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ABSTRACT

Endothelial cells (EC) line the lymphatic and vascular vessels of the body, forming
a barrier between the lumen and surrounding tissue. ECs actively coordinate the
exchange of migrating cells, fluids and molecules thus regulating tissue
homeostasis. Correctly working endothelium is also important during the
embryonic development, as progenitor cells have tight time windows to reach and
colonize target tissues. Failures to do so lead to perturbed cell composition and
lasting adverse effects in the adulthood. In the blood endothelium, plasmalemma
vesicle-associated protein (PLVAP) forms diaphragms on specific plasma
membrane structures (transendothelial channels, fenestraec and caveolae) and has
been showed to regulate the EC permeability in blood vessels. However, the role of
PLVAP in the lymphatic endothelium is not characterized, nor its role in the
immune system during development.

The aim of this thesis was to use in vivo and in vitro -methods to investigate
endothelial cells in the lymph node and liver. The results of this thesis show that
PLVAP is unexpectedly expressed in distinct lymphatic ECs of the lymph node and
there, PLVAP regulates the antigen and lymphocyte entry to the lymph node.
During development PLVAP expression is crucial for migration of macrophage
progenitors and the emerging of a F4/80™! tissue-resident macrophage population in
several organs. In mammary gland, the F4/80Hi macrophages form a major
population of the steady state macrophage pool and that their unique functions
cannot be performed by other macrophage types.

KEYWORDS: Endothelium, PLVAP, lymph node, cell traffic, tissue specific
macrophage, mammary gland



TURUN YLIOPISTO

Laaketieteellinen Tiedekunta

Biolaaketieteen Laitos

Laaketieteellinen mikrobiologia ja immunologia

NORMA JAPPINEN: PLVAP:n vaikutus endoteelisolupermeabiliteettiin ja
valkosolumigraatioon

Vaitdskirja, 214 s.

Turku Doctoral Programme of Molecular Medicine

syyskuu 2019

TIVISTELMA

Kehon veri- ja imusuonistoa vuoraa endoteelisoluista koostuva kerros, joka toimii
aktiivisena rajapintana suonten sisdtilan ja ympéardivien kudosten vililla.
Endoteelisolut suodattavat ldvitseen soluja, nesteitd sekd molekyylejd ja sditelevit
ndin kehon fysiologista tasapainoa. Endoteelisolujen toiminta on tirkedd aikuisten
kudosten homeostaasin ylldpidon sditelyssd, mutta myos sikidonkehityksen aikana
ohjaamassa solujen esiasteiden kulkua kohdekudoksiinsa. Plasmalemma vesicle-
associated protein (PLVAP) on veriendoteelisolujen pinnalla ilmentyvé proteiini,
joka muodostaa siivilimdisid suodattimia endoteelisoluihin. PLVAP:n on
aikaisemmin osoitettu vaikuttavan endoteelisolujen ldpdisevyyteen verisuonistossa.

Tamén véitdskirjan tarkoituksena on tutkia in vivo ja in vitro-metodeja
kayttden imusolmukkeen ja maksan endoteelisoluja ja selvittdd, kuinka PLVAP-
riippuvainen endoteelisolupermeabiliteetti sddtelee soluliikennettd ja miten
solulitkenteen hiiriintyminen sikidonkehityksen aikana vaikuttaa my6hemmin
kudoksissa.

Viitoskirjatutkimuksessa selvitettiin, ettdi PLVAP esiintyy odottamattomasti
imusolmukkeen sinuksen endoteelisoluissa, joissa se sddtelee antigeenien ja solujen
padsyd imusolmukkeeseen. Liséksi selvisi, ettd sikiokautisessa maksassa PLVAP
sddtelee makrofagien esiasteiden péddsyd verenkierron kautta kohdekudoksiinsa.
Néytimme, ettd normaalitilassa rintakudoksen makrofagipopulaatio koostuu
merkittdvin osin sikidperdisistd kudosmakrofageista, joilla on erityistehtédvii, joita
muut makrofagit eivit pysty suorittamaan.

AVAINSANAT: Endoteeli, PLVAP, imusolmuke, soluliikenne, kudosspesifiset
makrofagit, rintakudos



Table of Contents

Abbreviations ... ——— 10
List of Original Publications...........ccceiiiiiiiiiiiiiiiii, 12
1 Introduction ... ————— 13
2 Review of the Literature ...........cccoooiiies 15
2.1 Theimmune SySteM.........ciiiiiiiiiic e, 15
2.1.1 The cardiovascular and lymphatic vasculature............. 17
2.1.1.1 Development of blood and lymphatic
vasculature ... 18
2.1.1.2 Endothelial cells..............covvviiiiiiiiiieeeieinnn, 19
2.1.1.3 Plasmalemma Vesicle Associated Protein
(PLVAP) in vasculature.............c..coeevrvinnnnnnn.. 21
2.1.1.4 PLVAP/PAL-E in humans ..........ccccccccuvennnnnne 23
2.1.1.5 PLVAP is a potential target for drug
development and treatment .......................... 23
2.1.2 The peripheral lymph node............ccccceiiiiiiiiiiiiiinn. 24
2.1.2.1 Subcapsular sinus ............cccoeeviiiiiiiieeneien, 25
2.1.2.2 Parenchyma........cccoooviiiiiiiiiiiiiiiicee e, 26
2.1.2.3 Conduit system.......ccccceeeiiiiiiiiiiiiiiiiii e, 26
2.1.2.4 Resident leukocytes..............euvvvemvviiiiiiinnnnnns 27
2.2 MaCroPhagEs ........uuuuuuiiiiiiii 28
2.2.1 Monocyte-derived macrophages ............ccccccvvvvrinennnn. 30
2.2.1.1 Molecules that affect monocyte migration..... 30
2.2.2 Tissue-resident macrophages ........ccccoveeeeeieeeeiieennnnnnnn. 31
2.2.2.1 The development of tissue-resident
MACTOPNAGES......uvviviiiiiiiiiiiiiiiiiiiiiiie 31
2.2.2.2 Tissue-resident macrophage functions ......... 33
2.3 Mammary gland development and function.................cc......... 34
2.3.1 Prenatal development ..........cccoooiiiiiiiiiiciineee, 35
2.3.2 Postnatal development.............oooooiiiiiiiiiiiie, 36
2.3.3 Macrophages in the mammary gland .......................... 36
2.3.3.1 Mammary macrophages as therapeutic
targets ... 37
3 N 1 L= 39
4 Materials and Methods ..., 40
4.1 ANIMalSs (I-11)..ee e 40



4.1.1 Wild type strains (I-l1)..........ccco 40
4.1.2 Knock out strains (I-111) .........ccoeeeeriiiiiii e, 40
4.1.3 Generation of conditional Plvap™ mice (I).................. 41
4.1.4 Tamoxifen inducible models (I, ) ........cccccceeeeeinnnnnnnn. 41
4.2 Macrophage depletion (I, I1)........oooeviiiiiiiiiiiiiiiiiiiiiiiiiiiis 42
4.2.1 Depletion of existing macrophages (I) ...........cceeeeeeen. 42
422 D()apletlon of YS-derived macrophages prenatally (1l,
TE) e 42
4.2.3 Depletion of tissue-resident macrophages
postnatally (H)........ccoeeiiiiiii e, 42
4.3 Colony forming assay (I1).......ccceveeiiiiiiiiiiiiiiiiiiiiiiiiieiiiiis 42
4.4 Immunoblot analysis (1) .......cceeeeiiiiiiiiiiiiiiiiiiies 42
4.5 Interaction studies (I1)..........cooeeeiiiiiiiiiiiiiiiiiiiis 43
4.5.1 Generation of PLVAP-Fc fusion protein (Il).................. 43
4.5.2 Heparin affinity pull down assay (I1)........cccccccoeeeeiiene. 43
453 Farwestern (1) ....cccoooeeiiiiiiiii e, 43
4.5.4 Proximity ligation assay (I1).........ccccoeeei 43
4.5.5 Co-immunoprecipitation assay (Il)...........ccceeeeeieeene. 44
4.6 Fluorescence-activated flow cytometry (I-lll) ............oooooveeeeen. 44
4.6.1 Isolation of the cells for single-cell suspension (I-1ll).... 44
4.6.2 Staining of cells for flow cytometry (I-lll) ...................... 45
4.7 In vivo migration assays (1) .......ccccoeevviiiiiiiiiiiiiieee e 48
4.8 In vitro transmigration assays (I).......cccceeereveiiiiiiiiiiiiiiiiiiiiiiinns 48
4.9 In vivo uptake experiments (I, )., 48
4.10 In vivo conduit-filling studies (I).........ccceeeviiiiiiiiiiiiiiiiiiiiiiiiiiins 49
4.11 Proliferation assay (1) ........coooeeeiiiiiiiiiii e, 49
4,12 Mass cytometry (D)., 49
4,13 Cytology (1) ..eeeeeeeee e 51
4.14 Quantitative PCR (I, 11, ) weeeeveeieiiiiieeieeieeeeeeeeeeeeeeeiee 51
4.15 Electron microscopy (I, H).....oeeeeeeeiieiiiiiiiiiiiiiiiiiiiiiiiiieiiiis 52
4.15.1 Transmission electron microscopy (I, 1) .............ccee. 52
4.15.2 Scanning electron microscopy (1)..........cccoveeeeeeeiiiinnnnn. 52
4.15.3 Immunoelectron microscopy (1) .....ooevvveviiieeiiienieiiinnne. 53
4.16 Immunofluorescence staining and imaging of sections (I-
L TSP 53
4.16.1 Visualization of luminal PLVAP (I, Il) ... 55
4.16.2 Whole-mount (I, ). 55
4.16.3 PLVAP expression in human samples (I, Il)................. 56
4.17 Histology (1) ....oooerieieieeeeeeee e 56
4.18 lron recyCling (1) .....eeeee e 56
4.19 Mammary gland ductal branching (I, 1) ... 56
4.20 Statistical analyses (I-11) ........oooviviiiiiiiiiiiiiiis 57
RESUIES ... e 58
5.1 PLVAP in lymphatic endothelium controls the entrance of
lymphocytes and antigens into the lymph nodes .................... 58
5.1.1 Deletion of PLVAP leads to abnormal lymph nodes..... 58
5.1.2 WT subcapsular sinus LECs express PLVAP.............. 58
5.1.3 Lack of PLVAP leads to increased antigen entry
and enhanced B & T cell activation in the PLN ............ 59



5.2

5.3

5.1.4 Lymphocytes use PLVAP to transmigrate through

the lymphatic endothelium............cccoooeviiiiriin e,
PLVAP regulates the establishment of tissue-resident
macrophage populations during development........................
5.2.1 Deletion of PLVAP leads to decrease in F4/80"

tissue-resident macrophage populations in the

AAUIE MICE.. .
5.2.2 Decreased fetal liver -derived, but not YS-derived

macrophages in tissues of P/vap MICe .eevvieeeerieeens
5.2.3 Macrophage precursors accumulate in fetal liver.........
5.2.4 PLVAP interacts with heparin and chemotactic

MOIECUIES ......ovviiiie e
5.2.5 Deﬂmency of fetal-derived macrophages leads to

Fe3* accumulation and altered mammary

branching in adult Plvap™ mice ......c..ccooveevveeeeeeeeann.
Fetal-derived macrophages occupy mammary gland
throughout adulthood .................eviiiiiiiiiiiiie
5.3.1 Macrophages reside in the mammary gland

already before birth ...
5.3.2 Fetal liver -derived macrophages seem to

constitute the majority of tissue-resident

macrophage pool in mammary gland ..........................
5.3.3 CCR2-independent migration of macrophages to

mammary gland ...
5.3.4 CD206 as a putative marker to define fetal-derived

macrophages in mammary gland .............cccccoeeeeennnnnnn.
5.3.5 CD206" macrophages are associated with ductal

branching and scavenging in mammary gland.............

D TE=Y o3 U L=X=] Lo o T

6.1
6.2

oo
rw

6.5

PLVAP expression in the lymphatics (1)...........ccccooiiiiiiiiiiinnnn.
PLVAP mediated regulation of antigen and leukocyte
MIGration (I, 1) ..o
6.2.1 Antigen migration (1)........cccccoeviiiiiiiiiiii e,
6.2.2 Leukocyte migration (I, 1) ........cooooiiiiiiiiie,
PLVAP expression in humans (I, 11)........cccoooiiiiiiiiiiie
Tissue-resident macrophages (Il, 1) ........oooveviiiiiiiiiiiiiiiiiiiinns
6.4.1 Macrophages are found in the prenatal mammary
gland (H) ..eee e
6.4.2 Fetal macrophages persist in the adult mammary
gland (H, T ...
6.4.3 Monocyte-derived macrophage contribution to the
mammary gland macrophage pool: CCR2
involvement in the F4/80-" population (llI)..................
Hormonal effects on mammary macrophages (lll).......
Macrophage functions in the mammary gland (lll).......
re PErsPECHIVES. ....covviii e
PLVAP as a therapeutic target ().,
Mammary macrophages as a therapeutic target

(LT SO

ooToOo®
NACmA

4.
4.
ut

.5.
.5.



7 {020 Y 3 [od [T T=7 oY o 1= 79

Acknowledgements...........ccccc 80
RefErenCes ..o 82
Original Publications............cccooiiiiiiieccccirrsrrrece e 95



Abbreviations

AGM
APC
BABB
BEC
BM
BrdU
BSA
CCL
CCR
cDNA
CFSE
CSF1
CSF1R
CTLA4
CyTOF
DAPI
DC
DNA

EC
ECL
EDTA
EYFP
EMP
FRC
GFP
HEV
HLA
HRP
HSC
ICAM

10

Aorta-Gonad-Mesonephros

Antigen Presenting Cell

Benzyl Alcohol and Benzyl Benzoate
Blood Endothelial Cell

Basement membrane
Bromodeoxyuridine

Bovine Serum Albumin

Chemokine Ligand

Chemokine Receptor
Complementary Deoxyribonucleic acid
Carboxyfluorescein Succinimidyl Ester
Colony Stimulating Factor 1

Colony Stimulating Factor 1 Receptor
Cytotoxic T lymphocyte antigen 4
Cytometry by Time Of Flight
4’,6-diamidino-2-phenylindole
Dendritic Cell

Deoxyribonucleic acid

Embryonic Day

Endothelial Cell

Enhanced Chemiluminescence
Ethylenediaminetetraacetic Acid
Enhanced Yellow Fluorescent Protein
Erythro-Myeloid Progenitor
Fibroblastic Reticular Cell

Green Fluorescent Protein

High Endothelial Venule

Human Leukocyte Antigen
Horseradish peroxidase
Hematopoietic Stem Cell
Intercellular Adhesion Molecule-1



IFN vy
IL

ip

LV
LDL
LEC
LPS
MDP
MFI
MHC
MP
mRNA
OCT
OVA
PAL-E
PBS
PD1
PFA
PLA
PLN
PLVAP
qPCR
s.c
SCS
SDS-PAGE
TBS
TEB
TEC
TNFa
t-SNE
VEGF
WT
YFP
YS

Interferon Gamma

Interleukin

Intraperitoneal

Intravenous

Low Density Lipoprotein

Lymphatic Endothelial Cell
Lipopolysaccharide

Macrophage Dendritic Cell Precursor
Mean Fluorescence Intensity

Major histocompatibility complex
Myeloid Precursor

Messenger Ribonucleic Acid

Optimal Cutting Temperature Compound
Ovalbumin

Pathologische Anatomie Leiden-Endothelium
Phosphate Buffered Saline

Programmed Cell Death-1
Paraformaldehyde

Proximity Ligation Assay

Peripheral Lymph Node

Plasmalemma Vesicle Associated Protein
Quantitative Polymerase Chain Reaction
Subcutaenous

Subcapsular Sinus

SodiumDodecylSulfate—Polyacrylamide Gel Electrophoresis

Tris Buffered Saline

Terminal End Bud

Transendothelial Channel

Tumor Necrosis Factor Alpha

T-distributed Stochastic Neighbor Embedding
Vascular Endothelial Growth Factor

Wild Type

Yellow Fluorescent protein

Yolk Sac

11



List of Original Publications

This dissertation is based on the following original publications, which are referred
to in the text by their Roman numerals:

I

II

III

Pia Rantakari*, Kaisa Auvinen*, Norma Jappinen, Maria Kapraali, Joona
Valtonen, Marika Karikoski, Heidi Gerke, Imtiaz Iftakhar-E-Khuda,
Johannes Keuschnigg, Eiji Umemoto, Kazuo Tohya, Masayuki Miyasaka,
Kati Elima, Sirpa Jalkanen & Marko Salmi. The endothelial protein PLVAP
in lymphatics controls the entry of lymphocytes and antigens into lymph
nodes. Nat Immunol. 2015, doi: 10.1038/n1.3101

Pia Rantakari*, Norma Jappinen*, Emmi Lokka, Elias Mokkala, Heidi
Gerke, Emilia Peuhu, Johanna Ivaska, Kati Elima, Kaisa Auvi-nen & Marko
Salmi. Fetal liver endothelium regulates the seeding of tissue-resident
macrophages. Nature. 2016, doi: 10.1038/nature19814

Norma Jéppinen, Inés Félix, Emmi Lokka, Sofia Tyystjdrvi, Anne Pynttiri,
Tiina Lahtela, Heidi Gerke, Kati Elima, Pia Rantakari & Marko Salmi. Fetal-
derived macrophages dominate in adult mammary glands. Nat Commun.
2019, doi: 10.1038/s41467-018-08065-1.

*equal contribution

The List of original publications has been reproduced with the permission of the
copyright holders.

12



1 Introduction

The wellbeing of an individual largely depends on the ability to maintain effi-
ciently working defense systems in the body, be it during the physiological steady
state or under threats during pathological conditions like inflammation or cancer.
Well-functioning communication between organs, facilitated by vasculature, is the
cornerstone of immunity. The network of vessels provides a highway for the
signals from the periphery to be distributed to the vital lymphoid organs where they
are interpreted and reacted to accordingly. The vasculature can be divided to two
distinct parts, the blood vasculature and the lymphatic vasculature. The two are
intertwined, and have structural similarities among the dividing factors. The
innermost layer of both vasculatures consists of endothelium, a cell layer that not
only acts as a barrier between the lumen of the vessel and surrounding tissues, but
also actively regulates the permeability of the vessels. Disturbances in the vessel
permeability can lead to disturbed exchange of fluids, molecules and cells.
(Cleaver and Krieg, 2010, Escobedo and Oliver, 2016) The regulation of cell traffic
is especially important during embryogenesis, which is a precisely regulated
cascade of events within a narrow time window. (Melton and Cleaver, 2003)
Perturbations in cell trafficking caused by incorrectly working endothelium during
development can lead to lasting effects on the cellular composition and function of
tissues.

Plasmalemma Vesicle Associated Protein (PLVAP) is an endothelial cell
specific protein which has been shown to regulate cell traffic and the permeability
of fenestrated blood endothelium. (Stan et al. 2012) However, little is known about
PLVAPs role in the lymphatics and the cell traffic across the lymphatic
endothelium. The research projects in this thesis show for the first time that
PLVAP is also expressed in the lymphatic endothelial cells (LECs) of the lymph
node and there it regulates the permeability of lymphatic endothelial cells of the
subcapsular sinus. During the study of the immunological role of PLVAP, it
became evident that the PLVAP deficient mice have major perturbations in
macrophage populations in several tissues. The emergence of tissue-resident
macrophages occurs during embryogenesis, in a process which involves cell
migration across the liver sinusoidal endothelium. (Rafii et al. 1997) The molecules
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which govern the migration of the fetal macrophage precursors were unknown,
thus we hypothesized a role for PLVAP as it affects permeability in several other
tissues. The results showed that the expression of PLVAP during development is
necessary for the emergence of F4/80' tissue-resident macrophages in adulthood.
Finally, a closer look at the mammary gland was taken, since the macrophage
dependent ductal development was clearly perturbed in the Plvap™~ mice. It was
shown that the majority of macrophages in the adult mammary gland originate
from the fetal era and that the tissue-resident macrophages have a distinct
phenotype and function in comparison to monocyte-derived macrophages. Detailed
information about tissue macrophage composition is crucial for the development of
new treatment strategies that rely on modulation of endogenous immune cells.
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2 Review of the Literature

The immune system is an intricate combination of specialized subsystems. This
literature review will discuss the development and functions of blood and
lymphatic vasculature, lymph nodes, macrophages and mammary gland. The role
of endothelium in cell and molecule migration at steady state and the role of
PLVAP in the permeability of endothelial cells will also be discussed.

2.1 The immune system

The immune system is a system of cells and organs working together in order to
protect against a disease and maintain the host homeostasis. The body comes in
contact with a vast amount of both new and previously encountered antigens daily.
Bacteria, viruses, parasites and fungi, or a part of them or their products act as
antigens that need to be recognized from host cells and, if necessary, destroyed
efficiently. To achieve this, the body has two systems that work together to protect
the host: the innate immunity and the adaptive immunity. The innate response is
rapid, but also less specific and somewhat explosive, whereas the adaptive
immunity reacts more slowly but counters with specific responses and an
immunological memory which helps fight a reoccurring infection. (Iwasaki,
Medzhitov 2015, Wood 2015)

The body has several tiers of protection against pathogens. Pathogen entry into
the body is limited by the physical barrier of the intact skin on the outside and
mucosal barriers on the inside of the body, in addition to commensal bacteria and
resident immune cells in both barriers. (Naik et al. 2012) If the antigen has been
able to find its way to the body, the innate immunity is the first responder. The
initiation of first immune response relies on recognition of highly conserved
pathogen-associated molecular patterns which are present in large groups of micro-
organisms. (Janeway 1992) The first reaction to infection or injury is usually
inflammation, driven by local macrophages, fibroblasts, mast cells, and dendritic
cells (DCs) and accompanied by circulating leukocytes, including neutrophils and
monocytes. (Newton, Dixit 2012) A more elaborate and targeted response occurs
shortly after, once the antigen reaches the lymph node and is presented to T cells
with the help of antigen presenting cells (APCs). Activated T cells differentiate
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into CD4+ T helper cells which can assist other T cells in differentiating into
cytotoxic T cells which have the ability to kill other cells. T helper cells can also
promote B cell responses by helping B cells become plasma cells which produce
large quantities of antibodies. Some of the B cells undergo affinity maturation and
differentiate into memory cells which remain in the body and can start the
production of higher affinity antibodies quickly if the same antigen is encountered
a second time. The APCs, T cells and B cells work together to produce an
appropriate adaptive immune reaction. (Wood 2015)

Even though inflammation is often the first appropriate reaction to many
external or internal threats, like pathogens and tissue injury, it needs to be carefully
controlled. Correctly working immunity creates a proportional response to antigens
or infection caused by them and is able to curb the inflammation when the threat
subsides. (Koh, DiPietro 2011) Problems in controlling the immune response can
lead to chronic inflammation, autoimmune diseases or immunodeficiency.

Chronic inflammation is linked to a heightened risk for cardiovascular disease
(Ridker et al. 1997) and type 2 diabetes (Duncan et al. 2003), both major health
issues worldwide. Autoimmune diseases are the result of the immune system
mistakenly attacking healthy tissues and destroying autologous cells. These
diseases, such as multiple sclerosis, Crohn’s disease and autoimmune thyroiditis
are becoming more prevalent in the Western societies, perhaps due to
environmental factors. (Lerner et al. 2016) In addition to the diseases caused by an
over aggressive immune system, the lack of immune responses can be even more
dangerous and often lethal. Immunodeficiency caused by genetic mutations
(Buckley et al. 1999) or the human immunodeficiency virus (Autran et al. 1997)
leads to loss of immune cells or their function and severely hampers the ability to
fight infections. Thus, modulation of the immune system is warranted as the
diseases caused by overly active immune system and immunodeficiency not only
cause pain and discomfort but also predispose the patients to other diseases and
cancer. (Grulich et al. 2007, Park et al. 2010)

Curbing the immune responses in order to control extreme inflammation or
autoimmune reactions relies on immunosuppressive medication. Drugs in the
glucocorticoid family (Croxtall et al. 2002) and non-steroidal drugs and biologics
(Pato et al. 2011) are commonly used for the inhibition of lymphocyte activity. The
immune system can be activated before the onset of a disease through
immunization, commonly achieved with vaccinations. Vaccinations, often
combined with a response enhancing adjuvant (Mosca et al. 2008), activate the
immunological memory and provide a relatively long term protection against
certain diseases later in life. (Hammarlund et al. 2016) Boosting the immune
activity in immunosuppressive conditions can be achieved by a combination of
drugs to decrease the viral load and allow immune cell recovery (Autran et al.
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1997) or by hematopoietic stem cell gene therapy (Clarke et al. 2018). Despite the
various existing methods to modulate the immune system, new approaches are
needed, because many of the current methods are aggressive and have adverse
effects due to non-specificity of drug distribution and the development of
resistance. (Pato et al. 2011, Wilson et al. 2019)

The protective and homeostasis maintaining effects of the immune system
often relies on the presence of immune cells. For the purpose of surveilling the
body and reaching the site of action, the immune cells must travel using the blood
and lymphatic vessels which act as highways from tissue to another. The next
sections review the development of the two important vessel systems and the inner
lining cell compartment of the vessels, the endothelial cells, with particular in-sight
to the endothelial protein PLVAP.

2.1.1 The cardiovascular and lymphatic vasculature

The circulatory system has developed to offer nutrients and oxygen to every cell in
the body, to transport waste from the tissues and to facilitate cell traffic throughout
the body. The cardiovascular and lymphatic vasculatures circulate blood and lymph
respectively, to ensure that the tissues receive nutrients and also to simultaneously
facilitate immune surveillance. Blood vasculature distributes oxygenated blood
from the arteries to the vessels which sprout from the larger veins, finally reaching
the small capillaries. Blood is circulated back towards the lungs to release the
carbon dioxide and re-oxygenate the blood. (Cleaver and Krieg 2010) Similarly to
the blood vasculature, the lymphatic vessels traverse most of the body. Even the
central nervous system, which was thought to be devoid of lymphatic vasculature,
has been shown to be drained by lymphatic vessels in certain areas, in addition to
the local microglia-dependent drainage. (Aspelund et al. 2015, Petrova and Koh
2018) The lymphatic capillaries collect interstitial fluid, antigens and activated
lymphocytes into larger lymphatic vessels, which transport the lymph to the
thoracic duct, which empties into the central veins. In addition to lymph drainage,
the lymphatics contribute to lipid metabolism. (Wang et al. 2017)

Cells and molecules in the vessels must enter and exit the lumen at suitable
points to reach their destination within the tissues. Intra- and extravasation
cascades of lymphocytes are complex multistep processes which involve several
proteins and interaction between the lumen facing endothelium and the migrating
lymphocytes. (Vestweber 2015) Structurally, the blood and lymphatic vessels are
composed of an inner lining of endothelial cells and varying degrees of basement
membrane (nonexistent in some parts). The vessels are surrounded by different
widths of smooth muscle cells depending on the vessel type and finally are
wrapped in elastic tissue and fibrous connective tissue. The contracting smooth
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muscle cells and luminal valves in the veins and bigger lymphatic vessels help the
blood and lymph flow going to the right direction. Blood is pumped in a closed
circuit system that is powered by the heart, while lymph seems to flow in a more
passive manner due to body movement and respiration. (Cleaver and Krieg 2010,
Jones and Min 2011, Wang et al. 2017)

2.1.1.1 Development of blood and lymphatic vasculature

The cardiovascular system is one of the first functional organ systems to develop in
the embryo, understandably so because the system provides nutrients and
transports cells and signals within the developing fetus and thus enables the growth
of an individual. (Ferrara et al. 1996) In the extra embryonic mouse yolk sac, blood
islands form from mesoderm-derived hemangioblasts. Hemangioblasts give rise to
endothelial cell precursors, angioblasts, and hematopoietic precursors. The
hematopoietic precursors give rise to primitive red blood cells by E8.0 in mice.
Simultaneously, the aorta and the heart tube form in the embryo proper without
contact with hematopoietic cells. The angioblasts in the yolk sac produce
endothelial cells in response to local cues produced by the mesoderm, resulting in
the growth of the blood islands which then fuse together, forming the rudimentary
vasculature (primary vascular plexus). The endothelial cells proliferate and form
new vessels by sprouting from the existing plexus in a process termed
angiogenesis. Endothelial proliferation and angiogenesis is often prompted by the
vascular endothelial growth factor (VEGF) signaling, mediated by the receptors
VEGFR1 (Flt-1) and VEGFR2 (Flk-1) on the endothelial cells. (Ferrara et al. 1996)
Functional circulation is achieved at ES.5, when the yolk sac and embryo proper
vasculature are connected, although it takes two more days for the circulation to be
fully functional. (McGrath et al. 2003) Finally, the vessels mature to be able to
support the increasing blood flow. The endothelial cells synthesize a thicker
basement membrane and recruit vascular wall components such as pericytes and
smooth muscle cells to stabilize the vessels. Later, vessels develop different
characteristics in response to endothelial cell interaction with the surrounding cells,
enabling the vessels to transform into arteries, veins and smaller vessels like
venules and capillaries according to the tissue demands. Advanced techniques have
revealed that several organs such as liver, lung, pancreas, stomach/intestine, and
spleen also have hemangioblasts, which contribute to the vasculogenesis (the
formation of blood vessels, without sprouting from an existing vessel) within the
organ. (Risau et al. 1988, Risau and Flamme 1995, Shalaby et al. 1995, McGrath et
al. 2003, Cleaver and Krieg 2010)

In adult tissues, vasculogenesis is rare. The need for increased blood supply is
usually met with new blood vessels sprouting from the existing ones (angiogenesis)
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in response to tissue signals, as opposed to de novo formation of blood vessels.
VEGF and angiopoietins 1 and 2 are important for the correct migration and
maturation of the sprouting blood vessels. (Hattori et al. 2001, Lim et al. 2004)

The development of lymphatic vasculature occurs simultaneously with
vasculogenesis, but is regulated by different signaling. The majority of lymphatic
vessels arise from blood vessels, by sprouting from Prox1* endothelial cells during
the early development around E10. (Wigle, Oliver 1999, Martinez-Corral et al.
2015, Escobedo, Oliver 2016) In addition to budding from venous endothelial cells,
recent research has revealed that some lymphatic endothelium originates from a
nonhematopoietic precursor, the exact cell type of the lymphatic endothelial cell
(LEC) progenitor however is not clear. (Martinez-Corral et al. 2015) Once
established, the primary lymphatic vessels continue to grow and develop into
initial, blind ended lymphatic vessels, larger smooth muscle cell coated collector
vessels with valves and finally into lymphatic veins. (Wang et al. 2017)

2.1.1.2 Endothelial cells

Both the blood and lymphatic vasculature are lined with a layer of endothelial cells.
As described above, the endothelium plays a pivotal role in the development of
new vessels by orchestrating the vessel formation by cell-cell interactions and
cytokine production. In adulthood, the endothelial cells remain a dynamic
interphase between the cells and molecules in the vessel lumen and the surrounding
tissue. Endothelial cells have a heterogeneous gene profile (Chi et al. 2003),
however, they perform similar functions in many tissues. Endothelium participates
in cell migration by expressing adhesion molecules like intercellular adhesion
molecule-1 (ICAM) and AOC3 and producing chemokines. (Stolen et al. 2005,
Millan et al. 2006) They also control vasodilation by producing substances to
constrict or dilate the vessel and even have the ability to phagocytose. (Ingerman-
Wojenski et al. 1981, Dini et al. 1995, Anselmo and Mitragotri 2017) In the lymph
node, the endothelium is important for induction of peripheral tolerance, as the
LECs are able to present endogenous antigens directly to T cells. (Cohen et al.
2010)

In addition to their secretory and interactional functions, endothelium can be
categorized based on the morphology into continuous, discontinuous or fenestrated
endothelium (Figure 1A). The different endothelial types differ vastly in their
permeability. The need for certain type of endothelium highly depends on the
vessel size, location and function, therefore all types of endothelium can be found
even within one organ, such as the different compartments of the kidney. (Risau
1998) The endothelial type can also experience changes brought on by
developmental maturing. During early development, when the liver is an active
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hematopoietic organ, the fenestrated liver endothelium is overlaid with
diaphragms, but the diaphragms are not found in adult liver. (Stan 2007)

A

Continuous Discontinuous Fenestrated

PLVAP \
Diaphragm

Figure 1. A schematic picture of continuous, discontinuous and fenestrated endothelium (A).
Plasma membrane structures caveola, transendothelial channel (TEC) and fenestra
with PLVAP diaphragms are pictured in the insert (B). BM= basement membrane, N=
nucleus, L= lumen.

Caveola

Continuous endothelium is characterized by an uninterrupted layer of endothelial
cells, where the endothelial cells are joined together by tight, zipper-like junctions,
accompanied by a continuous basement membrane. This type of endothelium is
typical for veins, arteries and collecting lymphatics and is the most non-permeable
endothelium type. The exchange of molecules through the cell is facilitated by
vesicle transport. (Predescu et al. 1997, Baluk et al. 2007, Aird 2012)

Small capillaries are often lined with discontinuous endothelium. The typical
features of discontinuous endothelium are poorly formed basement membrane and
the lack of tight junctions between endothelial cells. Discontinuous endothelium is
the most permissive of endothelial types and is often found in capillaries of tissues
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with extensive molecular traffic such as the liver and bone marrow. (Streeten,
Brandi 1990, Risau 1995, Aird 2012, Stan et al. 2012)

Fenestrated endothelium is characterized by transcellular pores which are
overlaid with diaphragms. The basement membrane however is continuous.
Fenestrated endothelium can be found in organs that are involved in secretion or
filtration such as the endocrine glands and intestinal mucosa. (Streeten, Brandi
1990, Aird 2012)

Structures such as caveolae, transendothelial channels (TECs) and fenestrae
can be found on the endothelium plasma membrane. These structures are usually
found in the peripheral part of the endothelial cell and they are important for the
transcellular (through the cell) passage of macromolecules and migration of cells.
Caveolae are invaginations of the plasma membrane, coated by caveolin-1, which
is an essential protein for the assembly of caveolae. (Razani et al. 2001) Caveolae
facilitate the uptake and transport of molecules, such as albumin, from the blood to
the tissue. (Schubert et al. 2001) Unlike caveolae, TECs and fenestrae create a
direct route through the endothelial cells. Fenestrae are circular openings of the
endothelial cell, which often organize in groups called sieve plates. (Loannidou et
al. 2006) Depending on the tissue, the aforementioned plasma membrane structures
are selectively covered with stomatal diaphragms. (Stan, Kubitza et al. 1999)

So far, only one protein, Plasmalemma Vesicle Associated Protein (PLVAP),
has been reported to participate in the formation of the diaphragms. PLVAP
diaphragms have been shown to regulate the endothelial cell permeability in
fenestrated blood vasculature. The following section will focus on the biology and
endothelial functions of PLVAP.

2113 Plasmalemma Vesicle Associated Protein (PLVAP) in
vasculature

Plasmalemma Vesicle Associated Protein (PLVAP, PV-1 or MECA-32 antigen and
in humans PAL-E or FELS) is an endothelial cell specific protein which has only
been reported in the blood vessel endothelium and thus widely used as a blood
endothelium specific marker. Electron microscopy studies show that PLVAP forms
cartwheel like diaphragms on the plasma membrane of endothelial cells. The
average diameter of the diaphragm is 60-70 nm and the sieve is composed of fibrils
that are conjoined by a central knob, forming openings with the arc width of 5-6
nm. PLVAP is the only known component of the diaphragms and is necessary for
their formation. (Bearer, Orci 1985, Rhodin 1962, Stan et al. 2012). Diaphragms
are found on endothelium surface structures such as TECs, caveolae and fenestrae
(Figure 1B) but are notably missing in the intercellular junctions. (Stan, Kubitza et
al. 1999, Stan, Ghitescu et al. 1999) The caveolae and transendothelial structures
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form independently of PLVAP and are often encountered in tissues with extensive
molecular traffic between bloodstream and tissue, such as the liver and endocrine
glands, suggesting a role for the fenestrae in the cell traffic and molecule exchange.
(Stan et al. 2012) In in vitro setting, PLVAP diaphragms are needed for the
formation of correctly organized fenestrae and sieve plates and the fenestra
formation can be stimulated with VEGF. (Loannidou et al. 2006) In the absence of
caveolae, TECs and fenestrae, PLVAP is rapidly internalized, which would suggest
that forming the diaphragm is the only role for PLVAP. (Tkachenko et al. 2012)

PLVAP has been extensively studied for decades and the distribution of Plvap
expression has been mapped in rat (Hnasko, McFarland et al. 2002), mouse and
human (normal and neoplastic) tissues (Stan et al. 2001, Strickland et al. 2005).
PLVAP mRNA can be found in mouse embryo as early as E7.5, hinting at the fact
that PLVAP may be important for normal embryonic development. Expression of
Plvap mRNA is highest in tissues with extensive traffic between blood and tissues,
such as the lung and kidney and little to no expression was detected in the brain
and testis. (Stan et al. 2001)

Precious structural data about PLVAP diaphragms have been acquired from in
vitro studies, but because endothelial permeability is a complex phenomenon, in
vivo models are necessary to study the role of PLVAP. Mouse and human Plvap
mRNA distributions show only quantitative differences, which has corroborated
the use of mouse models in PLVAP studies. (Stan et al. 2001) Deletion of the gene
of interest is a common approach to study the role of a specific gene, thus knock
out mouse models of Plvap have been developed in a few research groups. The
Plvap™ mice do not survive on a pure breed genetic background and the models
are slightly different in regard to their mixed genetic background, but they all show
the same hallmarks of PLVAP deficiency: embryonic lethality, blood lipid
perturbations and leaky blood vessels. (Herrnberger et al. 2012, Stan et al. 2012)
Recently, perturbations in the maintenance of a subpopulation of B cells in the
peritoneum and spleen of Plvap™~~ mice have been described. (Elgueta et al. 2016)
The severe phenotype of the Plvap~~ mice highlights the importance of PLVAP
for normal homeostasis.

PLVAP diaphragms in fenestrated blood endothelium regulate permeability by
acting as physical sieves. They filter small molecules from the plasma, but leave in
sizeable (>70 kDa) proteins. (Stan et al. 2012) In addition to passive filtering,
PLVAP diaphragms have also been shown to interact with several molecules and
chemokines. Molecules like Neuropilin-1 (Keuschnigg et al. 2012), VEGF
(Strickland et al. 2005) and heparin (Hnasko et al. 2002) interact with PLVAP in
vitro, but the biological function of these interactions have not been elucidated.
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2114 PLVAP/PAL-E in humans

In humans, the monoclonal antibody PAL-E (Patologische Anatomie Leiden
Endothelium) was discovered in the 1980s as a new staining reagent for
endothelium. (Schlingemann et al. 1985) In non-pathological tissues, PAL-E was
reported to stain the endothelium in the capillaries, sinusoids and small and
medium sized veins. The antibody has been useful to discriminate between
vascular and lymphatic endothelium, as no signal seems to be detected in the
lymphatic ducts. In 2005 it was revealed that PAL-E:s target is actually PLVAP
(Niemela et al. 2005) and the discovery was further solidified by Keuschnigg et al.
in 2012 (Keuschnigg et al. 2012).

Only rare cases of Plvap gene mutations in humans have been reported,
probably because the effects of complete loss of Plvap function are so severe that
the development of an affected individual stops very early. So far, only two cases
of nonsense mutations and two cases of missense mutations have been reported in
patients with protein-losing enteropathy. The effects of the missense mutations are
milder, but similarly to mouse models, the lack of functional PLVAP in humans
leads to severely compromised endothelial barrier function, resulting in edema,
hypoproteinemia, hypoalbuminemia, hypertriglyceridemia and premature death.
(Elkadri et al. 2015, Broekaert et al. 2018, Kurolap et al. 2018) The symptoms in
humans verify the validity of the mouse models and underline the importance of
PLVAP in human endothelial permeability and intestinal and vascular integrity.

2115 PLVAP is a potential target for drug development and treatment

Loss of PLVAP is difficult to treat, but many pathological conditions have been
associated with altered endothelial permeability and increased PLVAP expression.
Cancer growth demands increased supply of blood and nutrients and therefore
angiogenesis is often promoted by the tumor produced VEGF, which also induces
PLVAP expression. Many anti-cancer treatments focus on targeting the tumor
angiogenesis. Vascular permeability also increases in inflammation, because of the
increased signaling and immune cell traffic in the inflamed tissue. The expression
of PLVAP is reported to be increased in many pathological conditions such as
nephritis in rats and the vasculature of many human tumors. (Strickland et al. 2005,
Ichimura et al. 2008) In addition to cancer biology, PLVAP has been extensively
studied in the field of eye and brain research. The blood-brain-barrier and blood-
retinal-barrier are easily affected by changes in PLVAP expression and subsequent
changes in permeability. (Bosma et al. 2018)

Inhibiting PLVAP expression has led to positive results in in vitro and in vivo
experiments. The differential expression in healthy and cancer-associated
endothelium was utilized by Wang et al. who successfully induced necrosis in
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hepatocellular carcinoma by treating the tumor with anti-PLVAP antibody. (Wang
et al. 2014) Suitably administered PLVAP inhibitors might also become a novel
target for diabetic macular edema therapy and other retinal diseases. (Wisniewska-
Kruk et al. 2016, Nakagami et al. 2019) Recently, PLVAP was successfully used as
a target for drug delivery in the lungs. (Shuvaev et al. 2018) Because PLVAP is so
widely expressed in the body, there is a heightened risk for adverse effects if the
target tissue or cell type is not limited by selective formulation or administration
route. Further research in mouse models and humans is needed but these results
show that the function of PLVAP can be modified with encouraging outcomes.

2.1.2 The peripheral lymph node

Lymph nodes (Figure 2) are strategically located encapsulated secondary
lymphoid organs which are connected to each other via the lymphatic vasculature
and seeded by blood vessels. Lymph nodes develop during E15-E20.5 in mouse
from lymphoid tissue inducer cells, which migrate from blood vessels in the
prospective location of the lymph nodes. (Bovay et al. 2018) Hundreds of lymph
nodes in the body serve as centrals for stromal components, APCs and circulating
lymphocytes. The close interaction between the immune cells and the exposure to
antigens and pathogens promote effective initiation of immune responses. Lymph
nodes serve as important gatekeepers to prevent the spread of pathogens and
metastatic cancer cells. (Brown et al. 2018) Therefore the traffic to and from the
lymph node is carefully regulated.
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Figure 2. Schematic view of a peripheral lymph node. The arrowheads represent the direction of
the lymph flow. HEV= High endothelial venule.

2.1.21 Subcapsular sinus

The lymph node is encapsulated by a bilayer of Prox1® LECs which form a sinus
that can be divided to a ceiling and a floor. LECs in the mouse subcapcular sinus
(SCS) can be identified by their expression of markers such as Lyve-1, Prox-1 and
podoplanin. (Baluk, McDonald 2008) The sinus is flushed by the constant flow of
lymph, arriving via afferent lymphatic vessels from the periphery. The lymph is
enriched with antigens and antigen presenting DCs, which together indicate the
immune status of the tissues that drain to the specific lymph node. From the sinus,
free flowing antigens can enter the parenchyma of the lymph node, but instead of
pouring through the LEC floor, the entry of unbound antigens is size selective.
Molecules of the molecular weight of 70 kDa or smaller have been shown to enter
the lymph node. Exclusion of larger molecules could protect the lymph node
lymphocytes from substances that might disturb the immune reaction, such as
microbes and their soluble products. However, even if the lymph node is infected
with a virus and enlarged in size, the filtering function of the LECs in the SCS
floor remains unperturbed. (Gretz et al. 2000) Larger antigens need to be
transported to the lymph node by migrating DCs. (Berney et al. 1999) The LECs in
the SCS floor and medullary sinus are accompanied by CD169" macrophages.
They sample antigens from the lymph and either eliminate the antigens by
phagocytosis, thus keeping the infections from spreading, or efficiently present the
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antigens to the underlying B cells, subsequently activating the B cells. (Junt et al.
2007) The SCS continues all the way to the LEC lined medullary sinus of the
lymph node and to the adjacent efferent lymphatic vessels. The medulla is
phenotypically distinct from other parts of the LEC lined sinus, but its detailed
function is not fully understood. (M'Rini et al. 2003, Iftakhar-E-Khuda et al. 2016)
The efferent lymphatics facilitate the exit of lymphocytes through a process which
is regulated by specific mechanisms involving sphingosine 1-phosphate and its
receptors. (Allende et al. 2004)

21.2.2 Parenchyma

In addition to BECs and LECs, the lymph node parenchyma is inhabited by
heterogeneous and functionally versatile stromal cells. Stromal fibroblastic
reticular cells (FRCs) and follicular dendritic cells offer structural support and
assist the homeostasis of the compartmentalized structure of the lymph node
parenchyma. B cells gather together to form follicles directly under the SCS, but T
cells reside more dispersed in the paracortex. Parenchymal cells define the limits of
the lymphocyte compartments by controlling B and T cell CCR7-dependent
movement within the parenchyma. (Bajénoff et al. 2006, Carrasco, Batista 2007)
Even though the stromal cells and resident lymphocytes actively interact with each
other, the development of the majority of stromal cells seems to be independent of
B and T cells. (Fletcher et al. 2011) In addition to structural support, the stromal
cells also express lymphocyte survival factors and take part in antigen presentation
and induce self-tolerance among T cells. (Link et al. 2007, Cohen et al. 2010)

2.1.2.3  Conduit system

Immediately under the SCS begins the reticular conduit system, a three
dimensional network of fibroblast reticular cell wrapped collagen strands and
fibrils. This complex system travels from the SCS to the high endothelial venules
(HEVs). The network is most dense in the T cell areas, but conduits can be found
in the B cell areas as well. (Roozendaal et al. 2009) Resident DCs are in contact
with the conduit system, probing the antigens travelling through the conduits.
Immigrated DCs however do not seem to make contact with the conduit system.
(Sixt et al. 2005) The conduit system is specialized in transporting several different
kinds of cargo. Small antigens, larger IgM produced by resident B cells and even
viral particles are able to enter the conduit system and be transported to the resident
immune cells. (Thierry et al. 2018, Reynoso et al. 2019) The conduit system offers
a pathway for antigens in the lymph to be quickly transported from the SCS to the
HEV and be sampled on the way. Antigen transport via conduits happens in
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minutes, in comparison to the hours it takes for an antigen transporting DC to
arrive from the periphery. (Salomon et al. 1998, Gretz et al. 2000) Rapid import of
antigens and immunoglobulins within the lymph node and further exit of antigen
specific lymphocytes ensure an efficient response in peripheral tissues.

21.24 Resident leukocytes

Migration of lymphocytes into the lymph node is a complicated process. In brief,
Naive IgM* B cells and naive CD44°"CD62L" T cells travel to the lymph node
parenchyma from the bone marrow and thymus respectively. (Gorelik et al 2003,
Mempel et al. 2004) Both enter the PLN via the parenchymal blood vessels, HEVs,
in a multistep process which is regulated by several factors, such as CCR7 in the
lymphocytes, the HEVs and HEV associated DCs. (Young 1999, Stein et al. 2003,
Girard et al. 2012, Veerman et al. 2019) T cells from the periphery arrive to the
lymph node via the SCS, also this step seems to require assistance from the DCs in
the lymph. (Braun et al. 2011) It is not clear which specific mechanisms are used
during the migration of lymph-borne cells through the SCS LEC layer, but in
general the migration across endothelium can occur between endothelial cells
(paracellular route) or through an endothelial cell (transcellular route). Both
migration routes involve distinct tethering of the LEC-layer by the lymphocytes,
however the compared to paracellular migration, transcellular migration is more
dependent on podosome function. (Carman et al. 2007) Expression of molecules
such as CD73 on lymphocytes and Stabilin-1/CLEVER-1 and ICAM-1 on the ECs
are some of the many molecules that have been shown to be important for
migration of lymphocytes across the lymphatic and blood endothelium. (Xu et al.
2001, Algars et al. 2011, Shetty et al. 2011)

The purpose of the lymph node and its compartments is to provide effective
communication between the immune cells and APCs, which is essential for the
lymphocyte activation. Local APCs work with migrated DCs to present processed
parts of encountered antigens to resident lymphocytes. (Allan et al. 2006) Priming
by DCs induces activation markers such as CD25 and CD44, cytokine secretion
and proliferation in T cells. T cell interaction is mostly contact-dependent, in
comparison to the secretory manner in which B cells perform their functions.
(Mempel et al. 2004) B cell activation occurs within the B cell follicle after
exposure to the antigen with the help of their B cell receptor or a follicular DC or
after interaction with an activated T cell. Activated GL7" B cells in the germinal
center begin the process of differentiating into plasma cells and long lasting
memory cells. (Gorelik et al. 2003, McHeyzer-Williams, McHeyzer-Williams
2005)
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2.2 Macrophages

Macrophages are vital participants in several functions within the body, ranging
from embryonic development to coordinating immune responses and maintaining
homeostasis. Macrophages are specialized myeloid cells which take part in
phagocytosis, scavenging, antigen presentation and cytokine production.
Practically every tissue and organ is colonized with macrophages in the steady state
and the macrophage counts usually increase in inflamed conditions. (Massberg et
al. 2007, Ginhoux et al. 2016) Macrophages fight infections using several tactics.
The initial, innate response sends macrophages among the first immune cells to the
site of infection or trauma. Initial inflammation, caused in part by the macrophage
produced cytokines and other cells that are attracted to the site by macrophage-
derived chemokines, is often beneficial for the host and leads to healing.
Macrophages promote resolving of the inflammation by inducing apoptosis in
neutrophils and participating in clearing of the apoptotic cells. Excessive
inflammation can lead to collateral damage in the surrounding tissue, which is why
the macrophage response needs to be strictly controlled. (Koh, DiPietro 2011) In
steady state, the macrophages patrol the tissues and phagocytose pathogens,
bacteria and dead cells. Phagocytosed antigens are digested and the resulting
peptides are presented to lymphocytes using the major histocompatibility complex
(MHC) class I and II. Defects in the MHCII (in humans, human leukocyte antigen
HLA) function can lead to disturbed immune responses, which are the cause for
many chronic inflammatory and autoimmune diseases. (Menconi et al. 2008,
Forabosco et al. 2009, Cho et al. 2014)

Macrophages are classified by many attributes, but many of the classifications
are rather black and white and include various exceptions. Macrophages are
notoriously plastic (Sica, Mantovani 2012), so the division that is fitting for the cell
in one moment might not be accurate by the next. However, in many cases the
classifications are useful and benefit scientific discussion, once an agreement has
been reached about the characteristics. One just needs to keep in mind that the
comparison of two types of macrophages usually leaves many in between.

A popular classification of macrophages is based on their activation by T cell
products in in vitro settings. Classically activated M1 macrophages produce
cytokines like TNFa in response to stimulation with IFNy and LPS. Alternatively
activated M2 macrophages are a large group of macrophages which are typically
activated by cytokines such as IL-4 and IL-13. M1 macrophages are considered
inflammatory, whereas the M2 macrophages are generally considered anti-
inflammatory. (Sindrilaru et al. 2011) However, the growing knowledge
concerning the heterogeneity of macrophages has raised questions about the
broadness of the bipolar M1/M2 division. New classifications have been suggested
to be based on for example the homeostatic activities of the macrophages. (Mosser,
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Edwards 2008, Martinez, Gordon 2014) One of the newer ways of defining
macrophage populations is to inspect their developmental origins.

Traditionally, macrophages were thought to arise from blood monocytes that
patrol the body in the blood stream and enter a tissue in order to perform tissue
surveillance and inflammation control. Mouse macrophages are commonly
recognized by their “standard” surface markers F4/80, CD64, and MerTK, in
addition to their ability to phagocytose. (Chakarov et al. 2019, Morris et al. 1991)
More powerful analysis methods have revealed detailed differences in macrophage
marker expression, which have been utilized to recognize macrophage subsets. In
the recent decades, new insights to macrophage biology have come to light. Fate
mapping studies have revealed that a proportion of macrophages in almost all adult
tissues originate from the fetal era. These macrophages are not produced by the
adult HSCs like typical adult macrophages, but self-renew within the tissue by
downregulating transcription factors MafB and cMaf, and simultaneously
activating a self-renewal gene network that is controlled by cell type—specific
enhancers. (Soucie et al. 2016) Both the monocyte-derived and the tissue-resident
macrophages have specific functions and both are necessary for the well-
functioning immunity and homeostasis. The next sections discuss the origins of
monocyte and fetal derived macrophages and their functions (see also Box 1).

Box 1. What is a monocyte or a macrophage?

The division between monocytes and macrophages has
proved to be more complex than previously thought.
Monocytes have been depicted as macrophage precursors,
which are produced in the bone marrow and released into
the blood stream where they circulate until they enter
tissues and differentiate into macrophages or dendritic cells.
However, it has become evident that monocytes and
macrophages are not that easily categorized. Not all
monocytes enter tissues and if they do, monocytes can exist
in tissues without further differentiation to macrophages or
dendritic cells. macrophages on the other hand can develop
and proliferate  without monocyte-intermediates. The
phenotype of either cell is markedly affected by tissue
intrinsic cues and the age and pathological state of the
subject, which complicates the classification of a “typical”
monocyte or macrophage based on surface markers, origin
or function.

Monocyte

Macrophage

Historically

Historically

* Produced in the bone marrow,

circulates in blood and migrates
to tissues, differentiates into
macrophages and DCs

* Monocyte-derived tissue phagocyte

Today

Today

* Fetal liver / bone marrow origin
« Inflammatory monocyte

« Blood resident monocyte

* Tissue monocyte with distinct

localization

« Endothelium support and antigen

presetation

* Originates from yolk sac/fetal liver/

bone marrow

« Interstitial or perivascular
« Inflammatory and homeostatic

functions

Typical markers

Typical markers

* Ly6C™", CD11b", CCR2"

*+ CDI11b’, F4/80", MerTK ', CD64",

CD169", CD206"
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2.21 Monocyte-derived macrophages

In adults, the bone marrow is the major hematopoietic organ. There, the
transcription factor Myb —dependent hematopoietic stem cells (HSCs) produce
different classes of hematopoietic progenitors, which in turn can produce mature
cells of one or more lineages. (Wolber et al. 2002, Schulz et al. 2012) Monocytes
and subsequent macrophages derive from a common myeloid precursor (MP),
which is capable of generating macrophage and DC precursors (MDPs). MDPs,
which express the chemokine receptor CX3CR1, can give rise to common DC
precursors and monocytes. (Liu et al. 2009) Monocytes are short lived white blood
cells, with the half-life of one to two days. In mouse, they are often divided by their
expression of Ly6C to the Ly6CH#"* monocytes and their progeny, the Ly6C
monocytes. The short life span means that monocytes need to be constantly
produced and released to the blood stream, in order to meet the need for active
patrolling. Monocytes circulate in the blood stream and increase migration to
tissues once signs of distress are detected. (Yona et al. 2013) Monocytes that have
entered the tissue begin to differentiate into macrophages and dendritic cells and
combat threats like inflammation. (Massberg et al. 2007) In the steady state, many
tissues, such as the intestines, rely on monocyte infiltration to maintain their tissue
macrophage pool. (Bain et al. 2014)

2211 Molecules that affect monocyte migration

In addition to the sufficient production of monocytes and monocyte-derived
macrophages, their number in the circulation and tissues depends on the migration
from the bone marrow to the blood vessels and from the vessels to the tissues.
Monocyte traffic is crucial for the resolution of inflammation and therefore their
migration has been the subject of several studies. Molecules such as CCR2 and
Nur77 are important for the survival and correct migration of the Ly6C* and Ly6C
monocytes and the knock out mouse models of the two receptors are often used to
study the monocyte function. The inherent problem of monocyte migration studies
is the fact that the assays are often conducted under inflammatory conditions to
promote the quantities of migrating cells. However, it is not always clear how well
the information from inflammatory settings correspond to steady state.

The chemokine receptor CCR2 is expressed on a subset of monocytes. Its main
ligand CCL2 is a major chemoattractant to Ly6C"#" monocytes. The production of
monocytes in the bone marrow is CCR2 independent, but monocytes need CCR2 to
exit the bone marrow into the blood circulation. CCR?2 is also crucial for the tissue
entry of monocytes. (Serbina, Pamer 2006, Tsou et al. 2007, Bonapace et al. 2014)
Deletion of CCR2 inhibits monocyte entry to tissues, which has been shown to be
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beneficial in protecting the host by curbing excess inflammatory response in
pathological conditions. (Boring et al. 1998)

Nur77 (NR4A1) is one of the three members of the NR4A subfamily of orphan
receptors in the steroid thyroid receptor family. (Martinez-Gonzalez, Badimon
2005) Nur77 and the other members of the receptor family seem to have
overlapping functions in the myeloid system, but the deletion of Nur77 alone has
significant effects on the bone marrow differentiation and survival of Ly6C
monocytes. Loss of Nur77 leads to apoptosis of the Ly6C™ monocytes in the bone
marrow, but had no significant effect on the Ly6C" monocytes, which have low
expression of Nur77. (Lee et al. 1995, Mullican et al. 2007, Nackiewicz et al. 2011)

222 Tissue-resident macrophages

Many tissues seem to harbor macrophages that differ from monocyte-derived
macrophages in terms of their proliferation and persistence after inflammation has
subsided. (Davies et al. 2011) Among others, the brain microglia (Ajami et al.
2007), liver Kupffer cells (Gomez Perdiguero et al. 2015) and alveolar
macrophages in the lung (Guilliams et al. 2013) are all established before birth and
show distinctive functions within their respective tissues. The composition of tissue
macrophages seems to vary from tissue to another as some tissue-resident
macrophages, such as macrophages of the heart, originate from several sources.
Dick et al. revealed that the heart myocardium harbors distinct subsets of
macrophages, some of which are maintained independently of blood monocytes
and some partially or fully replaced by blood monocytes. (Dick et al. 2019)

2.2.2.1 The development of tissue-resident macrophages

The emergence of tissue-resident macrophages occurs in sequential waves during
embryonic development (Figure 3.) and has been studied in vivo with mice in
detailed fate-mapping studies. The first erythro-myeloid progenitors (EMPs) can be
found in the extraembryonic yolk sac (YS) at embryonic day 7.0 (E7.0). (Palis et
al. 1999) The CSF1R-dependent EMPs differentiate to macrophages in the YS.
After the establishment of blood circulation at E8.5 the EMPs and the macrophages
migrate from the YS to all tissues, including the brain and the liver before E10.5.
EMPs in the fetal liver generate myeloid precursors, which give rise to fetal liver
fetal erythrocytes, macrophages, granulocytes and monocytes until at least E16.5.
(Gomez Perdiguero et al. 2015) At E10.5 the fetal liver is also seeded by HSCs
from the aorta-gonad-mesonephros (AGM). HSCs in the developing embryo
participate in the production of macrophages via monocyte intermediates and from
this point onwards, the main hematopoiesis shifts from the YS to the fetal liver.
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From the fetal liver, the monocytes enter the blood stream and seed all tissues at
E12.5, excluding the brain which has been closed off by the blood-brain-barrier.
(Ginhoux, Guilliams 2016) The brain is the only tissue, where the macrophage
population, also known as microglia, exclusively originates from the Y'S. (Ginhoux
et al. 2010) In other tissues, the YS-derived macrophages are at least partially
superseded by the fetal liver -derived macrophages by E16.5 (and supplemented
with bone marrow monocyte-derived macrophages postnatally). Finally, the
macrophage production shifts from the liver to the bone marrow during E16 to 4
days postpartum. (Wolber et al. 2002) Around the time of birth and thereafter the
HSC-derived monocytes in the bone marrow can participate to tissue-resident
macrophage production as is the case with arterial macrophages. (Ensan et al.
2015) From this point onwards, the tissue-resident macrophages proliferate locally,
but the postnatal systemic distribution of macrophages depends on the HSCs, the
precursor cells and the rate of monocyte migration to the tissues. (Soucie et al.
2016)

Peripheral target tissues

E8.5 PP
Yolk Bone
sac E10.5 Liver Marrow

oy
AGM

Figure 3. Macrophages in adult tissues originate from different developmental origins. Tissue-
resident macrophages develop throughout embryonic development. In adulthood,
macrophages replenishment relies on self-renewal of tissue macrophages, bone
marrow HCSs and bone marrow -derived monocytes. AGM= aorta-gonad-
mesonephros, EMP= erythro-myeloid progenitor, HCS= hematopoietic stem cell, Mac=
macrophage, Mono= monocyte, PP= postpartum.view of a peripheral lymph node. The
arrowheads represent the direction of the lymph flow. HEV= High endothelial venule.
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Thus, in a simplistic view, tissue-resident macrophages originate mainly from the
YS or fetal liver. In the adulthood, the two embryonic macrophage populations
begin to resemble each other in their surface marker expression pattern. This makes
it difficult to study the exact phenotypes and functions of the two embryonic
populations in adult tissues. To some extent, cells of a distinct origin can be
recognized with the help of inducible reporter mice. A conditional Cre-
recombinase enzyme can be activated with tamoxifen to allow the transcription of a
fluorescent protein in cells with a desired promoter, such as CX3CR1 or CSFIR.
Timed tamoxifen pulsation will result in fluorescent cells of interest which can be
followed until the life span of the cells or their progeny come to an end. (Yona et
al. 2013)

The differences in macrophage characteristics between tissue-resident and
monocyte-derived macrophages are partly explained by their developmental origin,
but it has been suggested that the tissue environment could have an even greater
effect on the macrophage phenotype. (Gautier et al. 2012, Lavin et al. 2014)
Macrophages colonize the tissues early in the development, so it is reasonable that
the populations are sculpted in part by the interactions with the tissue environment.
Interestingly, the epigenetic programming by the tissue is able to mold the tissue-
resident macrophages even from another tissue to resemble the organic population.
(Lavin et al. 2014) Van de Laar however showed that the tissue-resident alveolar
macrophages cannot be replaced by tissue-resident macrophages from any other
tissue, but they can be replenished by adult donor alveolar macrophages or
macrophage precursors from the YS or fetal liver (but not from the adult bone
marrow). (Vande Laar et al. 2016) In myocardium, a small proportion of
monocyte-derived macrophages is shown to be able to assume a nearly identical
transcriptional profile to the resident macrophage populations. However, they are
not able to redeem the spatially localized cardioprotective functions of the tissue-
resident macrophages. (Dick et al. 2019)

These results indicate that the embryonic macrophages retain some level of
plasticity throughout their life span. The unique profiles of the tissue-resident
macrophages are affected by the tissue environment, but it seems unlikely that the
tissue signals alone are capable of sculpting cells into functioning tissue-resident
macrophages. Further research is needed to fully elucidate the contribution of the
tissue environment and inherent genetic properties to the development of tissue-
resident macrophages.

2222 Tissue-resident macrophage functions

In addition to the task of fighting inflammation and infection when needed, tissue-
resident macrophages take part in other functions. It is not surprising that the
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tissue-resident macrophages, which are established during embryonic development,
have a role in the development of organs. In the developing brain, microglia sculpts
synaptic network and promotes synaptic maturation. (Paolicelli et al. 2011) During
adulthood, the tissue-resident macrophages have many homeostasis maintaining
functions, unique for their anatomical location. Peritoneal macrophages interact
with peritoneal B1 cells and control the IgA production in the gut. (Okabe,
Medzhitov 2014) The recycling of heme takes place in the spleen and the resident
red pulp macrophages maintain iron homeostasis by phagocytosing red blood cells.
(Haldar et al. 2014) Finally, the resident macrophages of the lung, alveolar
macrophages participate in surfactant homeostasis. (Jubinville et al. 2019) These
examples highlight the diverse tissue-specific functions that tissue-resident
macrophages perform.

2.3 Mammary gland development and function

The mammary gland is a complex tissue that consists of adipocytes, mammary
stem cells, epithelial cells, mesenchymal cells, vascular endothelial cells and
immune cells. (Oakes et al. 2006, Inman et al. 2015) One of the most important
functions of the mammary gland is to produce and distribute milk for offspring
after pregnancy. To serve this purpose, the mature mammary gland stroma is a
network of ducts, which are essentially hollow tubes lined with contractile
epithelium. The ducts traverse the mammary gland and terminate in milk secreting
alveoli (Figure 4.). The stroma between the ducts is comprised mainly of white
adipocytes and fibroblasts. (Hennighausen and Robinson 2001, Gouon-Evans and
Pollard 2002)
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Figure 4. A schematic representation of mammary gland ductal development in different
developmental stages (A). The blue arrows point to terminal end buds. The inserts
show the budding alveolar structures (white arrow heads) during lactation (B) and the
disappearance of the alveoli during involution (C). LN= lymph node.

The majority of the information on breast development and function originates
from studies on mice. Clear differences between mouse and man include the
number of mammary gland pairs per individual (one pair in humans compared to
the five pairs in mice) and the extent of male mammary development. Unlike in
mice, the human male breasts grow similarly to female breasts until puberty, until
male hormones determine the smaller size of the breast. (Howard and Gusterson
2000) Additionally there is variation in the stromal architecture and the number of
main ducts. Nonetheless, the developmental processes in the two species are
similar and the mouse studies provide important insight to mammary gland cell
interactions, signaling and function. (Parmar and Cunha 2004, Inman et al. 2015)

2.3.1 Prenatal development

The mammary gland development starts around halfway of pregnancy at E10 in
mouse, in both sexes and is sparked by tissue interaction between epithelium and
mesenchyme. Early breast development is largely regulated with local signaling
and cell contact within the mammary tissue. Milk lines running along the ventral
sides of the torso break apart to form placodes at E11, in response to avid signaling
from the likes of Wnt ligands, Thx3, Fgf10 from the surrounding epithelium and
mesenchyme. (Chu et al. 2004, Jerome-Majewska et al. 2005, Veltmaat et al. 2006,
Inman et al. 2015) The placode forms into an epithelium ball that grows in size,
changes shape and dives deeper into the underlying mesenchyme by E14. In male
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embryos, testosterone signaling leads to degeneration of the bud, halting the
formation of ducts. (Watson, Khaled 2008) In females, at E16-E18 the epithelial
bud’s neck elongates through the mesenchymal cells into the underlying cluster of
preadipocytes. After the sprouts start initial branching into the future fat pad, they
open up to create the lumen and nipple sheath, which are necessary for milk
transport and nursing. (Hogg et al. 1983) Signaling from the fat pad guides the
growth of the sprouts into 10-15 initial ductal branches, there after the ductal
development slows down until puberty. (Couldrey et al. 2002)

2.3.2 Postnatal development

Postnatally, the mammary gland fat pad continues to grow in size in proportion to
the body. In comparison to the prenatal regulation, postnatal development of the
mammary gland ductal system is in larger part orchestrated by systemic hormones
like estrogen and progesterone which are regulated by the pituitary/hypothalamus
axis and ovary functions. (Hennighausen and Robinson 2001) In addition, the
mammary environment and resident cells and their signaling continue to shape the
developing ductal meshwork. (Gouon-Evans et al. 2000, Fata et al. 2000) During
the first weeks of postnatal life, the existing rudimentary mammary ducts grow
slowly. (Watson, Khaled 2008) Once puberty begins, the growth escalates and the
avidly proliferating terminal end buds (TEBs) at the end of the ducts further invade
the fat pad, sprouting onwards and laterally, finally filling 60% of the breast with
the ductal tree. (Macias, Hinck 2012) The ductal branches grow until they have
reached the fat pad border at around 10-12wks of age. (Watson, Khaled 2008) At
this point the mammary gland has reached maturity. The size of the ductal network
in virgin mice fluctuates in response to the cyclical hormonal cues during the
estrous cycle (menstruation in humans). During pregnancy and lactation, the ductal
epithelium forms milk-secreting alveoli which disappear during the involution
phase after weaning. (Forster et al. 2002, Oakes et al. 2006, Joshi et al. 2010)

2.3.3 Macrophages in the mammary gland

Macrophages are a part of normal mammary gland stroma and have been detected
in the mammary gland from 2wk onwards. Macrophages promote the ductal
growth by clearing the apoptotic epithelial cells in the TEB, stabilizing the
morphology of the TEB and by rearranging the collagen fibers around the growing
TEB. Macrophages localize to the neck of the TEB and also close to the nipple.
(Gouon-Evans et al. 2000, Ingman et al. 2006) The macrophage localization in the
vicinity of ducts is often attributed to the local chemokines produced by the
epithelium, such as the CSF1, a major growth factor and chemoattractant for
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macrophages. (Ryan 2001) CSFl-deficient mice experience reductions in
macrophage number in the mammary gland. (Gouon-Evans et al. 2000) CSF1
levels and the macrophage numbers in the wild type (WT) adult mouse fluctuate
during the different phases of the estrus cycle, however their peaks do not correlate
with each other. (Dasari et al. 2014, Chua et al. 2010) Van Nguyen et al. showed
that the CSF1 does recruit macrophages, but is not necessary for their recruitment,
suggesting that other signals are also responsible for the macrophage presence in
the mammary gland. (Van Nguyen, Pollard 2002) Ductal epithelium is produced by
the mammary stem cells and mammary macrophages have been shown to be
important for the mammary gland stem cell activity and epithelial proliferation.
(Gyorki et al. 2009) Chakrabarti et al. showed that the close proximity between
macrophages and mammary gland stem cells can be explained by the contact-
dependent Notch/Wnt signaling loop between the stem cells and macrophages.
This signaling not only promotes stem cell activity but also maintains the
macrophage number and activity in the mammary gland. (Chakrabarti et al. 2018)

2.3.3.1 Mammary macrophages as therapeutic targets

Breast cancer is the most prevalent cancer among women world-wide and in
various countries the incidence rates have been rising. Even though there are
several treatment strategies to tackle breast cancer, it still is the leading cause of
cancer death. (Bray et al. 2018) In addition to traditional therapy options like
hormone blocking strategies, surgery, chemotherapy and radiation, new
unconventional approaches are needed. All the available treatments have undesired
adverse effects and even though they are effective in many cases, there are still
many patients who receive little to no benefit from the current methods.
Immunomodulatory therapies are based on the concept that the patient’s resident
immune cells can be modulated to recognize and fight off the cancerous cells.
(Umansky, Sevko 2012) Coissieux et al. used mice and approached the problem by
curbing the recruitment of CCR2" monocytes to the mammary tumor by inhibition
of CCL2 signaling. This led to reduction in macrophages numbers in the primary
breast cancer tumor, but the cessation of inhibition surprisingly led to increased
metastasis and accelerated death. Cessation of treatment resulted in the
macrophage-mediated production of VEGF-A in the metastatic tissue resulting in
increased angiogenesis in the metastatic tumors. (Bonapace et al. 2014) Thus,
immunotherapies need to be carefully examined and permanent reprogramming of
the tumor microenvironment or complete elimination of tumors is necessary to
avoid a risk of negative rebound.

So far, there have been some successful attempts in the immunomodulatory
approaches. Hu et al. showed in vitro that high-intensity focused ultrasound
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treatment of breast cancer tumors led to tumor cell -derived danger signals, which
activated macrophages and enhanced anti-tumor immunity. (Hu et al. 2005)
Blocking of the CSF1/CSFI1R signaling in a mouse model of pancreatic ductal
adenocarcinoma efficiently depleted tumor associated macrophages. The reduction
of macrophages significantly enhanced the efficacy of immunotherapy which was
based on the inhibition of T-cell checkpoint with antagonists for cytotoxic T
lymphocyte antigen 4 (CTLA4) and Programmed cell death-1 (PD1). Combination
of the two approaches resulted in the successful regression of tumors. (Zhu et al.
2014) Modulation of the existing immune cells requires a vast amount of detailed
information on the target tissue stromal cells and the particular primary and
metastatic cancer cells. It is imperative to understand the steady-state profile of the
immune cells within the target tissue, before attempting to reinstate the
homeostasis.

It is known that the mammary gland harbors macrophages at least throughout
the postnatal development, but the phenotype of the macrophages is still only
superficially researched and further investigation with current methods is needed.
Macrophages are also found in breast cancer both within the tumor and in the
tumor environment, where they have been extensively studied. However,
macrophage presence in breast cancer has been linked to positive and negative
outcomes. (Medrek et al. 2012) This could imply that the macrophages are not
homogenous in phenotype and that the tumor environment might affect the
different macrophages in different ways.
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3 Aims

Correctly functioning endothelial cells and the vasculature they line are crucial for
the well-functioning body. Endothelium is involved in embryonic develop-ment,
maintenance of vessel integrity and cell traffic control. This thesis aims to
investigate the role of endothelial cell permeability in cell and molecule ex-change
in physiological state and to elucidate the consequences of perturbed endothelial
cell function.

The specific aims of the study were:

1. To explore the role of PLVAP in the lymphatics, especially in the
endothelial cells of the lymph node sinus.

2. To learn how the PLVAP expressing lymphatic endothelial cells affect the
immune response within the lymph node.

3. To determine how the endothelial protein PLVAP affects migration of
macrophage precursors during development.

4. To elucidate the macrophage status of virgin steady-state mammary gland.
5. To examine the functions of tissue-resident macrophages in the mammary
gland.
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4 Materials and Methods

41 Animals (I-)

This thesis comprises the results from studies performed on several mouse strains.
All mice were housed under controlled, specific pathogen free conditions and a 12
h light-dark cycle at a temperature of 22 °C in the animal facilities of University of
Turku (Turku, Finland). The mice had ad [libitum access to chow (irradiated
standard pellets) and water. All animal experiments were reviewed and approved
by the Ethical Committee for Animal Experimentation in Finland. Experiments
were carried out in adherence with the rules and regulations of the Finnish Act on
Animal Experimentation (497/2013) and in accordance to the 3R-principle under
Animal license numbers: 3791/04.10.03/2011 and 5587/04.10.07/2014 and
6211/04.10.07/2017. Both genders were used in the experiments (except in
mammary gland analyses) in Publications I and II. In III, only females were used
unless indicated otherwise. Mice were used at indicated ages. When gene-modified
mice were used, age-, sex- and strain-matched WTs or littermates were used as
controls. For embryonic time points, the female was introduced to the male for one
night and the morning of the vaginal plug detection was considered as embryonic
day EO.5.

4.1.1 Wild type strains (I-Il)

Commercially available WT mice C57BL/6J, C57BL/6N, NMRI, F1 hybrid
C57BL/6;129 and BALB/c mice were from Charles River, The Jackson Laboratory
or Janvier Labs.

4.1.2 Knock out strains (I-111)

CavitmIMIs/J (Cavl ™", stock004585), Ccr2™™ mice (stock 004999) and Nur77
mice (stock 006187) were purchased from The Jackson Laboratory. NtSet”/
(Nt5e") and Aoc®™'5™ (40c37") mice have been described in (Stolen et al. 2005)
and (Thompson et al. 2004) respectively.
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41.3 Generation of conditional Plvap™ mice (1)

PLVAP-deficient mice were generated at Taconic Artemis and thereafter were bred
in the University of Turku animal facilities. In brief, the Plvap targeting vector was
constructed with bacterial artificial chromosome clones from the C57BL/6] RPCI-
24 bacterial artificial chromosome clones library. Translation initiation site -
containing exon 1 and approximately 1.5 kb of the sequence upstream of exon 1
(promoter region) was flanked by /oxP-sites. The positive selection marker PuroR
was inserted into intron 1. The linearized targeting vector was transfected into the
Taconic Artemis Art B6/3.6 ES cell line on the C57BL/6NTac genetic background.
The homologous recombinant clones (PuroR+) were isolated and confirmed by
Southern blot analysis and correct homologous recombination at the 5’ side (5Sextl
probe:  sense, TGCTCTGGAAGCTGAGCTTGGCACC, and antisense,
TGCTGCCACCTAGGCAAGTCTTGG) and 3’ side (3ext2 probe: sense,
GGGTAGAGGTTCAGGTCTGTCCTC, and antisense,
AGAGCTGAGTTGTGACCCAGTCACC). The proximal /oxP-site was detected
in all clones. The targeted embryonic stem cells were injected into BALB/c mouse
blastocysts, and chimeric mice were generated. Highly chimeric male mice were
bred to deletor (C57BL/6-Tg(CAG-Flpe)2Arte) female mice which expressed Flp
recombinase in order to confirm the germline transmission and to generate mice
with conditional deficiency in Plvap (Plvap™"). Plvap*~ mice were generated by
breeding Plvap™* mice to CAG-Cre (NMRI-Tg(CAG-Cre)) mice. Intercrossing of
Plvap™” mice resulted in Plvap™"~ mice in addition to the WT littermate controls
and Plvap"”" mice. Plvap”~ mice on a mixed background (including BALB/c,
C57BL/6N and NMRI strains) were used in the experiments in Publications I-III.

414 Tamoxifen inducible models (lI, 111)

Inducible Plvap™; CAGGCre-ER™ mice were produced by crossing conditional
Plvap™" mice with a CAGGCre-ER™ (B6.Cg-Tg (CAG-cre/Esr1)**™” deletor Cre
mouse line (stock 004682, The Jackson Laboratory). Conditional Plvap"* mice
were crossed with Lyve-I-Cre mice (Lyvel™!/ECFPeroCys  (stock 012601, The
Jackson Laboratory)) to generate Plvap™”, Lyve-1-Cre mice. (II)

For fate mapping studies, R26R-EYFP mice (stock 006148) were crossed with
either Cx3cRI“F*™ (stock 020940) or Csflr-Mer-iCre-Mer (stock 019098), all
purchased from The Jackson Laboratory. (III)
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4.2 Macrophage depletion (I, II)

4.2.1 Depletion of existing macrophages (l)

WT mice were injected s.c with clodronate-loaded or control liposomes
(ClodrodateLiposomes.com). Analysis of the macrophage depleted tissues or
further experiments were performed seven days after clodronate treatment.

422 Depletion of YS-derived macrophages prenatally (ll, 1)

Pregnant (E6.5) WT female mice were treated with a single i.p injection of 3 mg of
the CSFIR blocking antibody (clone AFS98, BE0213 Bio X Cell) or rat IgG2a
control antibody (clone 2A3, BE0089 Bio X Cell) to deplete the YS-derived
macrophages in the offspring.

4.2.3 Depletion of tissue-resident macrophages postnatally

()

Tissue-resident macrophages were depleted by injecting 2 wk old WT mice
cyclically with anti-CSF1 antibody and clodronate: three doses of CSF1
neutralizing antibody (Clone 5A1, BE0204 Bio X cell) or control IgG (clone
HRPN, BE0088 Bio X cell) were given i.p, followed by three doses of clodronate
or control liposomes i.v (Liposoma) on the following day. Mice were sacrificed at
indicated time points after the last clodronate administration.

4.3 Colony forming assay (ll)

Adult bone marrow from the femur and livers of E12.5 embryos were collected and
seeded in 1 ml of M3434 Methocult medium (Stem Cell Technologies) into 35-mm
culture dishes in duplicates. Amount of colonies were counted after 7 day culture at
37 °C with 5% CO2.

4.4 Immunoblot analysis (I)

Spleen stromal elements from mechanically dissociated spleens were lysed for 1 h.
The sample was centrifuged and aliquots of the lysate were mixed with non-
reduced Laemmli’s sample buffer and resolved by 5-15% SDS-PAGE. PLVAP
was using with MECA-32 after transfer to nitrocellulose and anti-GAPDH (5G4
mADb 6C5; Hytest) was used as a loading control. Enhanced chemiluminescence
detection (ECL) system (Amersham) was used.
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4.5 Interaction studies (Il)

4.5.1 Generation of PLVAP-Fc fusion protein (ll)

A fusion protein with the extracellular domain of mouse PLVAP fused to a human
IgG2 Fc-tail was generated. The extracellular domain of mouse PLVAP (amino-
acid residues 48—438) was PCR-cloned (Phusion High-Fidelity DNA Polymerase,
ThermoFisher Scientific) from a full-length ¢cDNA clone for mouse PLVAP
(MR206983, Origene) using primers introducing EcoRV and Nhel digestion sites.
The amplified fragment was purified and annealed to EcoRV and Nhel digested
pFUSEN-hG2Fc¢ vector (InvivoGen). Sequencing and immunoblotting were used
to verify the integrity of the construct. The expression plasmid was transfected into
HEK293-EBNA cells (CRL-10852, from ATCC) and the cells were cultured for 2-
3 days. CD4-Fc-chimaera was used as a control in the interaction studies.

4.5.2 Heparin affinity pull down assay (ll)

Heparin- or streptavidin-coupled agarose beads (Sigma or GE Healthcare,
respectively) were washed, and blocked with TBS with 1% BSA. The beads were
rocked with either total protein lysates from E14.5 WT livers or the PLVAP-Fc
and CD4-Fc fusion proteins. After washing, the bead-bound molecules were eluted
and subjected to SDS-PAGE separation.

453 Far western (lI)

Recombinant mouse neuropilin-1 (R&D Systems, 5994-N1) and recombinant
mouse VEGF s (R&D Systems, 493-MV) were spotted onto filters. The PLVAP—
Fc fusion protein was allowed to bind to the immobilized proteins in the presence
or absence of heparin (Leo Pharma) for 2 h. ECL and HRP-conjugated anti human
IgG antibody was used to visualize the bound fusion protein.

454 Proximity ligation assay (ll)

VEGEF interaction with PLVAP in fetal livers was evaluated with a proximity
ligation assay (PLA). Briefly, anti-VEGF (46154, Abcam) or control primary
antibody were detected by Duolink in situ PLA probe anti-rabbit PLUS
(DUOY2002, Sigma). Anti-PLVAP antibody was directly conjugated to MINUS
PLA probe with Duolink in situ probemaker MINUS kit (DUO92010, Sigma).
Detection reagent red (DUO92008, Sigma) was used to detect the ligated probes
after amplification. Anti-PLVAP was also detected with an additional secondary
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antibody. Finally, the nuclei were stained with 4',6-diamidino-2-phenylindole
(DAPI) and samples were mounted in Mowiol and imaged.

4.5.5 Co-immunoprecipitation assay ()

Freshly isolated WT fetal livers were briefly lysed before pelleting. The
supernatants were incubated with an anti-VEGFA antibody or a negative control
for 5 h. Protein G beads were added for 1 h. The beads were washed and the bound
proteins were eluted in non-reducing Laemmli’s sample buffer. The proteins were
separated in SDS-PAGE and immunoblotted for VEGF and PLVAP using IRDye-
conjugated second-stage reagents and Odyssey imager.

4.6 Fluorescence-activated flow cytometry (I-111)

4.6.1 Isolation of the cells for single-cell suspension (I-II)

For flow cytometry analyses the excised tissue samples were processed into single-
cell suspension. Briefly, most tissues were first mechanically dissociated, followed
by a 0,5-2h enzymatic digestion in Hank’s balanced-salt buffer containing
collagenase D (1 mg/ml) and DNAse I (50 u g/ml). Tissues were then filtered and
washed before staining for flow cytometry. Some tissues needed a method with
some exceptions: livers were dissociated using Gentle MACS C-tube (Miltenyi
Biotech) and immune cells were purified via OptiPrep density gradient
centrifugation (Sigma D1556). Brains were digested, followed by a Percoll
gradient isolation of microglia before staining. Bone marrows were isolated by
gently crushing and extensively filtering the femurs before staining. Lamina
propria cells from the colon were isolated by an enzymatic digestion. Peritoneal
cells were collected by gently rinsing the peritoneal cavity with medium containing
heparin and serum. Erythrocytes in blood and spleen were lysed by hypotonic
lysis. (I-IIT) In some experiments lymph nodes were gently mechanically teased to
detach the lymphocytes without enzymatic digestion. For LEC analyses, minced
lymph nodes were digested for 15 min at 37 °C with 25 p g/ml liberase TM and
100 u g/ml DNase I. Samples were delicately passed through Pasteur pipettes and
filtered, the remaining undigested fragments were collected and subjected to four
additional cycles of digestion with fresh enzymes. Cell suspensions from each
cycle were pooled and stained. (I)

Total leukocyte numbers were determined by establishing the absolute numbers
of viable cells in the cell suspension with a cell counter (Cellometer Auto 2000,
Nexcelcom) and the percentage of CD45" cells with flow cytometry. Absolute
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blood leukocyte numbers were determined with a hemocytometer (VetScan HMS,
Abaxis). (I)

4.6.2 Staining of cells for flow cytometry (I-111)

Before staining the single cell suspensions, the Fc-receptors were blocked with
purified anti-CD16/32 to reduce non-specific binding of the antibodies. Samples
were then stained with either directly fluorochrome-conjugated antibodies or a
primary antibody and a fluorochrome-conjugated secondary antibody. Antibodies
used in the three publications are listed in Table 1. Finally, after washing (and
when necessary, fixation of the samples) samples were analyzed and collected with
cell sorters FACSAriall (BD) (I-1II) or Sony SH800Z (Sony Biotechnology) (1), or
analyzed with LSRII (BD) (I) or LSR Fortessa (BD) (I-1II). Results were analyzed
and visualized using FACSDiva software (I) or FlowJo-software (Tree Star/
FlowJo LLC) (I-III).

Table 1. Antibodies used in the flow cytometric stainings.

Antibody Company Cat# Pub.
B220-PE BD Biosciences 553089 I, 1l
B220-BV421 BD Biosciences 562922 Il
B220-Pacific Blue BD Biosciences 558108 I, 1l
CD3-Pacific Blue BD Biosciences 558214 |
CD4-APC BD Biosciences 552051 I, 1l
CD4-APC-CY7 BD Biosciences 561091 |
CD4-APC-Cy7 BD Biosciences 552051 Il
CD4-A647 BD Biosciences 557681 Il
CD4-PE BD Biosciences 553048 Il
CD8-PerCP-Cy5,5 BD Biosciences 551162 1,1
CD8-PE BD Biosciences 553032 Il
CD8-BV650 BD Biosciences 563234 1l
CD11b-PE BD Biosciences 553311 I-1l
CD11b-APC-Cy7 BD Biosciences 561039 1,1
CD11b-APC-Cy7 BD Biosciences 557647 Il
CD11b-BB515 BD Biosciences 564454 11, 1
CD11b-BV786 BD Biosciences 740861 Il
CD11c-Bv421 BD Biosciences 562782 I-111
CD11c-PerCP-Cy5,5 BD Biosciences 560584 I, 1l
CD16/CD32 (2.4G2) Bio X Cell CUSTOM24G2 1l
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Antibody Company Cat# Pub.
CD25-APC eBiosciences 17-0251-81 I
CD31-APC BD Biosciences 551262 |
CD34-PerCP-Cy5,5 BD Biosciences 128607 Il
CD41-PE BD Biosciences 561850 Il
CD41-FITC BD Biosciences 553848 Il
CD42.2 PerCP-Cy5,5 BD Biosciences 552950 |
CD44-PerCP-Cy5,5 eBiosciences 45-0441-80 |
CD45-APC-Cy7 BD Biosciences 557659 I, 1l
CD45-V500 BD Biosciences 561487 I, 1l
CDA45-PerCP-Cy5.5 BD Biosciences 550994 I, 1
CD62L-A647 BioLegend 104421 I
CD64-PE BioLegend 139304 1
CD115-PE-Cy7 eBioscience 25-1152-80 I, 11
CD117-BV510 Biolegend 135119 Il
CD127 (IL7) -PeCy7 BD Biosciences 560733 Il
CD135 (FIt-3)-BV421 BD Biosciences 562898 Il
CD169-PE BioLegend 142403 I
CD206-A488 Adb Serotec MCA2235A488 Il
CD206-BV650 BioLegend 141723 1
CD304-PE eBiosciences 12-3041-82 Il
F4/80-A647 BioLegend 122610 I
F4/80-PE Abcam Ab105156 Il
F4/80-A488 eBioscience 53-4801-82 1
F4/80-A647 Bio-Rad/AbdSerotec | MCA497A647 Il
CXCRS5-APC BD Biosciences 560615 I
GL7-A647 BD Biosciences 561529 I
IgD-A647 BioLegend 405708 I
IgM-APC-A780 eBiosciences 47-5790-80 I
Ly6C-BV421 BD Biosciences 562727 I, 1
Ly6C-FITC BD Biosciences 553104 Il
Ly6G-BV510 BioLegend 127633 I, 1
Lin-APC BD Biosciences 558074 Il
MerTK-PE BioLegend 151505 Il
MHCII-PE-Cy7 eBioscience 25-5321-82 -1
Podoplanin-PE-Cy7 BioLegend 127412 |
S1P1 Santa Cruz $c25489 I

46




Materials and Methods

Antibody Company Cat# Pub.
Sca-1-PE R&D Systems FAB1226P Il
Siglec - F -PE -CF594 BD Biosciences 562757 11, 1
VEGFR1-PE R&D Systems FAB4711P Il
VEGFR2-PE eBiosciences 12-5821-81 Il
Armenian hamster IgG1 (A1) -PerCP-Cy5,5 BD Biosciences 560554 I, 1l
Armenian hamster IgG1 (A2) -BV421 BD Biosciences 562919 1,1
Armenian hamster IgG-PerCP-Cy5,5 Biolegend 400931 Il
Goat anti Rabbit A488 Life Technologies A11008 |
Hamster IgG-PE-Cy7 BioLegend 402009 |
Lin-Isot conrol cocktail-APC BD Biosciences 558074 Il
Rat IgG1-APC eBiosciences 17-4301-81 |
Rat IgG1-FITC BD Biosciences 553924 Il
Rat 1IgG2a-A488 Adb Serotec MCA1212A488 Il
Rat IgG2a-A647 BD Biosciences 557690 Il
Rat IgG2a-A647 BioLegend 400526 |
Rat 1I9G2a-APC BD Biosciences 553932 |
Rat IgG2a-APC-A780 eBiosciences 47-4321-82 |
Rat IgG2a-BV421 BD Biosciences 562602 Il
Rat 1IgG2a-BV510 BD Biosciences 562952 Il
Rat 1IgG2a-BV650 BD Biosciences 563236 1l
Rat IgG2a-Pacific Blue BD Biosciences 558109 I, 1l
Rat IgG2a-PE BD Biosciences 553930 |
Rat IgG2a-PE-CF594 BD Biosciences 562302 Il
Rat IgG2a-PE-Cy7 eBiosciences 25-4321-81 Il
Rat IgG2a-PerCP-Cy5,5 BD Biosciences 550765 I, 1l
Rat IgG2b-APC-Cy7 BD Biosciences 552773 1,1
Rat IgG2b-A647 Biolegend 400626 Il
Rat IgG2b-BB515 BD Biosciences 564421 Il
Rat IgG2b-BV510 Biolegend 135119 Il
Rat IgG2b-PE BD Biosciences 553989 |
Rat IgG2b-PE-Cy7 eBiosciences 25-4031-81 I, 1l
Rat IgG2b-PerCP-Cy5,5 BD Biosciences 550764 Il
Rat IgG2b-PerCP-Cy5,5 eBiosciences 45-4031-80 |
Rat 1IgG2b-V500 BD Biosciences 560784 I, 1
Rat IgM-A647 BD Biosciences 560892 |
Rat IgM-FITC BD Biosciences 553942 Il
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4.7 In vivo migration assays ()

WT donor splenocytes were mechanically isolated and erythrocytes were lysed by
hypotonic lysis. The cells were labeled with 0.5 1 M CFSE (carboxyfluorescein
diacetate succinimidyl ester) in RPMI-1640 medium, and washed twice after
15min incubation in +37C. The cells (10 x 10° cells in 20 « 1 PBS) were injected
s.c into the hind paws of the recipients. Draining lymph nodes were processed for
microscopy after 4 or 8 hour migration.

In certain experiments, the CFSE-labeled cells were injected in combination with a
PE-conjugated or unconjugated anti-MECA-32 (1pg/mouse). PE-conjugated or
unconjugated isotype-matched antibodies were used as controls. Lymph nodes
were collected after 4 h and processed for microscopy. Alternatively, lymph nodes
were collected after 8 h and analyzed by flow cytometry for quantification of
immigrated CFSE+ cells and subpopulations.

4.8 In vitro transmigration assays (l)

For functional end-point transmigration experiments, confluent human lymph node
LECs (SciencCell Research Laboratories) were activated for 19 h with human
recombinant TNF (50 ng/ml; R&D Systems). Cultured, washed mononuclear cells
from donors were applied to the top of LEC cultures in HBSS medium containing
1% human serum albumin, and were allowed to interact for 20 min at 37 °C in a
humidified incubator. Thereafter the adherent cells were fixed with 4% PFA. The
cells were permeabilized, stained and imaged.

4.9 In vivo uptake experiments (I, 1ll)

The antigen up-take by resident macrophages and dendritic cells of the lymph node
was studied using recombinant AOC3-A647 (180 kDa) and ovalbumin (OVA)-
A488 (45 kDa). Mixture of both conjugated antigen (0,5 pg of each) was injected
s.c to mice and the draining lymph node was collected 30 min later. The lymph
node was processed for flow cytometry and the frequency of each cell type
containing the fluorescent antigens was determined with flow cytometry. (I)

In other experiments, immune complexes were produced by incubating OVA-
Atto488 (41235 Sigma, 2 mg/ml in PBS) at 5:1 molar ratio with rabbit polyclonal
anti-OVA IgG for 1h at 4C. 100 1 of OVA-SIC, or PBS as a control, was injected
i.v. Alternatively, 10 ug of fluorescently labeled acetylated low-density
lipoprotein (LDL; Alexa Fluor 488 conjugated, L.23380 Thermo Fisher Scientific)
or 0.8 mg of 500 kDa Dextran (fluorescein, D7136 L23380 Thermo Fisher
Scientific) were administered i.v. After 1 h (dextran) or 2 h (OVA-SIC and LDL)
the mice were sacrificed and the mammary gland was collected and processed for
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flow cytometry. The mean fluorescence intensity (MFI) of each label in the PBS-
treated mice was subtracted from MFI for the corresponding label in the test
compound treated mice to determine the specific MFI for each test compound. (III)

4.10 In vivo conduit-filling studies (1)

Recombinant human AOC3 (Peprotech), a mixture of fluorescently labeled
dextrans of various molecular weights (all from Molecular Probes) or fluorescent
20 nm quantum dots (QTracker) were injected s.c into the hind paw. After one
minute (AOC3), two minutes (dextrans) or 10 minutes (quantum dots), the mice
were sacrificed and the draining lymph node was collected. The sample was fixed
overnight in 1% PFA or for 2 h at room temperature and for 2 h at 4 °C in 4% PFA.
Dextran and quantum dot samples were dehydrated overnight in 30% sucrose and
mounted in Optimal Cutting Temperature compound (OCT). Sections were cut,
stained and imaged. After fixation with PFA, the AOC3 was detected with a
polyclonal anti-AOC3 (PAS-2542; Harlan Sera-Lab).

4.11 Proliferation assay (lll)

Mice were injected i.p with 120 x 1 of 10 mg/ml solution of bromodeoxyuridine
(BrdU, BD Bioscience) and sacrificed two hours later. Mammary glands were
processed for flow cytometry, but after immunofluorescence staining, the cells
were further stained with FITC—conjugated BrdU antibody (BrdU Flow Kit, BD
Bioscience) and analyzed with flow cytometry.

4.12 Mass cytometry (l11)

The cells were isolated in the same manner as for flow cytometry. The cells were
stained for dead cells with Cell-ID Cisplatin (Fluidigm; cat. 201064). After washing
and Fc-blocking, the cells were stained with heavy-metal isotope—labelled antibodies.
Antibodies used for stainings are listed in Table 2. After washings, the cells were
incubated with DNA intercalation solution (1:1000 Cell ID Intercalator-103Rh in
MaxPar® Fix and Perm Buffer; cat. 201067; Fluidigm), fixed with 4% PFA
overnight. The pelleted cells were resuspended to MaxPar Water (cat. 201069;
Fluidigm) immediately prior to data acquisition with a Cytometry by time of flight
(CyTOF) mass cytometer (Helios, Fluidigm). The T-distributed Stochastic Neighbor
Embedding (t-SNE) algorithm was applied for visualization of the multidimensional
data in two-dimensions (ViSNE, Cytobank, https://www.cytobank.org). The distinct
CD45" cell populations were manually assigned to different leukocyte
subpopulations. To allow direct comparison with flow cytometric analyses in certain
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experiments, the mass cytometry data was manually analyzed using bi-axial blotting.
Alternatively, the data were uploaded to the VorteX -clustering environment
(https://github.com/nolanlab/vortex/releases/tag/29-Jun-2017). Unsupervised
hierarchical clustering with X-shift algorithm was performed with 15 selected
parameters on the datasets from 5wk and 3 month old mice. The default settings were
used for the clustering, with nearest density estimation (K) from 150 to 10, with 30
steps. Then, all data sets were selected and the elbow point (K) was calculated. All
13 clusters were selected and the force-directed layout was created (ForceAtlas2
algorithm). The distinct CD45" cell clusters were manually assigned to different
leukocyte subpopulations. The layout and the visualization were produced with
Gephi 0.9.1 (https://gephi.org).

Table 2. Antibodies used in mass cytometry.

Antibody Company Cat#
B220-159Tb Fluidigm 3159015C
CD4-172Yb Fluidigm 3172003C
CD8a-168E Fluidigm 3168003C
CD11b-148Nd Fluidigm 3148003C
CD11c-142Nd Fluidigm 3142003C
CD45-175Lu Fluidigm 3175010C
CD64-151Eu Fluidigm 3151012C
CD80-171Yb Fluidigm 3171008C
CD117-173Yb Fluidigm 3173004C
CD206-169Tm Fluidigm 3169021C
CD274-153Eu Fluidigm 3153016C
CX3CR1-164Dy Fluidigm 3164023C
F4/80-146Nd Fluidigm 3146008C
Ly6C-162Dy Fluidigm 3162014C
Ly6G-141Pr Fluidigm 3141008C
MerTK-PE BioLegend 151505
MHCII-174Yb Fluidigm 3174003C
Anti PE (PE004) 158HO Fluidigm 3165015C
Siglec - 1 -170Er Fluidigm 3170018C
Siglec - F -PE -CF594 BD Biosciences 562757
TER -119 -154Sm Fluidigm 3154005C
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413  Cytology (1)

Sorted F4/80°% and F4/80" fetal liver macrophages were spun down onto
microscopic slides (Shandon cytospin III, Tecan). The cells were stained with Dift-
Quick (REASTAIN) and imaged using Zeiss AxioVert 200M (Zeiss) with a Plan-
Noefluar 40% /0.60 objective.

4.14  Quantitative PCR (I, II, 1)

Plvap mRNA expression data from sorted CD45 CD31" podoplanin® LECs and
from CD45 CD31" podoplanin- BECs were obtained with permission from the
database of the Immunological Genome Project. (I)

Total RNA from samples was isolated using the Nucleo-Spin RNA kit
(Macherey—Nagel) (II) or the RNAeasy Plus Micro kit (QIAGEN) (II, III). The
RNA was reverse-transcribed to cDNA with SuperScript VILO cDNA Synthesis
kit (ThermoFisher Scientific) (II) or SensiFastTM cDNA Synthesis Kit (Bioline)
(IIT) according to the manufacturers’ instructions. Quantitative PCR (qPCR) was
carried out using Tagman Gene Expression Assays (ThermoFisher Scientific). The
reactions were run using the 7900HT Fast Real-Time PCR System (Applied Bio-
systems/ ThermoFisher Scientific) (II), QuantStudio 12K Flex Real-Time PCR
System (Applied Biosystems/ ThermoFisher Scientific) (II, III) or Quant Studio 3
Real-Time PCR System (Thermo Fisher Scientific) (III) at the Finnish Microarray
and Sequenc-ing Centre (FMSC), Turku Centre for Biotechnology, Turku, Finland.
(I) Table 3 lists the genes that the qPCR was carried out for. Relative expression
levels were calculated using Sequence Detection System (SDS) Software v2.4.1,
QuantStudio 12 K Flex software, and DataAssist software (all from Applied
Biosystems/ThermoFisher Scientific) (I) or Applied Biosystems® analysis
modules in Thermo Fisher Cloud computing platform (ThermoFisher Scientific)
(IIT). Results were presented as percentages of the control gene mRNA levels from
the same samples.

51



Norma Jappinen

Table 3. The genes of interest and their gPCR primers.

Gene Primer Pub.
Plvap Mm00453379_m1 Il
Lyve-1 MmO00475056_m1 Il
Actb (control) MmO00607939_s1 Il
Cx3cr1 MmO00438354_m1 I, 1
Mrc1 Mm00485148_m1 Il
Adgre1/Emr1/F4/80 MmO00802529_m1 Il
Itgam Mm00434455_m1 I, 1
Gata2 Mm00492301_m1 Il
FIt3 Mm00439016_m1 Il
Ccer2 Mm04207877_m1 I, 1
Csfir Mm01266652_m1 1
Zbtb46 MmO00511327_m1 1
C1qa Mm00432142_m1 1
Spi1 MmO00488142_m1 1
Itgax Mm00498701_m1 1
Actb (control) Mm02619580_g1 Il

4.15  Electron microscopy (I, II)

4.15.1  Transmission electron microscopy (I, II)

Tissue samples were collected and fixed in 5% glutaraldehyde in 0.16 M s-
collidine buffer. After 2 h post-fixation with 2% OsO4 containing 3% potassium
ferrocyanide, samples were dehydrated with a series of increasing ethanol
concentrations and embedded in Epoxy Embedding Medium kit (45359 Fluka). 70
nm sections were cut and stained with 1% uranyl acetate and 0.3% lead citrate. The
samples were imaged with a JEOL JEM-1400 Plus transmission electron
microscope.

4.15.2 Scanning electron microscopy (I)

Mice were fixed by transcardial perfusion of a solution of 2% glutaraldehyde and
4% PFA in phosphate buffer before tissue collection. The lymph nodes were
washed and the capsules of the nodes were peeled off with forceps under a
stereomicroscope. The samples were post-fixed for 60 min at 20 °C in 1% OsO4 in
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0.1 M phosphate buffer and dehydrated through a graded ethanol series and dried
with a critical point dryer (HCP-2, Hitachi). The samples were coated with 250A
gold by an ion-sputtering device (IB-3; Eiko) and examined with a scanning
electron microscope (S-3000H; Hitachi) at an accelerating voltage of 25 kV.

4.15.3 Immunoelectron microscopy (l)

Mice were fixed by transcardial perfusion of cold periodate-lysine-PFA and the
PLNs were collected. Samples were post-fixated with the same fixative, embedded
in OCT and snap-frozen. Sections were stained by an immunogold method (15-nm
gold particles) with a MECA-32 first-stage antibody. Thereafter the sections were
fixed with 1% glutaraldehyde solution and 2% osmium tetroxide solution,
dehydrated in graded ethanol and embedded in epoxy resin. Ultra-thin sections
were stained with uranyl acetate and imaged with a JEOL JEM-1400 Plus
transmission electron microscope.

4.16  Immunofluorescence staining and imaging of
sections (I-111)

In general, immunofluorescence staining and imaging were performed on samples
that were collected and then frozen to OCT. Sections of desired thickness were cut,
acetone fixed and stained with directly conjugated antibodies and a combination of
primary and secondary antibodies. Antibodies that were used are listed on Table 4.
Stained samples were mounted in Prolong Gold with or without DAPI or the nuclei
were stained with Hoechst (Thermo Fisher Scientific, Cat. 62249) and then
mounted with Prolong gold without DAPI. Imaging was performed with an
appropriate microscope. Images were acquired with a LSM 780 confocal
microsope (Zeiss) using a Plan-Apochromat 20x /0.8 objective, a C-Apochromat
40% /1.20 W Korr M27 objective, C-Apochromat 63x /1.2 oil objective or Plan-
Apochromat 100x /1.40 oil DIC objective. A spinning disk confocal microscope
(Intelligent Imaging Innovations) with a Plan-Apochromat 63x /1.4, 20x /0.8, 10%
/0.45 or LD c-apochromat 40x /1.1 W objective was also used. Zen 2010 software
(Zeiss), SlideBook 6 software (Intelligent Imaging Innovations, Inc.) Imaris 8.0
software (Bitplane) and ImageJ software were used. Subtraction of background
was used equally for all images. In certain images, brightness was changed in a
linear way with Imagel] software. Brightness adjustments and thresholds were
always applied equally to images that were compared. For certain representative
images, maximal projection was used to generate z-stacks and noise was reduced
with the mean filter in ImagelJ software.
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Table 4. Antibodies used in immunofluorescence microscopy

Antibody Company Cat# Pub.
aSMA-Cy3 Sigma C6198 |
aSMA-FITC Sigma F3777-2ML 1l
B220-Pacific Blue BD Biosciences 558108 |
CD4-A647 BD Biosciences 557681 |
CD8-A488 BD Biosciences 557668 |
CD11b-eFluor450 eBiosciences 48-0112-80 |
CD11c-A488 eBiosciences 53-0114-82 |
CD31-A488 BioLegend 102514 1, 1l
CD31-APC BioLegend 102510 I, 1
CD206-A488 Bio-Rad MCA2235A488T 1l
CD206-A647 BD Biosciences 565250 Il
F4/80-A488 Invitrogen MF48020 Il
Meca-32-A488 BioLegend 120506 |
Meca-32-A647 Serotec MCA2539A647 |
Siglec - F -A647 BD Biosciences 562680 ]
Phalloidin-A546 Life Technologies A22283 |
Rat 1IgG2a-A488 BioLegend 400525 |
AOC3 Harlan Sera-Lab PAS-2542 |
CD31 BD Biosciences 550274 Il
CD31 BD Biosciences 553370 Ml
CD54 (ICAM) BD Biosciences 550287 |
CD106 (VCAM) BD Biosciences 550547 |
CD117 BD Biosciences 553352 Il
CD144 (VE-cadherin) gr;asrcr:‘;:g:g/ BD 550548 1l
CD169 Serotec MCAB884EL |
Caveolin Santa-Cruz sc-894 I, 1
CCRL1 Santa Cruz sc-46835 |
Collagen | Chemicon AB765P |
ER-TR7 Abcam ab51824 |
ER-TR7-DyLight 405 Novus Biologicals NB100-649 |
F4/80 Bio-Rad MCA497R Il

Lyve-1
MAdJCAM-1
MECA-32/Plvap
MECA-32/Plvap
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Antibody Company Cat# Pub.
Mouse anti human Plvap Abcam ab8086 I, 1l
Perlecan Acris DM3099P |
Podoplanin R&D Systems AF3244 |
Prox-1 R&D Systems AF2727 I
Rat IgG2a BD Biosciences 553926 |
VEGF Abcam AB46154 Il
anti Goat IgG-A633 Molecular Probes A21477 |
Donkey anti Goat 1I9G-A633 Life Technologies A21082 I
Donkey anti Rat IgG-A488 Life Technologies A21208 I, 1l
Goat anti Mouse |gG-A488 Invitrogen A11029 Il
Goat anti Rat IgG-A546 ThermoFisher A11081 I-111
Goat anti Rat IgG-A647 Life Technologies A21247 I, 11
Goat anti Rabbit IgG- A405 Life Technologies A31556 |
Goat anti Rabbit IgG-A546 Invitrogen A11035 Il
Goat anti Rabbit IgG-A633 Invitrogen A21071 I, 1l

4.16.1  Visualization of luminal PLVAP (I, II)

For visualization of the luminal location of PLVAP, unconjugated or A488-
conjugated MECA-32 or control antibody was administered to recipient. Injections
were made either s.c to hind paw (I) or directly to the umbilical and vitelline veins
of the yolk sac of E12.5 embryos (II). After 5 min (I) or 1 min (II) circulation, the
recipients were killed and tissues of interest were collected, processed for
microscopy.

4.16.2 Whole-mount (I, Il)

Afferent lymphatics were visualized by staining the mechanically separated dorsal
half of a WT ear with antibodies, followed by extensive washing and imaging the
next day. The whole-mount staining methodology for PLNs, YS and AGM was
adapted from a published protocol (Yokomizo et al.2012). Samples were imaged
and three—dimensional reconstructions were generated from z-stacks, the results
were converted to QuickTime files with Imaris 8.0 software (Bitplane).
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4.16.3 PLVAP expression in human samples (I, Il)

PLVAP expression in human tissues was investigated in lymph nodes and liver.
Peripheral lymph nodes which were macroscopically and microscopically normal,
originated from surplus tissue from head and neck surgery. Human fetal liver
sample from pregnancy week 18 was used for human liver analysis. Samples were
sectioned and stained to determine the PLVAP expression and location using
microscopy.

4.17  Histology (ll)

Formalin-fixed, paraffin-embedded sections of embryo livers were cut,
deparaffinized before antigen retrieval. Endogenous peroxide was quenched with
3% H>0, and non-specific immunoglobulin binding was blocked with rabbit
serum. Endogenous biotin and avidin were blocked using DakoCytomation Biotin
blocking system (Dako, X0590). Biotin—avidin complexes with the secondary
antibodies were formed with using Vectastain ABC kit (PK-6100, Vector
Laboratories). Liquid DAB+ substrate Chromogen System (Dako K3468) was used
to detect the peroxidase complexes. Samples were stained with haematoxylin,
dehydrated and mounted before imaging.

4.18 Iron recycling (Il)

Prussian blue stainin on PFA-fixed, paraffin embedded sections was used to detect
the ferric iron. The sections were counter-stained with Nuclear Fast Red. The red
pulp areas of the spleen containing the blue-stained Fe3'-containing cells were
analyzed using image thresholding. In livers, whole sections were analyzed.
ImageJ software was used to measure the area fractions.

4.19  Mammary gland ductal branching (ll, IlI)

The fourth mammary gland was mounted onto a glass slide and fixed in Carnoy’s
fixative overnight at +4 °C or for 4 h at room temperature. The sample was
rehydrated and stained with carmine alum (STEMCELL technologies, cat 07070)
according to the manufacturer’s instructions. The samples were dehydrated, cleared
in xylene for 2-3 days, and mounted with DPX Mountant (Sigma-Aldrich).
Imaging was performed with Zeiss SteREO Lumar V12 stereo microscope using
NeoLumar 0.8% objective (II) or Axiovert M200 microscope using a 5x /0.25
objective (III). The mammary gland ductal tree area and the number of ductal
branches were tracked manually and quantified wusing Image] with
‘Skeletonize2D/3D’ and ‘ AnalyzeSkeleton’ plugins.
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4.20  Statistical analyses (I-111)

Sample sizes were based on pilot analyses and published literature. Because mice
of distinct genotypes were used, no specific randomization methods were
implemented. During the experimental procedures with embryos, investigators
were blinded to the genotypes, no other blinding methods were used. Numeric data
are given as mean = SEM. Statistical analyses were performed using GraphPad
Prism software v6 and SAS 9.4. Comparisons between the genotypes were done
with the Mann-Whitney or Kruskal-Wallis test. P values of <0.05 were considered
statistically significant.
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5 Results

5.1 PLVAP in lymphatic endothelium controls the
entrance of lymphocytes and antigens into the
lymph nodes

5.1.1 Deletion of PLVAP leads to abnormal lymph nodes

To study the expression and role of PLVAP in lymphatics, a Plvap™’~ knockout
mouse model was generated. A heterozygous x heterozygous breeding and a mixed
background approach were necessary to ensure that the offspring were born alive
and that approximately 15% of the expected frequency of homozygous pups
survived until early adulthood. Deletion of the PLVAP expression was checked
with immunoblotting and by staining blood endothelium in the peripheral lymph
nodes (PLN) with MECA-32 (monoclonal antibody to PLVAP). (I: Fig la, S1d)
Comparison to sex matched WT littermates confirmed that the PLVAP protein was
successfully ablated from the knockout mice.

PLN:s from the Plvap™~ mice were unmistakably different compared to the
WT PLN:s. Enlarged B cell follicles were visible with the microscope and further
studies with flow cytometry showed a normal total lymphocyte count, but reduced
amounts of CD4" and CD8" T cells and an increase of B220" B cells. (I: Fig 1b-d)
More B cells positive for the germinal center activation marker GL7 was seen in
addition to a larger number of activated CD25" T cells and CD44"CD62L" T
cells among CD3" cells in the Plvap™ mice. (I: Fig le-g) However, even in the
absence of PLVAP, the lymphatic vasculature in the PLN seemed normal. (I: Fig
2a, 2g, 2h) Also the distribution and composition of the reticular conduit network
which travels along the T cell areas were normal, although the area was diminished
in size, due to the enlarged B cell follicles. (I: Fig 41, S5¢-f)

51.2 WT subcapsular sinus LECs express PLVAP

A closer look at the subcapsular sinus of the WT PLN revealed a clear PLVAP
signal in the sinus lining LECs, both on the floor and ceiling of the sinus. (I: Fig 2a,
3a) To confirm the unexpected finding of the presumably BEC-specific molecule,
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several approaches were used. Detection of PLVAP in the draining lymph node
SCS after s.c administration of MECA-32-A488, together with immunoelectron
microscopy corroborated the finding. (I: Fig 2e, 3e-f,) A comparison of mRNA
expression in the BECs and LECs from WT PLN showed obvious transcription of
Plvap in the LECs, albeit the level being lower in the LECs. (I: Fig 2b, 2f) Finally,
human PLN also showed expression of PLVAP in the subcapsular sinus. (I: Fig
S3c) No PLVAP signal was found in the parenchyma of the WT PLN, excluding
the blood vascular endothelial cells. Also, the afferent lymphatics were devoid of
PLVAP expression. (I: Fig 2i, S3e, S3f) Much like in the BECs, PLVAP formed
diaphragms in the endothelium, especially in the sinus floor that is in close contact
with the underlying parenchymal conduits. (I: Fig 3b) The diaphragms were found
on TECs and caveolae. Even though the Plvap™~ mice lacked the diaphragms, the
endothelial structures could still be found on the LECs. (I: Fig 3c-f, S4h-i)

5.1.3 Lack of PLVAP leads to increased antigen entry and
enhanced B & T cell activation in the PLN

The open-ended endothelial channels of the LEC floor in Plvap™"~ mice are in close
proximity of the conduit network, therefore the effect of the missing diaphragms
was investigated. Fluorescently-labeled molecules (dextrans) with different
molecular weights (10 kDa, 70 kDa, 500 kDa) were injected s.c into mouse foot
pad and the conduit filling was analyzed. Normally, molecules of 70 kDa and
larger molecular weight are excluded from entering the conduit network. In the
Plvap™"~ mice, the smallest molecule crowded the conduits instantly and the 70
kDa and even 500 kDa molecules entered the network. (I: Fig 4a-d) In the absence
of PLVARP filters, also a large protein antigen (180 kDa enzyme AOC3) reached
the parenchyma readily. There, the antigen was taken up by the parenchymal
macrophages and DCs, which act as antigen presenting cells in the lymph node. (I:
Fig 4c, 4f, 4h)

To determine whether the increased antigen-entry was PLVAP-dependent, we
ruled out some other possibilities. Caveolae are known to facilitate trans-
endothelial passage. (Schubert et al. 2001) Our studies on the Cav™~ mice revealed
that the PLVAP expression in the SCS LECs was comparable to WT. This
indicated that the majority of PLVAP is located in non-caveolar structures. Also
the results from the dextran experiments were similar to WT. (I Fig 5a-c)
Macrophages participate in antigen transfer from the sinus to the B cell follicles.
(Junt et al. 2007) To test the macrophage involvement in the antigen transfer into
the conduits and parenchyma, macrophages were depleted by using clodronate
containing liposomes. Macrophage-ingested liposomes release the clodronate, a
bisphosphonate drug, which induces apoptosis of the phagocyte. (Van Rooijen and
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Sanders 1994) Depletion of PLN parenchymal CD169" F4/80" and sinus-lining
CD169" F4/80" macrophages (both PLVAP negative) using clodronate-containing
liposomes did not affect the PLVAP expression of the LECs, nor the result of the
dextran assay, i.e. the 70 kDa and 500 kDa molecules were excluded from the
parenchyma. (I: Fig 5f, S6i) Thus, PLVAP in the LECs regulates the entry of
lymph borne molecules to the PLN parenchyma, in a size-dependent manner.

51.4 Lymphocytes use PLVAP to transmigrate through the
lymphatic endothelium

To study whether the PLVAP diaphragms of the SCS floor affected the migration
of lymph borne lymphocytes to the parenchyma, lymphocytes from WT donors
were labeled with a green cytosolic dye CFSE, injected s.c into Plvap™”~ and WT
mice and left to migrate to the draining lymph node. In the absence of PLVAP, the
transferred lymphocytes entered the lymph node in greater numbers in comparison
to WT. Blocking the PLVAP filter with a conjugated or unconjugated MECA-32
antibody led to reduced entry of lymphocytes into the lymph node. (I: Fig 6a-c)
Electron microscopy analyses showed that the interaction between lymphocytes
and LECs typically took place where cell surface structures such as caveola and
TECs located. In vitro -data revealed that 32,3 % =+ 5,3% (mean + sem) of the
lymphocytes traversed the monolayer of LECs via the transcellular route.
Immunofluorescence stainings showed the lymphocytes extending F-actin®
podosomes to probe the LEC membrane and pushing aside the PLVAP and F-actin.
PLVAP" areas were sporadically situated on the peripheral cytoplasm and seemed
to coincide with F-actin®®" expression, but were almost absent in the cell-cell
junction areas. (I: Fig 7a-f, S7e-g) These data suggest that PLVAP on the
endothelium facilitates transcellular migration.

5.2 PLVAP regulates the establishment of tissue-
resident macrophage populations during
development

Studying the immune system and immune cells of the adult Plvap™~ mice revealed
that the absence of PLVAP led to unexpected perturbations in the macrophage
system. Several tissues lacked macrophages to some extent or almost totally. F4/80
is often used to differentiate the fetal-derived tissue-resident macrophages (F4/80')
from monocyte-derived macrophages (F4/80%°%). (Schulz et al. 2012, Hashimoto et
al. 2013) Therefore we used F4/80 (among other markers) to study the macrophage
biology of the Plvap™’~ mouse.
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5.2.1 Deletion of PLVAP leads to decrease in F4/80" tissue-
resident macrophage populations in the adult mice

Flow cytometry analyses showed that several tissues had significant reductions
(75%-95%) in embryonic-derived tissue-resident macrophage populations, but
normal or slightly increased amounts of bone marrow —derived tissue
macrophages. (II: Figla) In the adult mice, the production of monocytes and
macrophages seemed normal, determined by the fact that frequencies of
hematopoietic stem cells (HSC), common myeloid and common lymphoid
progenitor cells were comparable to WT mice. In addition, the frequencies of bone
marrow and blood monocytes were normal, as were the amount of recently entered
tissue monocytes in the spleen and liver. (II: Fig 1a, S2b-f) Frequencies of B cells
and T cells were not affected by the PLVAP deletion, except in the PLNs. (I: Fig
1d, II: Fig S2g, S3a-b)

522 Decreased fetal liver -derived, but not YS-derived
macrophages in tissues of Plvap™~ mice

Tissue-resident macrophages originate from the fetal era, so the Plvap™~ mice were
studied at an embryonic time point. Flow cytometric analyses showed that at E16.5
the YS-derived macrophage counts in the spleen and lung were not influenced by
the lack of PLVAP. Also the number erythro-myeloid progenitors (EMP) and the
colony forming ability of E10.5 Y'S cells remained unaffected, as did the microglia
of both embryonic and adult mice. (II: Fig 2a, S4b-e) However, the frequency of
liver-derived macrophages in the embryonic spleen and lung were significantly
reduced. The blood also had significantly fewer liver-derived monocytes. (II: Fig
1b)

5.2.3 Macrophage precursors accumulate in fetal liver

Since the production of fetal macrophages shifts to the liver at E12.5, a closer look
at the Plvap™"~ liver was taken. The lack of PLVAP (which is synthesized in WT
liver endothelium from E11.5 onwards) did not disturb the overall morphology and
vasculature of the embryonic liver. (Il Fig: 3a-b S7a-c) Flow cytometric analysis
revealed that the amount of YS-derived macrophages in the liver remained
unaffected at E12.5-E16.5, but at the same time a clear accumulation of liver-
derived macrophages and especially liver monocytes was seen. (II: Fig 2b-d, S5¢)
The frequencies of monocyte progenitor cell types were comparable between the
Plvap™~ and WT livers, as were the frequencies of EMPs and HSCs (and their
colony forming abilities at E12.5). (II: Fig S5c-f) Tamoxifen inducible Plvap™;
CAGCre-ER™ and conditional Plvap™ Lyve-1Cre- mouse indicated that PLVAP
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expression is needed at E13.5-E14.5 for the normal egress of fetal liver monocytes.
(II: Fig S8a-f)

524 PLVAP interacts with heparin and chemotactic
molecules

In embryonic WT liver, PLVAP can be found on top of fenestrae, whereas in
Plvap™” liver the endothelial structures are formed normally, but remain
uncovered. (II Fig 3d) We reasoned that if the open-ended fenestrae leave cells
trapped in the liver, the PLVAP diaphragms might be needed to interact with the
cells, essentially guiding them out. A series of interaction studies with molecules of
interest, based on the literature, were conducted. PLVAP (in certain experiments
endogenous PLVAP from E14.5 liver and in others a PLVAP-IgG Fc fusion
protein) bound to heparin. PLVAP also bound to the chemotactic molecules
VEGF-A and neuropilin-1, but only in the presence of heparin. (Il Fig 3e-h, S9a-e)
We also discovered that in the liver, common monocyte progenitors and Ly6C" and
Ly6C monocytes express receptors for VEGF-A and neuropilin-1. (II: Fig S9f-i)
This supported our theory that the PLVAP may immobilize chemotactic molecules
which are recognized by fetal monocytes.

5.2.5 Deficiency of fetal-derived macrophages leads to Fe3*
accumulation and altered mammary branching in adult
Plvap™= mice

The deficiency of F4/80™ macrophages in the Plvap™’~ mice was evident in the
spleen and liver of adult mice. (II: Fig la, 2b) To investigate if bone marrow -
derived macrophages can take over the tissue-resident macrophage functions, the
recycling of iron was studied. Prussian blue staining showed that in the Plvap ™"
mice Fe** accumulated in the red pulp of the spleen and in the liver. (II: Fig 4a-b,
S10c) Mammary gland branching is partly macrophage dependent and was studied
in the prepubertal 4,5wk old Plvap™~ female mice. F4/80" macrophage counts
within the 4™ inguinal mammary glands were reduced, while the other lymphocyte
counts remained unaffected. The ductal branching was significantly stunted in the
otherwise proportionally sized mammary gland. (II: Fig 4c-f, S10d-e, III: Fig 5a)
These results showed that the adult monocyte-derived macrophages cannot fully
compensate the tissue-resident macrophage functions in the Plvap ™~ mice.
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5.3 Fetal-derived macrophages occupy mammary
gland throughout adulthood

The striking under-development of the mammary gland ductal network in the
Plvap™~ mice prompted us to perform a more detailed investigation of the
mammary gland macrophage biology. Steady state mammary tissue macrophage
status has not been thoroughly investigated, as much of the research focuses in
pathological tumor associated macrophages.

5.3.1 Macrophages reside in the mammary gland already
before birth

Flow cytometric analyses revealed that F4/80" cells of the 5wk WT mammary
gland can in fact be divided to F4/80" and F4/80™ populations. (II: Fig 4c¢, III: Fig
la) Gene profiling and surface marker analysis of the two mammary gland
populations supported the different phenotypes of the macrophages. (III: Fig S2c-
d) Two robust populations of macrophages were found in the mammary gland at all
studied postnatal time points (1wk, 2wk, Swk and 3 months of ages), with the
F4/80" macrophages composing approx. 50% of total mammary gland
macrophages. Interestingly, two macrophage populations were present in the
mammary gland already before and right after birth. This, in addition to reduced
macrophage counts in the Plvap”~ mammary gland (see 5.2.5) suggested YS-
derived and fetal liver -derived origins to the mammary gland tissue-resident
macrophages in adulthood. (III: Fig 1a, S2a-b, h)

5.3.2 Fetal liver -derived macrophages seem to constitute
the majority of tissue-resident macrophage pool in
mammary gland

To further dissect the origin of the embryonic macrophages in the adult mammary
gland, several mouse models and experimental settings were utilized. Experiments
with anti CDI15 antibody (which blocks the production of YS-derived
macrophages) showed that the YS-derived macrophages fall into the F4/80'
population in E17.5 WT mice, but the depletion did not affect the mammary gland
macrophage populations significantly in later time points. Analysis of the
mammary glands of CX3CR1-YFP and CSF1R-YFP -reporter mice (which label
the YS-derived macrophages/progenitors and their progeny) showed that the YFP*
cells were also F4/80" in all time points and that YFP* F4/80" fetal-derived
macrophages persisted in the adult mammary gland. Plvap™~ mice, which have a
deficiency of fetal liver -derived macrophages, but normal YS-derived
macrophages, have a small proportion (12% vs 39% in the WT) of F4/80
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macrophages in the mammary gland. This small population is most probably from
YS origin. (III: Fig 1b-d, S2g) These results suggest that the majority of F4/80
macrophages in the adult mammary gland are originating from the fetal liver,
rather than the YS.

5.3.3 CCR2-independent migration of macrophages to
mammary gland

To investigate the contribution of adult monocytes to the F4/80™ macrophage
population in the mammary gland, we studied two commonly used knock out
mouse models with reductions in mature Ly6C+ and circulating Ly6C- monocytes.
In breast cancer, monocytes are recruited to the tumor in CCR2-dependent manner.
(Bonapace et al. 2014) Flow cytometry analysis of Nur77~~ mice mammary glands
showed no reduction of mammary gland monocytes and Ccr2™~ mice showed only
a modest reduction in the F4/80™ population of macrophages. (IIl: Fig 2a, S3d)
These results suggest that in a healthy mouse the majority of adult monocyte -
derived macrophages migrate to the mammary in a CCR2-independent manner.

534 CD206 as a putative marker to define fetal-derived
macrophages in mammary gland

Distinguishing the tissue-resident macrophages often relies on the common
macrophage surface marker F4/80. However, after analyzing the mammary gland
macrophages with mass cytometry, we observed that CD206 is actually more
powerful at phenotypically differentiating the fetal-derived and adult monocyte-
derived macrophages in the mammary gland. F4/80"" macrophages were CD206'"
and the deficiency of CD206" macrophages in Plvap "~ mice and in clodronate
treated mice after recovery imply that CD206 does identify fetal macrophages.
Also, CD206'" macrophages expressed high levels of typical macrophage markers
(CD64, F4/80, Siglec-1) in flow cytometric and qPCR analyses. (I1I: Fig 3d, 4b)

535 CD206™ macrophages are associated with ductal
branching and scavenging in mammary gland

Macrophages are associated with ductal branching morphogenesis of the mammary
gland. Mammary gland whole mount stainings showed that the ductal branching
was comparable to WT mice in the knockout models with defective bone marrow
monocyte migration (Ccr2”~ and Nur77~"). However, the ductal morphogenesis
failed almost completely in the embryonic macrophage -deficient mice (Plvap
mice, which have normal YS-derived macrophages, see 5.2.2). (III: Fig 5a)
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In addition to assisting in ductal branching, macrophages are known scavengers
in many tissues. We studied the scavenging abilities of the mammary macrophages
and the CD206" macrophages showed superior scavenging properties in assays
where dextran, acetylated LDL or immunocomplexes were injected intravenously
(i.v) into WT mice. The injected particles were taken up by the CD206™
macrophages much more readily in comparison to the monocyte-derived
CD206N#*% macrophages. (I1I: Fig 5b) Immunofluorescence stainings showed that
the CD206" macrophages resided next to the ducts and small vessels of the
mammary gland, even reaching to the lumen. These locational data support their
scavenging function. (III: Fig 5d-f, S7b-d) These data show that the CD206"
macrophages possibly perform specialized functions in the mammary gland.
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The basis of this thesis was laid by the unexpected discovery of PLVAP in the PLN
subcapsular sinus. Until then, PLVAP had been studied only in the blood vascular
endothelium, where it affected endothelial permeability. We reasoned that PLVAP
in the PLN might serve the same purpose and studied if the absence of PLVAP had
an effect on the immunological functions of the PLN. While investigating the
leukocyte populations we noticed that the Plvap™”~ mice experienced reduced
frequencies of macrophages in several tissues. Since the production of macrophage
precursors in the adult mice seemed unaffected, we reasoned that there must be
another reason for the diminished macrophage counts. Embryonic macrophages
had been reported to colonize tissues and remain in them during adulthood.
PLVAP-deficient mice seemed to have diminished frequencies of tissue-resident
macrophages in many tissues, especially in the mammary gland. Thus the final step
was to elaborate the mammary gland macrophage kinetics and inspect the origins
and functions of the tissue-resident macrophages in the mammary gland. The
results from this thesis underline the importance of endothelial regulation in the
developing embryo and in the adult individual. This chapter discusses some of the
key results and the questions they raise. At the end of this chapter I will discuss
some potential approaches to utilize the discoveries in this thesis.

6.1 PLVAP expression in the lymphatics (1)

The endothelial protein PLVAP has been previously studied in the blood
vasculature and has been established as a blood endothelium specific marker.
(Baluk, McDonald 2008) PLVAP is the only known component of the diaphragms
that overlay caveolae, TECs and fenestrae and no other localization has been found
for PLVAP. (Tkachenko et al. 2012) It was surprising to detect PLVAP expression
within the lymph node LECs. The immunofluorescence staining of mouse and
human peripheral lymph node clearly showed that the lymphatic endothelial cells
of the subcapsular and medullary sinus expressed PLVAP. Bright staining by the
MECA-32 antibody in the blood vessels of the PLN combined with the blank
staining in the Plvap™~ mice corroborated the reliability of the antibody used to
detect PLVAP. Comparing Plvap mRNA expression in the LECs and BECs
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showed that the LECs clearly express the mRNA, although in a lower level
compared to BECs. Co-staining with lymphatic endothelial markers confirmed the
PLVARP expression within the SCS. Finally, electron microscopy studies suggested
the existence of the classical cartwheel-like structure that PLVAP forms in other
tissues, and showed the binding of gold conjugated PLVAP antibody to the
caveolae, transendothelial channel and fenestrae structures. These results prove that
the PLVAP, formerly thought to be BEC specific is also expressed by the adult
mouse and human PLN. The unique expression of PLVAP in the SCS LECs and
the absence of PLVAP in the afferent lymphatics may point to a specific filtering
function of the SCS LECs. It is likely that the expression has gone unnoticed by
researchers because of the lower expression and specific location in the SCS,
relatively far from the BEC vessels which might be stained with MECA-32 for
their blood vessel identity.

6.2 PLVAP mediated regulation of antigen and
leukocyte migration (I, Il)

6.2.1 Antigen migration (1)

The lymphatic expression of PLVAP was focused on the SCS floor and the
absence of expression in the afferent lymphatics led us to hypothesize that the
diaphragm could serve the same function in the LECs as it does in the blood
endothelium. Indeed, in the absence of PLVAP, the entry of small and large
antigens was increased. Several approaches were used to prove that the antigen
entry is regulated by PLVAP in the LECs. We showed that once the larger (>70
kDa) molecules gain access through the SCS, like in the case of the Plvap /" mice,
they are non-discriminatively transported onwards in the conduit system. Our data
are supported by the results from Thierry et al. who showed that the conduit system
is able to transport locally produced large IgM molecules, but they cannot enter the
LN parenchyma from the blood or lymph, i.e. cross the endothelium layers
(Thierry et al. 2018). We used Cav /™ mice to show that the endothelial caveolae,
which are known to facilitate molecule transport, had no effect on the antigen entry
to the PLN parenchyma. Similarly we showed that the sinus lining macrophages,
which are known to transport larger antigens trough the SCS (Junt et al. 2007), did
not affect the conduit filling. The endothelial cells are known to endocytose
particles and the amount of endothelium-facilitated transport was not quantified.
However, the efficacy of endothelial transport is small compared to macrophages
(Anselmo and Mitragotri 2017) and since the macrophages had no significant
effect on dextran transport, it is unlikely that the LEC transcytosis would account
for the robust dextran migration to the conduits. These data support our

67



Norma Jappinen

interpretation that the PLVAP diaphragms on LECs have a decisive role in
regulating the entry of the molecules to the parenchyma.

6.2.2 Leukocyte migration (I, Il)

Leukocytes can traverse endothelial layers via the transcellular or paracellular
route. (Carman et al. 2007) The results on CFSE —labeled leukocyte migration
showed that the absence of PLVAP diaphragms on the SCS led to increased CD4"
T lymphocyte (and B220" B cells, but less so compared to the T cells) entry into
the parenchyma of the PLN, similarly to the increased antigen entry. Blocking of
the diaphragm in WT mice using a MECA-32-antibody in turn decreased the
lymphocyte entry. These results indicate that in steady state, the migrating
lymphocytes interact with the PLVAP filter and perhaps use it as a sign of a route
with less resistance.

Labeling of the lymphocytes with CFSE even at recommended concentrations
has been shown to negatively affect the migration of B cells to the PLN in vivo, but
not to affect their ability to respond to chemotactic signals or bind to HEVs in
vitro. (Nolte et al. 2004) We showed an increase of CFSE-labeled lymphocytes in
Plvap™~ PLN in comparison to WT, and the blocking of PLVAP with an antibody
reduced the influx of both T and B cells. PLVAP interactions with chemotactic
molecules are possibly needed for the monocyte egress in the fetal liver, but we did
not check the presence of chemokines in the PLN. Thus, blocking of the PLVAP
diaphragm with an antibody might have hampered the transmigration by preventing
the migrating lymphocytes from reaching the diaphragm-bound chemokines.
CFSE-labeling of the cells, rather than differing migration mechanisms between
the T and B cells, might explain the underrepresentation of B220" cells in the
migrated lymphocytes.

Our results support the in vitro data from Keuschnigg et al. which shows that
PLVAP is important for the transmigration, more so than for the paracellular
migration of lymphocytes. (Keuschnigg et al. 2009) Migrating cells made contact
with PLVAP" areas which were also F-actin*®". The PLVAP covered TECs and
fenestra are structures that in essence create a tunnel through the endothelial cells
and often localize to the thinnest, peripheral part of the cytoplasm. This might
provide the lymphocyte a sign of easy entry into the parenchyma via the
transcellular route. Interestingly, the lymphocytes are too big to fit through the
TECs and fenestra, so it is likely that some remodeling of the endothelial
architecture takes place. Leukocytes have been shown to extend podosomes to
palpate endothelial cell surface and induce and expand pores to facilitate migration
across the endothelium. (Carman et al. 2007) The same techniques could be used to
push aside or degrade the PLVAP diaphragm and open the pre-existing pore to fit
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through. Figure 5. summarizes the role of PLVAP in antigen and lymphocyte
migration from the SCS to the parenchyma of the PLN.
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Figure 5. Summary of the effects of PLVAP in migration of lymphocytes and various sized
antigens from the SCS to PLN parenchyma. L= Lymphocyte

However, contrary to the increased lymphocyte migration into the PLN
(Publication I), the absence of PLVAP filter in the fetal liver led to decreased
migration of macrophage precursors to the blood stream (Publication II). We and
others have shown that PLVAP interacts with molecules such as VEGF-A and
neuropilin-1. (Keuschnigg et al. 2012) Our results showed for the first time the
interaction between heparin, neuropilin-1, VEGF and PLVAP and that they
potentially interact with the neuropilin-1 and VEGFR1 in the fetal monocytes,
guiding the monocytes into the blood stream. The molecular interactions offer a
possible explanation for the monocyte accumulation within the fetal liver in the
absence of PLVAP diaphragm (and the subsequent presence of open fenestrae).
Nevertheless, it is unexpected that the absence of PLVAP filter in the SCS and
fetal liver affects the migration cascade in opposite ways, as the absence of PLVAP
has so far only been linked to increased leakiness in all tissues. No other structure
or function has been reported for PLVAP besides the cart wheel -like diaphragm
and the gene is well conserved in mouse, rat and human tissues. (Stan et al. 2001)
Therefore it is unlikely that the PLVAP-diaphragm itself would function differently
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in PLN and fetal liver. Possible explanations for the opposite effects of absent
PLVAP on cell migration in the PLN and fetal liver might be:

Perturbed endothelial cell barrier: The SCS LEC floor could be leaky due to
the lack of PLVAP or experimental procedures during the cell migration assays,
allowing the labeled lymphocytes to leak through the SCS. The injection of CFSE-
labeled lymphocytes is not strictly physiological, but others have shown that the
injection of cells in the periphery (although intralymphatic) does not alter the
lymph node structure. (Brown et al. 2018) The immunofluorescent stainings also
showed that the lack of PLVAP did not disturb the overall morphology of either the
PLN or the fetal liver suggesting it is unlikely that the increased cell migration
would be the result of perturbed morphology in the PLN.

Differences in migration routes: The migrating lymphocytes and fetal
monocytes utilized different routes to migrate to their target tissues (lymphatics in
Publication I and blood vessels in Publication II). PLVAP is widely expressed in
the blood vasculature (Stan et al. 2001) and the systemic absence of PLVAP could
result in leaky vessels outside the liver which would not be able to facilitate fetal
monocyte migration from the liver to the target tissues. In the lymphatics, PLVAP
expression has not been reported in the periphery.

Differences in migrating cells: The migrating cells in Publication I were
CFSE-labeled adult lymphocytes as opposed to the endogenous, non-manipulated
fetal monocytes in their native environment in Publication II. The two cell types
might use differing migration strategies. It is possible that the dependency of a
certain migration molecule changes between fetal and adult cells. For example,
adult monocytes typically migrate in a CCR2-dependent manner, whereas fetal
monocytes have a more progenitor-like phenotype and migrate in a CCR2-
independent manner. (Serbina, Pamer 2006) Similarly, adult lymphocytes could be
less dependent on PLVAP or PLVAP-associated migration molecules.

Elucidating the reason for the opposite outcomes for cell migration in the adult
lymph node and fetal liver requires more investigation of the differences in the
endothelial cells. However, investigation of cell migration should preferably be
conducted in a three-dimensional model. It is challenging to draw conclusions of
cell location in a tissue, based on two-dimensional sections. Nonetheless it seems
that PLVAP, which so far has mainly been reported to act as a filter, has the ability
to participate in molecular interactions with chemokines and migrating cells. The
blocking antibody experiments in PLN suggest that PLVAP is needed for the
normal migration of cells in the PLN as well as the fetal liver.
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6.3 PLVAP expression in humans (I, Il)

Others and we have showed that PLVAP is expressed in the human PLN, in
addition to several other healthy and diseased tissues. (Stan et al. 2001) The reports
on PLVAP expression in human liver have been inconclusive. Strickland et al.
reported that they could not detect expression of PLVAP in human fetal liver.
(Strickland et al. 2005) We however, did see a clear PLVAP expression in the
human fetal liver at pregnancy week 18. Our report supports the report by Stan et
al. which shows that Plvap mRNA is expressed in the liver (and many other
tissues, most abundantly in the kidney and spleen and none in the brain). (Stan et
al. 2001) Strickland et al. did not specify the age of the fetus or the method of
detection, so the discrepancy might be due to the use of a fetal liver from a
different stage of development, analysis of a different localization, differences in
antibodies or the method of detection.

6.4 Tissue-resident macrophages (ll, 1ll)

So far, reports on adult tissue-resident macrophages have mainly focused on the
differences of monocyte-derived macrophages and embryonic macrophages,
grouping together the Y'S and fetal liver -derived macrophages. One reason for this
is likely the scarcity of tools to differentiate the two fetal macrophages from each
other in the adult tissues. Today, reporter mice are widely used. Others and we
have used an inducible YFP-reporter mouse under a CSF1R-promoter to track YS-
derived cells and under a CX3CR1- promoter to follow both the YS and fetal liver
-derived cells. The drawback of the tamoxifen inducible models is that the amount
of labeled cells is small, because the labeling efficiency with tamoxifen is often
relatively low. (Yona et al. 2013) Further studies are needed to ascertain that the
macrophage effect is not related to other perturbations in the Plvap™~ mice.
However, it is possible that the Plvap™~ mice could provide a useful tool to study
the functional effects of tissue-resident F4/80™ macrophages.

The complete lack of PLVAP leads to a severe phenotype and the subsequent
low birth rate and short life span of the pups. To counteract the adverse effects of
systemic PLVAP deletion, we developed a conditional Plvap™,; Lyve-1-Cre
knockout. Lyve-1 is expressed in the yolk sac blood vessels at E9.5-E18.5 and in
the fetal liver sinusoidal endothelium from E9.5 forward (Nonaka et al. 2007,
Gordon et al. 2008), so we achieved a selective deletion of Plvap only in Lyve-1*
cells but not the majority of other vessels in the liver. Also, a tamoxifen inducible
model Plvap"™"; CAGCre-ER™ was generated to delete Plvap and both were useful
in determining the crucial time window for the PLVAP expression during
development for Publication II. However, Lyve-1 is expressed in many blood
vessels of the embryo and not exclusively in the liver so another promoter would
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be more suitable for studying the effects of sinusoidal PLVAP expression. So far,
there are no reports of an exclusively liver endothelium specific promoter, so
developing a liver specific PLVAP knock out mouse is not plausible. Also, the
timed deletion of PLVAP in the Plvap™; CAGCre-ER™ only inhibits the
formation of new PLVAP for a short period but does not remove the existing
protein, so the effects remain modest. In the future, a mouse model which lacks
PLVAP exclusively and completely in the liver endothelium could be useful for
studying the functional consequences of tissue macrophage reduction.

6.4.1 Macrophages are found in the prenatal mammary
gland (lII)

The significant deficiency of macrophages in the Plvap”~ mammary gland
prompted us to further study the mammary gland. Most mammary gland studies are
performed on the 4™ inguinal mammary glands. Due to ease of extraction and
comparativeness with results from others, only the 4" inguinal mammary glands
were used in the experiments for this thesis. Nevertheless the five pairs of mouse
mammary glands are known to develop in succession and not simultaneously and
to be differently differentiated. (Bolander 1990) To ensure that the macrophage
phenotype that we reported was not unique to only the 4™ mammary gland, we also
analyzed the macrophage statuses of the 2", 3™ and 5" mammary glands. The
different mammary gland pairs closely resemble each other in macrophage
composition, suggesting a conserved role for macrophages in the mammary glands
and corroborating the use of the 4™ mammary gland for the mammary macrophage
studies.

Macrophage presence in the WT mammary gland has not been fully elucidated
during the different stages of development. In steady state macrophages have been
reported in the mammary gland beginning from 2wk of age. (Gouon-Evans et al.
2000) We used the sensitive FACS method to show that two populations of
macrophages can be found in the mammary gland fat pad precursor tissue already
before birth at E16.5. Macrophages are often found in the niches of developing
organs, as has been demonstrated in the PLN development. The inguinal lymph
node develops in the area where the 4™ inguinal mammary gland also forms during
pregnancy. At E15.5 the inguinal lymph node starts to form and at E18.5
macrophages are found adjacent to the PLN bud. (Bovay et al. 2018) We did not
remove the PLN bud for the E16.5 analyses as the PLN was too small.
Theoretically, at E16.5 the macrophages in our mammary gland analyses could
originate from the PLN development even though the macrophage numbers are
considerable. However, the PLN was removed from the newborn mammary gland
(and from all time points after that) and still the macrophage status of the breast
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tissue closely resembled the E16.5 status. Our results provide information about the
early development of the mammary gland cell composition and show that the
mammary gland harbors sizeable macrophage populations already before birth. Our
FACS analyses and immunohistochemical stainings compliment and further
elaborate the data from adult mice reported by Gouon-Evans et al. and Chua et al.
(Gouon-Evans et al. 2000, Chua et al. 2010) We provide an up-to-date picture of
the mammary gland macrophage landscape with quantitative and kinetic data about
the macrophage status within the whole mammary gland.

6.4.2 Fetal macrophages persist in the adult mammary
gland (I, 1)

After establishing that the prenatal mammary gland is inhabited by macrophages
and the reduction in Plvap~”~ mice macrophage population in the mammary gland,
we wanted to investigate if the prenatal macrophages persisted in the adult
mammary gland and what was their contribution to the whole mammary gland
tissue macrophage population. Plvap~’~ mice showed deficiencies in F4/80" tissue-
resident macrophages in many tissues, including the mammary gland. We saw two
distinct macrophage populations at all stages of the development in the virgin WT
mice. Chua et al. have reported F4/80*°" and F4/80"" macrophage populations in
the 9-10 wk old mice, and our data from the 3 month old mice support their results.
Chua et al. did not study the mammary gland at other ages or the developmental
origin of the two populations. (Chua et al. 2010)

So far it has been thought that the adult mammary gland macrophages are
derived from HSC-precursors in the bone marrow. (Varol et al. 2015) The
assumption is supported by the report form Gouon-Evans et al. who showed that
the total body irradiation of mice at 19 days of age reduced the macrophage counts
around the TEB and led to perturbed mammary gland duct formation.
Transplantation of bone marrow cell suspension rescued the blood lymphocyte
counts and the ductal phenotype (Gouon-Evans et al. 2000). The experimental
setting which has driven the mammary gland macrophage dogma is problematic
and the results should be cautiously interpreted to steady state. Total body
irradiation causes inflammation and tissue damage. (Lambert, Moores 1986)
Hashimoto et al. concluded that lethal irradiation, followed by a bone marrow
transplantation results in tissue macrophages being repopulated by monocytes, but
the same does not happen if macrophages are depleted using other methods which
cause no damage to the tissue environment. (Hashimoto et al. 2013) Lavin et al.
showed that after irradiation, the monocyte-derived cells, which have gained entry
to a tissue, acquire 50-90% of the genetic imprint of the original tissue-resident
macrophages. (Lavin et al. 2014) These results question the monocyte-dependent
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replenishment in steady state, since the irradiation might harm the tissue
environment pat the point that is physiological. Indeed, we saw no replacement of
the F4/80" macrophages after a clodronate and anti-CSF1 antibody treatment,
which is not likely to damage the tissue environment. We did see an ablation of all
tissue macrophages and the repopulation of bone marrow -derived macrophages,
but not the tissue-resident macrophages. This would suggest that the method of
clearing the tissue affects the capability of monocytes to repopulate the tissue and
corroborates our results that in steady state the mammary gland hosts a robust adult
monocyte-independent macrophage population which appears to originate from the
fetal liver.

Mass cytometry was used to study the macrophage populations of the
mammary gland, as we wondered whether a marker could be found to better
differentiate the fetal and adult macrophage populations, in addition to F4/80.
CD206 was found to be useful in separating the two populations. Even though the
CD206N#°" and CD206" populations remained relatively close to each other in
flow cytometric analyses, using CD206 has the advantage that it is not expressed
by the F4/80" eosinophils, which are found in the mammary gland. (Gouon-Evans
et al. 2000) Using any markers to stain and detect fetal macrophages has a level of
uncertainty, as it is possible that the adult monocyte derived macrophages could be
able to upregulate the same molecules. This methodological problem could be
resolved with lineage tracking experiments using a powerful and selective reporter
line under a suitable promoter.

6.4.3 Monocyte-derived macrophage contribution to the
mammary gland macrophage pool: CCR2 involvement
in the F4/80°" population (l11)

We showed that a proportion of the mammary gland macrophages were
CD11b'F4/80°¥, which indicated that they were derived from adult monocytes.
We used animals with perturbed monocyte migration to further investigate the
origin of that population. Monocytes require CCR2 to exit from the bone marrow
and CCR2-dependent monocyte influx to the breast is increased in breast cancer.
(Bonapace et al. 2014) We however showed that in steady state, adult Ccr2™" mice
have only a modest reduction of monocyte-derived macrophages in the mammary
gland, but normal or increased tissue-resident macrophages compared to WT.
Newborn Ccr2”~ mice have normal mammary macrophage populations which
aligns with the results from Hoeffel et al. who show that contrary to the adult
monocyte migration, fetal monocytopoiesis is not CCR2-dependent. (Hoeffel et al.
2015) This suggests that the establishment of the F4/80™°" macrophages is CCR2-
independent and that by adulthood only a fraction of the F4/80" macrophages are
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replaced by CCR2" bone marrow monocytes. The rest of the F4/80"°% macrophages
are replenished by a mechanism that is yet to be determined.

Recently, Chakarov et al. reported two monocyte-derived interstitial
macrophage populations which reside in contact with nerve fibers and blood
vessels. They showed that the populations originate from Ly6C" monocytes and
are identifiable by Lyve"™HCII™® and LY VE***MHCII! signatures and evaluated
that the two are present in several tissues. (Chakarov et al. 2019) We used mass
cytometry to recognize two CD45'CD11b"Ly6CHCX3CR17F4/80" populations
which could be divided by their MHCII expression to MHCII™" (monocyte
population 1, MO1) and MHCII" (monocyte population 2, MO2), possibly
reflecting the two populations that Chakarov et al. reported. They report that unlike
MHCII*¥, only MHCII™ positive cells appeared to rise from the blood monocytes
and expressed Ccr2, which could support our data that a small portion of mammary
macrophages are CCR2-dependent. Interestingly, our studies pointed towards the
monocyte populations being a continuum of monocytes maturing to tissue
macrophages, but Chakarov et al. reported that the interstitial macrophage
populations are separate lineages which arise from tissue-recruited monocytes. We
had not included Lyve-1 in our marker pattern in mass cytometry or determined the
location of the MO1 or MO2 population in immunohistochemical stainings, so we
cannot confirm that they are interstitial macrophages but it is possible and would
require more research.

Taken together, our data suggest that in the steady state virgin mouse the major
mammary macrophage population is fetal-derived and that the bone marrow -
derived monocytes contribute to the mammary macrophage pool in a CCR2-
independent manner. The kinetics of mammary macrophage pool in relation to the

origins of the population is depicted in Figure 6.
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Figure 6. A relative representation of the suggested macrophage origin in the virgin mouse
mammary gland at different time points. Red line = fetal liver -derived macrophages,
black line = adult bone marrow -derived macrophages, orange line = yolk sac -derived
macrophages
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6.4.4 Hormonal effects on mammary macrophages (l11)

Chua et al. reported that the macrophage abundancy in the mammary gland of 9-
10wk mice changes during the estrus cycle. (Chua et al. 2010) We did not
determine the estrus cycle in the adult mice, but all mice in all age points had
robust macrophage counts in each experiment. The estrus cycle-associated
fluctuation of the macrophage counts might explain the slightly larger variation of
total cell amounts in the 3 month old mammary gland. However the frequencies of
fetal and monocyte-derived macrophages stay similar in the virgin mice in every
age point from prenatal to adult mice. Also, our results from male mammary tissue
show comparable macrophage frequencies and phenotypes to females. These data
may suggest that the macrophage composition in the mammary gland is not
hormonally regulated.

6.4.5 Macrophage functions in the mammary gland (lll)

Milk and milk proteins are produced by the alveoli in the mammary gland and
defects in the ductal formation often lead to perturbed milk production and failed
lactation. (Pollard Henninghauser 1994) Milk contains a substantial amount of
macrophages, which are distinctly different from blood monocytes, highly
phagocytic and linked to transmission of HIV from mother to child. (Ichikawa et
al. 2003) Studying the effect of the reduced F4/80"CD206™ macrophages on milk
composition would be interesting. The embryonic macrophages seem to reside in
close contact with the ducts and are clearly phagocytic, so in that sense they
resemble the macrophages depicted by Pollard et al. and it would be tempting to
investigate whether the milk macrophages actually are embryonically-derived.
Unfortunately the Plvap™~ females do not survive long enough to produce and
nurse offspring, so their milk composition cannot be studied.

Interestingly, the adult male mouse mammary gland fat pads, which neither
form ducts or alveoli nor produce milk, have comparable macrophage frequencies
to females. Macrophages in the healthy mammary gland have been linked to the
development and cyclic remodeling of the ductal network and the assistance of
mammary stem cell function (Chua et al. 2010, Chakrabarti et al. 2018). The ductal
network development has been studied in the CSF1 deficient op/op mice, which
lack about 50% of F4/80" macrophages around the TEBs. (Gouon-Evans et al.
2000) The ductal development in op/op mice is delayed and somewhat perturbed in
comparison to WT, but the network still fills the whole mammary gland and is able
to produce milk. (Pollard, Henninghausen 1994) Unlike the development of fetal
Y'S macrophages and adult bone marrow —derived macrophages, the development
of fetal liver —derived macrophages is not CSF1R-dependent. It is possible that the
fetal macrophages are still present in the op/op mammary gland and assist in the
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ductal development. However, our data suggest that in addition to supporting the
ductal remodeling and stem cell function, some of the mammary macrophages also
serve an immunological role. We showed that the tissue-resident macrophages are
superior in scavenging blood borne ligands, so it is likely that the tissue-resident
macrophages are needed for the maintenance of immunological homeostasis of the
mammaries in both sexes.

6.5 Future perspectives

6.5.1 PLVAP as a therapeutic target (1)

PLVAP is already the target of many researchers as its expression in the blood
endothelium increases in many pathological conditions. We and others have shown
that the PLVAP can be targeted and its function modulated by blocking antibodies.
To evaluate the possible side effects of a new approach, knowledge of the
expression pattern and kinetics of the target are beneficial. The discovery of
PLVAP expression in the PLN, a major central for immune responses, could be
useful for new ways to control inflammation. Excess activation and subsequent
immune reactions by the PLN lymphocytes could potentially be regulated by
targeted blocking of PLVAP in the SCS.

6.5.2 Mammary macrophages as a therapeutic target (lll)

Macrophage presence in breast cancer has been mostly linked to poor prognosis,
however their location in and around the tumor is clinically more relevant than
their mere presence. Also, macrophages were not as abundantly present in all
breast cancer types. (Medrek et al. 2012, Zhao et al. 2017) It is noteworthy that in
other cancers, results on the macrophage effect on prognosis are both positive and
negative. (Bingle et al. 2002) It seems that the macrophages in breast cancer (and
other cancers) are heterogeneous in their phenotype and functions. Investigating
the behavior of tissue-resident macrophages in breast cancer could produce new
insight to the macrophage immunology.

It would be interesting to use the expression pattern to distinguish the
embryonic macrophages (F4/80"CD64iSiglec-1"CD206") in the mammary gland
and investigate how they act in the development and progression of breast cancer.
After carefully elucidating the functions of the resident macrophage populations,
testing whether they could be modulated seems attractive. The detailed
investigation of the similarities and differences of macrophage populations are
warranted, since those factors are not only suitable druggable targets but also key
points to avoid undesired adverse effects.
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Macrophages can be used as carriers for drug delivery. (Klyachko et al. 2017)
We established that the CD206" macrophages are superior in scavenging blood
borne molecules. This functional ability that seems to separate the embryonic and
adult macrophages in the mammary gland could potentially be utilized for the
design of cell type specific, targeted therapies. Whether the therapy would be
intended to eliminate the specific macrophages or to use them as carriers of
medicine to the breast cancer, targeting the drug exposure could limit the systemic
exposure to the drug, reduce the drug concentrations and thus limit adverse effects.
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Y4 Conclusions

Collectively, the results in this thesis study show the decisive role of endothelium
(and the protein PLVAP) in cell traffic and molecule exchange. We also show that
the endothelium plays an important role in the formation of tissue-resident
macrophage population in the mammary gland during embryogenesis.
Disturbances, even transient ones, in the integrity of the endothelium can have
serious and long lasting adverse effects in immune responses and immune cell
composition of tissues.

The main conclusions of the study are the following

1. PLVAP is expressed in the lymphatic endothelium of the lymph node and
regulates endothelial permeability in the sub capsular sinus and the
activation of parenchymal lymphocytes.

2. In addition to forming physical sieve-like structures, PLVAP has the
capability to participate in several molecular interactions.

3. PLVAP expression during embryogenesis is important for the emergence of
F4/80™ tissue-resident macrophages in several tissues.

4. Mammary gland harbors a large macrophage population already before birth.
In adulthood, F4/80" macrophages constitute the major macrophage
population in the mammary gland.

5. Tissue-resident macrophages perform unique scavenging functions in the
mammary glands.
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