (H+L) Highly Thermo Fischer A31573 1:500
Cross-Adsorbed Secondary Antibody,
Alexa Fluor 64
Membrane - CellMask Orang Thermo Fische C1004! 1:200(
Nuclei - DAPI® Thermo Fische 62247 1:100(

1PE: Preeclampsia

2FFPE: Formalin-fixed paraffin-embedded

3Ab: Antibody

4PLAP: Placental alkaline phosphatase

SDAPI: 4’,6-diamidino-2-phenylidole, dihydrochloride
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S3: Microscope image representation of poor deparaf  finization and
rehydration technique

S3: Microscope image representation of poor depéirafation and rehydration techniqued4pm thick FFPE
healthy placenta section labeled with phalloidineA®47 N for F-actin staining (displayed in greemjembrane
stained with CellMask Orange (displayed in red)leucounterstained with DAPI (displayed in blu@) Large
FOV generated using DV microscope with 20X magatifo. (B) Enlarged image from (A). Reduced signal,
blurry and unclear regions are observed due to pdeparaffinization and rehydration technique of saregions

in the slide.
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S4: Orthogonal view of the point spread function

S4: Orthogonal view of point spread functioifhe point spread function is viewed on an orthodeiew. In this
case, the PSF is symmetrical which indicated aimmdtrefractive index match between the immersi@aliom
and the microscope objective.
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S5: A general protocol for fluorescent immunolabeli
sections

ng on FFPE tissue
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Poly-L-Lysine (Sigma, cat# P1274)
& , - $ . # $ # $
# $ - / $ 0 $
$ ) ) $ ) O
I"#
12 31( 3(( 34
$ %& % "567 84496, 24 $:(
2 2496, 248 ","567
$ '#%& 4 6 9" <= $(
1" 60 8*4 <=8 > % "444
?0 % ( =
& ) @& &% '7? "44 676
+ $ (@
@ "4 . 44 ,
@ 2* N>,
( ? (2 7 -$ 7 . >,
& @
"4 A. BA??,C'B=: !AD"21" 44A
C $ . . $ $

83



# 1 4°= $
$@
) @5.
2 "4 @"449
2 "4 @ *19
" "4 @ D49
'Y 7
" @ >1
4 # cox(
, * o— $ -
# 2 E49%, $ _ #
24 '6
$ )
, ) 2, > $ +
676 2
- ) A
3 /
$ -
-$ "44 "4 3 # $ $
$ 0 $$ + #
7 # o=
3 /
2 3 $#
C
'6
& ) 67 6
& 2 7
C = -F 7 "@2444
& 2 7
+
C = -F 7 "@2444
& 2 7
8 -
? C?B 7 "@"444 '6
& 2 >,
?$ +
?$$ . A
$ $ ' #
$$ .09 : $ $ ' ##
$ . $% $ , 0
$

84



85



S6: A general protocol for labeling of Placenta Cry
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S7: Coating of coverslips with Poly-L-lysine
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