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1. INTRODUCTION

1.1 Endothelial cells

Endothelial cells (ECs) create the innermost layer of the vessel walls, forming an interface
between circulating blood and the surrounding tissue. ECs, due to their locations, are
directly affected by the soluble molecules and cells in the blood plasma, therefore they
act as signal integrators. The endothelium plays a role in a large number of physiological

and pathological processes (Figure 1) (1).

vessel remodeling

?

inflammation

and immunity hemostasis
. ﬁ and coagulation
regulation of vascular tone barrier and transport

Figure 1. Schematic representation of the main endothelial cell functions.

ECs maintain homeostasis by keeping blood in a fluid state and promote limited clot
formation when the integrity of the vascular wall is compromised. The endothelium is
semipermeable, it allows the regulated transport of solutes and fluids into and out of the
blood, primarily in the capillaries. Another important process is leukocyte trafficking, a
multistep adhesion cascade taking place mostly in the postcapillary venules, ensuring the
migration of immune cells into the tissues through the paracellular and transcellular route
(2). ECs contribute to the control of vascular tone by releasing vasoactive factors. These
can be involved in vasodilation such as nitric oxide (NO), prostacyclin and endothelium
derived hyperpolarizing factor (EDHF) or in vasoconstriction like thromboxane and
endothelin-1 (ET-1) (3). Maintaining and restoring the integrity of the circulatory system
has a fundamental importance. Angiogenesis is the process of vascular growth by
sprouting of existing vessels during embryonic development, growth, regeneration, and
wound healing (4). The endothelium also significantly contributes to the processes of both

innate and adaptive immunity. ECs have many immune functions including cytokine



secretion, phagocytosis, antigen presentation, sensing of pathogen- and damage

associated molecular patterns (PAMPs and DAMPs, respectively), immunosuppression

and the enhancement of pro-inflammatory or anti-inflammatory response (5).

Figure 2. Microscopic pictures of human umbilical vein endothelial cells (HUVECs).
Using phase contrast microscopy typical cobblestone morphology is visible (A). ECs
express VE-cadherin (red) and PECAM-1 (green) adhesion molecules. Blue: nuclear

staining. The candidate’s own photos.

1.2 MASP-1

Mannan-binding lectin associated serine protease-1 (MASP-1) is one of the key
components of the complement lectin pathway (Figure 3). Mannan-binding lectin
(MBL), collectin-10 and -11 and the ficolins (ficolin-1,2,3) are the soluble pattern
recognition molecules (PRMs) of the complement lectin pathway and they circulate in
the blood in complexes with associated serine proteases (MASP-1 and -2). They
recognize and bind to pathogens (PAMPs) and altered host cells (DAMPs). The
recognition leads to the autoactivation of MASP-1, which activates MASP-2, initiating

the complement lectin pathway by generating C3 convertase (6).
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Figure 3. (A) Structural model of a MASP-1 dimer (7) (B) Structural model of the
recombinant MASP-1 (rMASP-1) (C) Schematic model of an MBL complex. MBL is
shown in blue (8).

Besides, being a promiscuous protease with a relatively large and open substrate-binding
site, MASP-1 is able to cleave a great variety of substrates (Figure 4) (9). It cleaves
fibrinogen, factor XIII, thrombin-activatable fibrinolysis inhibitor (TAFI) and
prothrombin, promoting blood clotting and coagulation (10-13). Furthermore, MASP-1
is able to deliberate bradykinin from high molecular weight kininogen (HMWK) (14).
Moreover, as we have shown previously, MASP-1 is able to activate endothelial cells by
the cleavage of protease-activated receptors (PARs), namely PAR-1, 2 and 4 (15). This
activation induces ECs to acquire a pro-inflammatory phenotype characterized by the
activation of pro-inflammatory genes (16), expression of IL-6 and IL-8 pro-inflammatory
cytokines (17), induction of E-selectin expression, enhanced adhesion between ECs and
neutrophils (18) and increased permeability (19). Furthermore, MASP-1 can synergize
with other pro-inflammatory activators to enhance the inflammatory response (20) and its

effect is potentiated by hypoxia on ECs (21).



complement

opsonization S
P activation

TORatinked TAFI opsonization antibody regulation
fibrin 1 !
C3b/
i i C5b
MBL/ficolins/collectins iC3b ~—_ \
+—  FXllla \ + S/ p
MASP-1 MASP-2 ——— C3 ~ C5 ~ MAC
fibrin
l U C3a Cb5a !
\ cell activation
l / lysis
= PARactivation HMWK  permeability cytokine expression
blood coagulation on endothelial cells \ induction chemotaxis
cytokine and adhesion bradykinin

molecule expression
permeability induction
neutrofil chemotaxis inflammation

Figure 4. MASP-1 has diverse functions, it not only initiates the activation of complement

lectin pathway but also modulates inflammation and blood coagulation (9-19).

1.3 Inflammatory mediators

A great variety of substances from diverse sources can activate endothelial cells to acquire
a proinflammatory phenotype.

Bacterial lipopolysaccharide (LPS) is the major structural component of the outer wall of
Gram-negative bacteria, which triggers severe inflammatory reactions in the human body
via the LBP/CD14/TLR4/MD2 receptor complex (22). The receptor complex activation
leads to MyD88-dependent early nuclear factor kappa B (NF-kB) activation and MyD88-
independent late NF-«xB activation (23). Besides, the p38 MAPK, JNK and Akt signaling
pathways are also activated (24). LPS is a potent activator of endothelial cells causing
extensive expression of inflammatory cytokines (IL-6, IL-8 and IL-1f), adhesion
molecules (E-selectin, [CAM-1 and VCAM-1) and induces apoptosis (25). LPS plays a
pivotal role in the pathogenesis of sepsis and even with the recent advances in therapies
and overall medical care, Gram-negative bacterial sepsis is still a common life-
threatening event.

Bradykinin is a small oligopeptide liberated from high molecular weight kininogen
(HMWK) by plasma serine proteases (mainly plasma kallikrein and to a lesser extent,
other enzymes, including MASP-1 (14)) and acts predominantly on bradykinin receptor
B2 (B2R). Bradykinin is a potent vasodilator, increases endothelial permeability, and

increases endothelial nitric oxide (NO) production (26-29).
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Figure 5. Different stimuli promote the liberation of variety of mediators which results

in the activation of endothelial cells via different receptors on the surface of the

endothelium.

Histamine is the major mediator of acute allergic reactions, released mostly from basophil
granulocytes and mast cells, and acts on four (H1R-H4R) receptors. One of its major
effects in the vascular system is the induction of NO production through HIR activation,
which leads to the dilation of blood vessels (30, 31).

During viral infections, IFNy is produced predominantly by Tul, Tcl and NK cells. Its
receptor (IFNGR) enhances antigen presentation, increases the expression of major
histocompatibility complex (MHC), activates the inducible nitric oxide synthase (iNOS),

promotes adhesion and leukocyte migration, and increases endothelial permeability (32).

1.4 Wound healing

Wound healing begins at the moment of injury and normally advances through the
sequential stages of hemostasis, inflammatory response, proliferative phase, and
remodeling phase. It is a complex event, where several cell types interact with various
functions (Figure 6). The earliest responses to injury are designed to prevent blood loss,
through the activation of a cascade of serine proteases, which result in platelet activation
and fibrin clot formation. Besides preventing bleeding, it is also a supportive matrix for
invading cells that are needed at the later stages. The inflammatory phase occurs during
the first 72 hours after tissue injury. It consists of the release of inflammatory mediators,

activation of the complement cascade and the facilitation of neutrophil and monocyte



infiltration. At the site of an acute injury, damage-associated molecular patterns (DAMPs)
and — if the wound is contaminated by pathogens — pathogen-associated molecular
patterns (PAMPs) appear, which leads to local cell activation and the propagation of the
inflammatory response. During the normal process of wound healing M2 type, anti-
inflammatory macrophages and regulatory T cells are responsible for the tempering down
of inflammation. After the inflammation resolved, the proliferation phase begins. It
involves the restoration of the vascular network (angiogenesis), formation of granulation
tissue and reepithelization. Finally, weeks after wounding, the remodeling phase starts.
With the slowing of angiogenesis and replacing type III collagen with a stronger type I
collagen, the granulation tissue transforms into a scar. The process is mainly driven by
myofibroblasts. Recently it has been shown that the key transition point in wound healing
is between the inflammatory and proliferative phases. If the inflammation does not

subside, a non-healing (chronic) wound develops (33).

iTri;‘l"j‘:;mm | seconds to hours hours to days days to weeks weeks to months>
Hemostasis phase Inflammatory phase Proliferative phase Remodeling phase
platelets Tacrcr)lphages
Partici platelets neutrophils ﬁrzp t;:)lcytes fibroblasts
articipants ., hlement kinins macrophages ibroblasts epithelial cells

epithelial cells

citnlEleels endothelial cells

fibroblast proliferation

phagocytosis and removal collagen synthesis remodeling
. coagulation of pathogens by neutrophils angiogenesis
Major events gu'ation pathog Y P giogenes| reepithelization
vasoconstriction (earlier), macrophages and reepithelization i P ti
T cells (later) granulation tissue scartissue formation
formation
Functions of increased permeability decreased blood
endothelial hemostasis regulation expression of cytokines angiogenesis flow and number
cells and adhesion molecules of vessels

Figure 6. Phases of the normal wound healing process and the corresponding time scale.
1.4.1 Endothelial cells during wound healing

Endothelial cells actively participate in wound healing processes. Normally, they promote
anti-coagulant properties and counteract platelet activation, however, if activated by
vasoactive agents they release von Willebrand factor (VWF), PAR receptors,
thromboxane and plasminogen-activator-inhibitor 1 (PAI-1) that promotes the binding of
platelets (34). Furthermore, vasoconstriction is an important initial response in the case
of vessel damage. It is caused by direct access of smooth muscle cells to locally generated

vasoactive agents and by bypassing the vasodilatory action of ECs (35).
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During the inflammatory phase, increased endothelial permeability and increased
expression of adhesion molecules promote the transmigration of immune cells. ECs also
participate in the chemotaxis of neutrophil granulocytes by the expression of various
cytokines and chemokines (17, 36).

In the granulation phase, angiogenesis is initiated by a diverse group of growth factors.
Endothelial cells undergo a series of morphological alterations and chemotactic agents
direct the cell movement throughout the process (37). They migrate at the fastest pace
immediately after injury, then enter a slower migration rate that they maintain during the
healing process (38). Capillary sprouts from the wound edge invade the blood clot and
form a new microvascular network within a few days. The transient fibrin matrix is an
excellent matrix for ECs to act as a scaffold for new capillary structures (39). With time
the fibrin-based provisional matrix is replaced by the acute granulation tissue (composed
mainly by collagen, fibrinogen, fibronectin and hyaluronic acid). Gradually, collagen
accumulates, the density of blood vessels decreases, and the granulation tissue turns into
a scar. In the final remodeling phase, the blood flow decreases with the moderating

metabolic activity of the scar (40).

1.5 NF-xB and CREB signaling pathways in endothelial cells

Although endothelial cells possess dozens of active signaling pathways mediating
complex proinflammatory stimuli, two of them are worth to highlight due to their
participation in many related processes from wound healing to proliferation and homing
regulation. One of these key transcriptional factors is NF-kB, which is inhibited by IxB
proteins (by masking the nuclear localization signal) in unstimulated ECs. Triggering of
the canonical pathway (e.g. by TNFa, LPS or IL-1) cause the phosphorylation and
ubiquitination of IkB proteins, which leads to their degradation. Alternatively, NF-xB
can be activated by the noncanonical pathway, which is triggered by LPS, CD40,
lymphotoxin and late membrane protein 1, among others. Finally, NF-xB enters the
nucleus and induce the expression of a great variety of genes (41), and participates in
proliferation/apoptosis balance as well as other processes related to inflammation and
wound healing.

cAMP response element binding protein (CREB) is transcription factor that regulates
diverse cellular responses, including proliferation, survival, and differentiation (42). It
has also been shown to induce transcription of immune-related genes that possess a CRE

element, including IL-2, IL-6, IL-10, TNFa, and cyclooxygenase-2 (43). Phosphorylation

11



of CREB (on Serine 133) is induced by cAMP or calcium (among others) leads to its
interaction with its coactivator protein (CREB-binding protein (CBP) and its paralogue
p300) to initiate transcription of CREB-responsive genes (44). It has been described that
CREB phosphorylation inhibits NF-kB activation in endothelial cells by competing with
it for the coactivator CBP (NF-kB interacts with CBP/p300 with the same region as
phosphorylated CREB) (45, 46).

12



2. OBJECTIVES

As described earlier, endothelial cells act as important signal integrators, and MASP-1,
the most abundant enzyme of the complement lectin pathway induces a proinflammatory
phenotype in ECs. MASP-1 activation is triggered by different pathogens and altered host
cells, and these stimuli not only activate the complement system, but also lead to the
presence of various proinflammatory components in the blood (e.g. LPS, histamine,
bradykinin, [FNy), which can simultaneously alter endothelial cell behavior. The cellular
response of ECs to injury is still a matter of active investigation and the participation of
the lectin pathway in wound healing processes is actively researched in the context of
atherosclerosis and atherosclerosis-related diseases (47, 48) as well as in the healing of
chronic wounds (49). However, there is no data available about the effect of MASP-1 in
the normal wound healing processes of otherwise healthy individuals.
Therefore, we established the following objectives for our research:
1. Does MASP-1 cooperate with other proinflammatory factors in endothelial cells
in the induction of:
a. Ca*'-mobilization
b. adhesion molecule expression
c. cytokine expression
d. permeability?
2. Does MASP-1 and other proinflammatory activators modifies each other’s
receptor expression at mRNA level?
3. How do endothelial cells response to mechanical wounding (signaling pathway
activation, adhesion molecule expression)?
4. Does MASP-1 modify the speed of wound healing and the capillary network
formation of endothelial cells?
5. Can we observe cooperation between MASP-1 and mechanical wounding in the
induction of:
a. Ca*'-mobilization
b. signaling pathways

c. adhesion molecule expression?

13



3. METHODS

3.1 Reagents

The recombinant catalytic fragment of human MASP-1 (CCP1-CCP2-SP, hereinafter:
rMASP-1) was expressed in Escherichia coli and purified by the method described by
Dobo et al. (9). rMASP-1 preparations were free of bacterial contaminations and could
be inhibited by Cl-inhibitor as previously described (50, 51).

All other reagents were purchased from Merck-Sigma-Aldrich, unless otherwise stated.

3.2 Preparation and culturing of HUVECs

Endothelial cells were harvested from fresh umbilical cords obtained during delivery of
healthy neonates by cesarean sections by collagenase digestion as described earlier (52).
HUVECs were grown in gelatin-precoated flasks (Corning™ Costar™) in MCDB-131
medium (ThermoFisher Scientific) supplemented with 5% heat-inactivated calf serum
(FCS), 2 ng/ml of human recombinant epidermal growth-factor (R&D Systems), 1 ng/ml
of human recombinant basic fibroblast growth factor, 0.3% Insulin Transferrin Selenium
(ThermoFisher Scientific), 1% Chemically Defined Lipid Concentrate (ThermoFisher
Scientific), 1% Glutamax solution (ThermoFisher Scientific), 1% Penicillin-
Streptomycin antibiotics solution, 5 pg/ml of Ascorbic acid, 250 nM of Hydrocortisone,
10 nM of HEPES, and 7.5 U/ml of heparin; hereinafter referred as Comp-MCDB. For
some experiments, the medium was replaced with AIM-V medium (ThermoFisher
Scientific) supplemented with 1% FCS, 2 ng/ml of human recombinant epidermal
growth-factor (R&D Systems), 1 ng/ml of human recombinant basic fibroblast growth-
factor, and 7.5 U/ml of Heparin; hereinafter referred as Comp-AIM-V.

Each experiment was performed in at least three independent, primary HUVEC cultures
from different individuals, before passage 4. The study was conducted in conformity with
the WMA Declaration of Helsinki; its protocol was approved by the Semmelweis
University Institutional Review Board (permission number: TUKEB141/2015). All

participants provided their written informed consent before inclusion.

3.3 Intracellular Ca?*-mobilization assay

Intracellular Ca?"-mobilization was measured using the method described previously
(15). HUVECs were seeded in 96-well plates in 100% confluency and cultured in Comp-
MCDB medium for 24 hours then the medium was changed to Comp-AIM-V for
additional 24 hours.

14



Experiments in results 4.1:

The cells were pretreated with the selected agonist in predetermined suboptimal dose
(rMASP-1: 0.6 uM, LPS: 10 ng/ml, histamine: 5 uM, IFNy: 2 ng/ml or bradykinin: 2 uM)
for 24 hours or were not pretreated. Suboptimal dose refers to the concentration of the
selected activator where we could observe an approximately half-maximum response
according to our previous experiments (17). 2 uM Fluo-4-AM (ThermoFisher Scientific)
was used to load the cells for 20 minutes, then cells were incubated in HBSS for another
20 minutes. Measurements were carried out with fluorescence microscopy; sequential
images were taken every 5 seconds. To determine baseline fluorescence, two images were
taken before adding the treatment. Twenty cells per image were analyzed using CellP
software (version 5.2), to calculate changes in fluorescence intensity. Images were
background corrected and normalized to control.

Experiments in results 4.2

2 uM Fluo-4-AM (ThermoFisher Scientific) was used to load the cells for 20 min, then
the cells were incubated in HBSS for another 20 min. When needed, apyrase (an ATP-
diphosphatase) treatment (10 U/ml) was added to the cells for 5 minutes before the
measurements. The measurements were carried out with fluorescence microscopy, the
sequential images were obtained every 5 s. To determine the baseline fluorescence, two
photos were taken before adding the treatment or scratching the cells. The scratching of
the cell layer was carried out using a sterile needle. In some of the measurements 0.6 uM
rMASP-1 was added to the wells 5, 10, 20 or 30 minutes after scratching. At least twenty
cells were analyzed for each distance (100 pum, 200 pm, 300 um and 400 pm) using the
CellP software (version 5.2), to calculate changes in fluorescence intensity. Images were

background corrected and normalized to control.

3.4. Adhesion molecule expression measured by cell-based ELISA

HUVECs were cultured in 96-well plates at 100% confluency in Comp-MCDB medium
for 24 hours. They were then pretreated with the selected agonist at suboptimal doses or
not pretreated. After 24-hour pretreatment, the cells were treated with agonists for E-
selectin measurement for 6 hours or for VCAM-1 measurement for 24 hours. The cells
were fixed and stained with mouse anti-human E-selectin (ThermoFisher Scientific) or
mouse anti-human VCAM-1 (BD Biosciences) antibodies at room temperature for 1 hour.
Then, HRP-conjugated goat anti-mouse antibody (Southern Biotech) and 3,3°5,5’-Tetra

Methyl Benzidine were used to measure the expression of adhesion molecules.
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3.5 Visualization of adhesion molecules by fluorescent microscopy

Confluent layers of endothelial cells were seeded and cultured for a day in 96 well plates
in Comp-MCDB medium. The monolayer of cells was scratched 24, 6 or 2 hours before
fixation. To some of the wells, 0.6 uM rMASP-1 treatment was added. The cells were
fixed in ice-cold methanol-acetone (1:1) for 10 minutes. Then the cells were stained with
primary anti-human antibodies (as indicated in Table 1) followed by Alexa568
conjugated goat anti-mouse IgG (1:500) and Hoechst 33342 (1:50000, Invitrogen). The
images were taken with an Olympus IX-81 fluorescence microscope and an XM-10
camera.

Table 1. Primary antibodies used for visualization of adhesion molecules.

Antibody Producer Dilution
mouse anti-human E-selectin Invitrogen 1:500
mouse anti-human ICAM-1 Invitrogen 1:500
mouse anti-human VCAM-1 BD Pharmingen 1:500

3.6 Measurement of IL-8 cytokine production by sandwich ELISA

HUVECs were seeded in 96-well plates at 100% confluency and cultured in Comp-
MCDB medium for 24 hours. They were then pretreated with the selected agonist at
suboptimal doses or not pretreated. After 24-hour pretreatment, the cells were treated with
the agonists for 24 hours and the supernatants were collected. Supernatants were diluted
in 1:20 and IL-8 was measured by sandwich ELISA kit (R&D Systems) according to the

manufacturer’s instructions.

3.7 Permeability measurement

Permeability tests were carried out using a modified version of the XPerT technique as
described earlier (19). Briefly, HUVECs were seeded in 96-well plates pre-coated with
biotinylated gelatin at 100% confluency and cultured in Comp-AIMV medium. After
various pretreatments and treatments, Streptavidin-Alexa488 (ThermoFisher Scientific)
was added to each well for 2 minutes. The cells were fixed with 1% paraformaldehyde-
PBS and fluorescence plate reader (Tecan Infinite™ M1000 Pro) was used to quantify
fluorescence. Representative images of each well were also taken using an Olympus IX-

81 fluorescence microscope.
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3.8 RNA purification and quantitative real-time PCR (qPCR)

HUVECs were cultured in 24-well plates to 100% confluency in Comp-MCDB medium,
then treated with IFNy (20 ng/ml), bradykinin (20 uM) or LPS (100 ng/ml) for 2 or 24
hours. RNA isolation was carried out using the illustra™ RNASpin RNA Isolation Kit
(GE Healthcare) according to the manufacturer’s protocol. RNA-cDNA transcription was
performed with the Tetro cDNA Synthesis Kit (Bioline). SensiFAST SYBR Master Mix
— No ROX Kit (Bioline) was used for quantification of cDNA using a Rotor-Gene Q
(Qiagen) real-time PCR cycler. Primers (Table 2) were designed using the NCBI Primer-
BLAST primer design tool and synthetized by IDT (Coralville, IA). The purity and size
of PCR products were checked by sequencing (sequencing was performed by Biomi Ltd.,
Hungary) after the first use of each primer pair and by high resolution melting curve
analysis for each measurement.

Quantification was performed using the Rotor-Gene Q Pure Detection 2.1.0 software
(Qiagen), and values of interest were normalized with that of B-actin.

Table 2. Primers used in the gPCR reactions.

forward 5’-ATCAAGATCATTGCTCCTCCTGA-3’

B-actin (ACTB) reverse | 5-AAGGGTGTAACGCAACTAAGTCA-3’

forward 5’-CACAGAGTGCTGCCAACATTTAT-3

ini BDKRBI
B1 bradykinin receptor ( ) reverse 5 ACTGGTTCCAGATATTCTCTGCC-3’

forward 5’-TCTGAGTCCAAATGTTCTCTCCC-3’

ini tor (BDKRB2
B2 bradykinin receptor ( ) reverse | 5°-AGGACAAAGATGTTCTCTAGGGTG-3’

forward 5’-GTCTTCATCCTGTGCATTGATCG-3’

istamine H1 receptor (HRH1
Histamine H1 receptor ( ) reverse 5 AAGTCTGTCTCACACTTGTCCTC-3’

forward 5’-CTGTGTACACCGGAGTGTTTGT-3’

Proteinase-activated receptor 1 (F2R) = ° 0 5 AGTAAAATGCTGCAGTGACGAA-3’

. . forward 5’-AAGAGGGCCATCAAACTCATT-3’
Proteinase-activated receptor 2 (F2RL1) reverse 5 GTTCTTTGCATGATCCCTGAAS
forward 5’-ACCATGCTGCTGATGAACCT-3’

Proteinase-activated receptor 4 (F2RL3) reverse 5 AGCACTGAGCCATACATGTGAC-3’

3.9 Measurement of CREB phosphorylation and NF-«xB activation by fluorescent

microscopy

HUVECs were seeded onto 96-well plates at 100% confluency and cultured for 2 days in
Comp-MCDB medium. Apyrase treatment (10 U/ml) was added to some wells for 5
minutes prior to making the “wound”. The monolayer of cells was scratched with a sterile
pipette tip 10, 15, and 30 minutes (CREB phosphorylation) or 15, 30 and 60 minutes (NF-
kB activation) before fixation. To some of the wells, 0.6 uM rMASP-1 treatment was

added after scratching. The cells were fixed in ice-cold methanol-acetone (1:1) for 10
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minutes. The cells were stained with rabbit anti-human phospho-CREB (1:200, Cell
Signaling Technology Inc.) antibody or rabbit anti-human NF-xB p65 (1:200, Santa Cruz
Biotechnology) antibody followed by Alexa568 conjugated goat anti-rabbit IgG (1:500)
and Hoechst 33342 (1:50000, Invitrogen). The photos were taken using an Olympus IX-
81 fluorescence microscope. All analyses were performed using the original, unmodified

images with CellP software (version 5.2).

3.10 Wound healing assay

Confluent layers of endothelial cells were seeded and cultured for 2 days in 96 well plates
in Comp-MCDB medium. The wound was made manually by scratching the monolayer
of the cells with a sterile pipette tip. Then basic fibroblast growth factor (bFGF) (1.6
ng/ml) or ’IMASP-1 (2 uM) treatment was added. Photos were taken after 0, 2, 4, 6, 24,
30 and 48 hours on a microscope with a relative objective of 20x. Analysis of the area of

the remaining wound in each image was performed using Imagel] software (version

1.54e).

3.11 Capillary network integrity - Matrigel assay

HUVECs were seeded onto ibidi Angiogenesis plates in 100% confluency and cultured
for 16 hours until typical network-like structures were formed in Comp-MCDB medium.
2 uM rMASP-1 treatment was added to the cells. The wells were photographed 0, 2, 3, 6,
8, 12, 24, 30 and 48 hours after the treatment. The number of branching points were

measured using Image J software (version 1.54¢) (53).

3.12 Statistical analysis

Experiments were performed in analytical duplicates (for Ca**-mobilization assay,
phospho-CREB and NF-kB activation measurement, adhesion molecule visualization and
mRNA measurement) or triplicates (for cell-based ELISA, cytokine ELISA, wound
healing assay, Matrigel assay and permeability measurements) and repeated at least three
times using HUVECs from different individuals. Statistical analysis was performed after
evaluating normality using Student’s #-test, one-sample #-test, one-way ANOVA or two-
way ANOVA with GraphPad Prism 10. software (GraphPad). A p <0.05 was considered

statistically significant. Data are presented as means + SEM unless otherwise stated.
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3.12.1 Gene set enrichment analysis (GSEA)

We used the same microarray database that we described in our previous article (16),
classical GSEA analysis was performed using GSEA version 4.3.2 from the Broad
Institute (MIT) (54). Normalized Enrichment Scores (NES) and Nominal (NOM) p value
were calculated. NES is the primary statistic for examining GSEA results, it can be used
to compare analysis results across gene sets. A positive NES indicates that the genes of
the examined gene set is mostly represented at the top of the ranked list of genes, while
negative NES indicates that the genes of the analysed gene set is mostly at the down of
the ranked list of genes. The database is available at the Gene Expression Omnibus

database at NCBI under the accession number GSE98114.
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4. RESULTS

4.1 Cooperative effects of MASP-1 and other proinflammatory factors on

endothelial inflammatory characteristics
4.1.1 Experimental setup

Various proinflammatory activators acting on endothelial cells (among others) can be
present simultaneously or sequentially in the bloodstream during a bacterial (LPS and
MASP-1) or viral (IFNy and MASP-1) infection, in certain diseases such as hereditary
angioedema (HAE) (bradykinin and MASP-1), or during an allergic reaction
accompanied by a bacterial or fungal infection (histamine and MASP-1). Three possible
interaction types were examined to investigate the potential cooperation with the
complement lectin pathway and other coactivators. Cells were either cotreated with
recombinant MASP-1 (rMASP-1) and one of the coactivators or pretreated with rMASP-
1 and then treated with one of the coactivators or treated with rMASP-1 after pretreatment

with one of the coactivators (Figure 7).

Cotreatment
Suboptimal dose of rMASP-1

+
Suboptimal dose of coactivator \ Measurement | Treatment time
Ca?*-increase | Immediately
Pretreatment with rMASP-1 measured
100;2 cor|1|flule?t HUVECs Suboptimal dose _24 hoursI Sfuboptimal dose ——» | E-selectin 6 hours
on 96 well plate of IMASP-1 of coactivator VCAM-1 24 hours
IL-8 24 hours
Pretreatment with coactivator / Permeability 20 minutes or 24
hours
Suboptimal dose _24 hours | Suboptimal dose
of coactivator of rMASP-1
100% confluent HUVECSs Treatment with optimal dose . Measurement | Treatment time
on 24 well plate of rIMASP-1 or coactivator mRNA 2 or 24 hours

Coactivator: LPS, Histamine, Bradykinin or IFNy
Suboptimal dose: rMASP-1: 0.6 uM, LPS: 10 ng/ml, Histamine: 5 uM, Bradykinin: 2 uM, IFNy: 2 ng/ml|
Optimal dose: rMASP-1: 2 uM, LPS: 100 ng/ml, Histamine: 50 uM, Bradykinin: 20 uM, IFNy: 20 ng/ml

Figure 7. A schematic overview of the experimental setup. The blue, pink, and yellow
colors of the boxes representing the experimental setups are used for all subsequent

figures for better understanding. Source of this figure is the candidate’s own publication

(20).
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These experimental setups model distinct pathophysiological conditions. The
pretreatments always lasted for 24 hours, while treatment time varied depending on the
measured parameter. Pre-established (17) suboptimal doses of treatments were used to
ensure the possibility of an accurate measurement of the cellular response even when
combined treatments were applied. Suboptimal dose refers to the concentration of the
selected activator where we could observe an approximately half-maximum response
according to our previous experiments.

We assessed cellular responses that we had previously demonstrated to be affected by
MASP-1 either at mRNA or protein level in endothelial cells. Intracellular Ca?'-
mobilization initiates broad signaling through various activated receptors, including G-
protein coupled protease activated receptors (PARs). The released IL-8 acts as a
neutrophil chemoattractant, and adhesion molecules such as E-selectin and VCAM-1
facilitate the rolling and transmigration of leukocytes on endothelial cells, whereas
increased vascular permeability ensures an effective extravasation of soluble
immunological and acute phase mediators.

Given the substantial volume of generated data, in the followings, only those results are
presented in detail, where significant cooperation could be found between MASP-1 and
the various treatments. Nonetheless, we summarized the data obtained from every

experimental setup in Table 3.
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Table 3. Cooperation between rMASP-1 and other coactivators. Various combinations
of pretreatments and cotreatments were applied on the HUVECs, and several indicators
of the endothelial cell activation were measured. An interaction was considered
significant if the measured outcome of the combined treatment was statistically greater
or smaller than the effect of each activator alone in the same experimental setup. All
significant interactions (p < 0.05) that we found were positive (indicated by green

coloring), and their directions are indicated by arrows.

Interaction
2+,
Pretreatment Treatment mol:ﬁlai‘z;tion E-selectin | VCAM-1 | IL-8 | Permeability

= rMASP-1 + LPS 0 0 0
Q
£ rMASP-1 + Histamine 0
©
2 rMASP-1 + IFNy 0
[«
O rMASP-1 + Bradykinin
d [MASP-1 LPS
(/7]
<
3
< [rMASP-1 Histamine t
E
=
g |MASP-1 IFNy
©
o
:.;_'3 rMASP-1 Bradykinin 0
§ LPS rMASP-1 A A 0
=
3
: Histamine rMASP-1
E
g IFNy rMASP-1 0
T
g
® [ Bradykinin | rMASP-1
o

4.1.2 Ca?"-mobilization

Ca?"-mobilization plays a crucial role in the signal transduction of various receptors,
including G protein-coupled histamine and bradykinin receptors (GPCRs) and protease-
activated receptors (PARs). Fluo-4-AM is a calcium indicator, which exhibits increase in
fluorescence upon binding Ca?*, therefore enabling us to detect Ca?*-mobilization in the
cytosol. While LPS or IFNy alone did not induce Ca?*-mobilization in HUVECs, pre-
treatment with either of these factors significantly enhanced the Ca*'-mobilization
response to tMASP-1 treatment (Figure 8A and B). Interestingly, cotreatment with
MASP-1 with either BK or HA did not result in an increased Ca>*-mobilization (data not
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shown); however, both BK and HA elicited greater Ca?**-mobilization in the HUVECs
after ’IMASP-1 pretreatment (Figure 8C and D).

A B

%.§ 10 . ek
—~— HBSS (control) — rMASP-1 8 £ P —
—— LPS pretreated HBSS -*- LPS pretreated rMASP-1 -GE’ g 8 ! :
-# |FNy pretreated HBSS -+ IFNy pretreated MASP-1 g % “g’; 6 T
£ 810 522 o
> 8 238
£9° 87 y Eo
[ S o 2
$% 6- E g
3 E 44 s 0-
§ ' 2- HBSS (control) + o + 5 + o
a £
°5 - il LPS pretreatment - - + + - -
(=] o o-m
E 0 4 50 100 IFNy pretreatment - - - - + +
Time (s) rMASP-1 treatment - + - + - +
- HBSS (control) - rMASP-1 pretreated HBSS 2_ 61
—— Bradykinin rMASP-1 pretreated bradykinin g .E il
—— Histamine —— rMASP-1 pretreated histamine E 8 ol .-
) 82w |
c = S= D9 4
88 6- 32s
Gt 05
o °e>0
£s S5z
52 47 T2e 7
£ 3 -]
® Ec
g E 24 a % 0-
g -
8 g HBSS (control) + o+ - - .
S «c 0- rMASP-1 pretreatment - + - + - +
w 04 50 100 Bradykinin treatment - + + -
Time (s) Histamine treatment - - - - + +

Figure 8. MASP-1 interacted with LPS, IFNy, histamine, and bradykinin to induce
intracellular Ca’*-mobilization in HUVECs. Confluent layers of HUVECs were cultured
in 96-well plates and the cells were pretreated with LPS (10 ng/ml), IFNy (2 ng/ml),
bradykinin (2 uM), rMASP-1 (0.6 uM) or histamine (5 uM) for 24 hours or with medium
alone (control). After the removal of pretreatment, the cells were loaded with 2 uM of
Fluo-4-AM. Sequential images were taken by fluorescence microscopy every 5 seconds.
Two images were taken initially to determine baseline fluorescence, then the treatment
was applied, and the response was measured for 2 minutes. Left-side panels show data
from a single, representative experiment, where fluorescence intensity values were
background corrected and normalized to the control (A, C). Diagrams in the right-side
panels show the means of maximum fluorescence intensity values from three independent
experiments, normalized to the control. (B) LPS or IFNy pretreatment was followed by
rMASP-1 treatment. (D) rMASP-1 pretreatment was followed by bradykinin or histamine
treatment. Compared to the control: HBSS vs. rMASP-1: ** HBSS vs. LPS pretreated
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HBSS: ns., HBSS vs. LPS pretreated rMASP-1: ** HBSS vs. IFNy pretreated HBSS: ns.,
HBSS vs. IFNy pretreated rMASP-1: ** HBSS vs. rMASP-1 pretreated HBSS: ns., HBSS
vs. bradykinin: **** HBSS vs. rMASP-1 pretreated bradykinin: **** HBSS vs.
histamine: *** HBSS vs. rMASP-1 pretreated histamine: **** . 1 indicates the
addition of the treatment,; ns. non-significant; ** p < 0.01; *** p < 0.001; **** p <

0.0001. Source of this figure is the candidate’s own publication (20).
4.1.3 Adhesion molecule expression

E-selectin and VCAM-1 are two important adhesion molecules; their expression indicate
proinflammatory changes in the adhesion capacity of endothelial cells to leukocytes. LPS
and rMASP-1 cooperated in the induction of E-selectin in two different ways, both the
cotreatment and the LPS pretreatment followed by rMASP-1 treatment significantly
increased the E-selectin levels in HUVECs (Figures 9A, B). No substantial cooperation
in the induction of VCAM-1 was observed between rMASP-1 and the other activators.

A 0.25 —_—t B i =

0 8— —
Jedk ek f—**
T 0904 T
E o2 £ 06
8 8 i
? 0.15- "
§ 010 g 0.4
S 2
8 0.05- 8 %2
0.00- 0.0-
LPS pretreatment - - + + rMASP-1 treatment - + -
rMASP-1 treatment - + - + LPS treatment - - +

Figure 9. rMASP-1 cooperated with LPS in the induction of E-selectin on endothelial
cells. Confluent layers of HUVECs were cultured in 96-well plates. (A): The cells were
pretreated with LPS (10 ng/ml) for 24 hours, and after the removal of the pretreatment,
rMASP-1 (0.6 uM) was added to the cells for 6 hours. (B): In the case of cotreatment,
LPS (10 ng/ml) and rMASP-1 (0.6 uM) were added together to the cells for 6 hours. Then,
the cells were fixed, and the expression level of E-selectin was determined by cell-based
ELISA. Compared to the control: control vs. rMASP-1: ns., control vs. LPS pretreated
control: ns., control vs. rMASP-1 treatment after LPS pretreatment: **** control vs.
LPS: **** control vs. LPS + rMASP-1: ****; ns. non-significant; **p < 0.01; ***p <
0.001; **** p < 0.0001. Source of this figure is the candidate’s own publication (20).
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4.1.4 IL-8 cytokine expression

Endothelial cells secrete IL-8, a chemokine, at a low constitutive rate, and its expression
can be induced by various stimuli. The administration of LPS (24), histamine, or rMASP-
1 (17) individually resulted in elevated IL-8 expression, while IFNy did not induce such
an effect on HUVECs. (Figure 10). Cotreating the cells with rMASP1 and LPS, or
rMASP-1 and histamine significantly increased the yield of IL-8 secretion compared to
the corresponding individual treatments. Interestingly, cotreatment with rMASP-1 and

IFNy also significantly increased IL-8 production of HUVECs (Figure 10).
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rMASP-1 treatment - + - + - + - +
IFNy treatment - - + + - = - =
Histamine treatment - - = - + + - -
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Figure 10. rMASP-1 interacted with IFNy, histamine and LPS in the induction of IL-8
production of HUVECs. Confluent layers of HUVECs were cultured in 96-well plates and
the cells were cotreated with rMASP-1 and LPS, histamine or IFNy for 24 hours. The
supernatants were collected and diluted in 1:20, then the IL-8 concentration was
measured by sandwich ELISA. The results of the ELISAs were calculated from the
standard curve and plotted as mean concentration values of three independent
experiments. Compared to the control: control vs. rMASP-1: **** control vs. IFNy: ns.,
control vs. histamine: **** control vs. LPS: ****: ns. non-significant; *** p < 0.001;

*EREE p < 0.0001. Source of this figure is the candidate’s own publication (20).

25



4.1.5 Permeability measurement

We used a modified version of XperT technique (19, 55) to measure the paracellular
transport trough the endothelial layer. Using biotinylated gelatin and streptavidin-
conjugated fluorescent dye, we could visualize and measure the size of the paracellular

gaps. Both 24-hour-long LPS and rMASP-1 treatments alone increased permeability but

the combination of the two treatments further opened the endothelial layer (Figure 11).
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§ 15000+ . Fkkk
2‘ ‘E *kkk
a8
g2
'€ © 10000
o 2
g8 —
o 8 °
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rMASP-1 LPS rMASP-1+LPS
0.6 uM) (10 ng/ml) (0.6 uM +

10 ng/ml)

Figure 11. rMASP-1 and LPS cotreatment increased endothelial permeability. Confluent
layers of HUVECs were cultured in 96-well plates pre-coated with biotinylated gelatin.
The cells were treated with LPS (10 ng/ml), rMASP-1 (0.6 uM) or both, or with medium
alone (control) for 24 hours. Cell-free areas of the surface of biotinylated gelatin were
stained with Streptavidin-Alexa488, and after fixation, fluorescence was detected with a
fluorescence plate-reader and representative images were taken using an Olympus 1X-81
fluorescence microscope. A) Representative images of three independent experiments.
The scale bar applies to all photos. B) Mean values of three independent experiments
normalized to the controls, after background correction. Compared to the control:
control vs. rMASP-1: ***; control vs. LPS: **** control vs. rMASP-1 + LPS: ***%; *%%
p <0.001; ****p < 0.0001. Source of this figure is the candidate’s own publication (20).
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The rMASP-1 induced permeability in long- (24 hours) and short-term (20 minutes) and
this dose-dependent increase could be further augmented by LPS pretreatment (Figure
12).

A *LPS pretreated control
(10 ng/ml, 24 h)

rMASP-1 (0,6 uM, 20, min) " JLPS prefreated(10 ng/mi, 24 h £
i DR e rMASP-1 (0,6 uMg20'fhin); ¥ °

’

-
A

Control (24h)

15000~

—
10000+ T

Fluorescence intensity
increase compared to control

5000+

o_
LPS pretreatment + - + o
rMASP-1 treatment - + + .
Thrombin treatment - - - +

Figure 12. LPS pretreatment followed by rMASP-1 treatment increased endothelial
permeability. Confluent layers of HUVECs were cultured in 96-well plates precoated with
biotinylated gelatin. The cells were pretreated with LPS (10 ng/mL) or with medium alone
(control) for 24 h, and then rMASP-1 treatment (0.6 uM) was added for 20 min. Thrombin
(300 nM, 20 min) was used as a positive control. The cell-free areas of the biotinylated
gelatin surface were stained with Streptavidin-Alexa488, and after fixation, fluorescence
was detected with a fluorescence plate reader,; representative images were taken using
an Olympus IX-81 fluorescence microscope. (A) Representative images of three
independent experiments. The scale bar applies to all photos. (B) Mean values of three
independent experiments normalized to the controls after background correction.
Compared to the control: control vs. LPS-pretreated control: ****, control vs. rMASP-
1: *** control vs. LPS-pretreated yrMASP-1: **** control vs. thrombin: ****; +:
indicates that the pretreatment or treatment was added; -: indicates that pretreatment or
treatment was not added; *** p < 0.001; **** p < 0.0001. Source of this figure is the

candidate’s own publication (20).
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4.1.6 mRNA measurements for receptor expression

One of the simplest modes of collaboration is that pretreatment increases the expression
of the receptor for the factor used subsequently. To evaluate this phenomenon, we
measured the expression of histamine (HRH1), bradykinin (BDKRB1,2) and MASP-1
(PAR1,2 and 4) receptors, as their responsiveness was notably heightened by certain
pretreatments.

As we demonstrated, rMASP-1 pretreatment potentiated the bradykinin-induced Ca*"-
mobilization in HUVECs (Figure 8B). Along with this, ’IMASP-1 significantly increased
the mRNA levels of both B1 and B2 bradykinin receptors (BDKRB1 and 2) (Figure
13A).

Furthermore, rMASP-1 also increased the sensitivity of endothelial cells to histamine
(Figure 8B), and although it was not statistically significant, we observed a tendency
towards elevated mRNA levels in the H1 histamine receptor following a 2-hour long
rMASP-1 treatment. (Figure 13B).

Pretreatment with LPS potentiated several cellular responses induced by rMASP-1 (Ca**
-mobilization, E-selectin expression, and permeability); therefore, we measured the
mRNA ex-pression of the three protease-activated receptors that could be activated by
MASP-1. We found a strong increase in the PAR2 mRNA levels following a 24-hour
LPS treatment (FC: 6.46), while the levels of the other two receptors remained unchanged
(Figure 13C).

Besides LPS, IFNy also enhanced rMASP-1-induced Ca**-mobilization. We observed
interesting changes in the expression pattern of PAR receptors. The expression of PAR2
was downregulated after 2 hours (FC: 0.77, p <0.01) and further decreased after 24 hours
(FC: 0.49, p < 0.001), while PAR4 expression exhibited a slight decrease after 2 hours
(FC: 0.59, p <0.05), followed by a slight increase after 24 hours (FC: 1.58; although not
statistically significant, the trend was apparent) (Figure 13D).
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Figure 13. vrMASP-1, LPS and IFNy changed the expression patterns of several
endothelial cell receptors. Confluent layers of HUVECs were cultured in 24-well plates,
and the cells were treated with rMASP-1 (2 uM), LPS (100 ng/mL), or IFNy (20 ng/mL)
for 2 or 24 h. RNA was purified, and after reverse transcription, quantitative PCR was
performed using Qiagen Rotor-Gene Q. [-actin was used as an internal control. A), B)
Relative expression levels of Bl and B2 bradykinin receptors (BDKRBI, 2) and the
histamine HI receptor (HRHI) after 2 h of rMASP-1 treatment. Data from three
independent experiments. C), D) The effect of LPS or IFNy treatment on the expressions
of PARs 1, 2, and 4. The values represent the ratio of the expression level of treated vs.
untreated control. One sample t-test was carried out to see if fold changes significantly
differed from 1. Data from three independent experiments. * p < 0.05; ** p < 0.01; ***

p < 0.001; ns: not significant. Source of this figure is the candidate’s own publication

(20).
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4.2 Cooperative effects of MASP-1 and mechanical wounding on endothelial wound

healing processes
4.2.1 Experimental setup

In our experiments we studied the cellular effect of mechanical wounding on ECs as well
as how the activation of MASP-1 modifies it and if the combination of the two activating
signals induces a stronger response. When combined treatments (rMASP-1 + mechanical
wounding) were applied, we used suboptimal dose (0.6 uM) of rMASP-1 to ensure the
accurate measurement of the cellular response. When studying only the effect of rMASP-
1, we used the normal dose (2 uM) as described in our previous research.

Our experimental setups model different pathophysiological conditions. When
mechanical wounding is closely followed by rMASP-1 treatment it models the infection
of a newly formed wound. When rMASP-1 treatment precedes mechanical wounding, it

models a situation when the complement system is already activated by another stimuli.
4.2.2 Transcriptomic analysis

We have previously demonstrated that rMASP-1 significantly changes the expression of
genes associated with inflammation and permeability (16, 19). Now, we investigated
whether rMASP-1 alters the expression of wound healing- and angiogenesis-related genes
using the same mRNA expression database (available in the NCBI Gene Expression
Omnibus Database under accession number GSE98114). We utilized the Gene Ontology
Annotation database to retrieve human genes from categories ‘GO0001525 angiogenesis’
(336 genes) and ‘G0O0042060 wound healing’ (332 genes). Gene set enrichment analysis
(GSEA) tests whether a given set of genes is represented as higher or lower in the ranked
list of fold changes than the average fold changes of all genes. We found that both
angiogenesis-related (normalized enrichment score (NES): 2.16, p < 0.01) and wound
healing-related (NES:1.62, p < 0.05) genes were overrepresented at the top of the ranked
list of genes after rIMASP-1 treatment, which reflects significant upregulation of both
wound-healing-related and angiogenesis-related gene sets in response to rMASP-1. We
also found significant enrichment (NES:2.1, p < 0.01) when the genes of two categories
were combined (603 genes).

Based on these findings, we further studied the wound healing and angiogenesis related

processes of HUVEC cells, with particular attention to the involvement of rMASP-1.
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4.2.3 Ca?"-mobilization

As demonstrated earlier by others, mechanical wounding of endothelial cells induces a
calcium wave that continues to propagate (56). We could also observe this by wounding
the HUVEC layer with a sterile pipette tip. The response was rapid, initiated within
seconds after scratching and propagated in a wave-like manner to neighboring cells. The
intensity of Ca?*-mobilization decreased with increasing distance from the initial wound.
Apyrase (an ATP scavenger) did not inhibit the Ca?*-mobilization closest to the wound
but inhibited the propagation of the calcium wave from one cell to another (Figure 14A).
As shown previously, rMASP-1 can also induce Ca?*-mobilization in HUVECs (15) and
this signaling process can be synergistically modified by other Ca?'-mobilizing factors
such as bradykinin, histamine (20) or hypoxia (21). We studied whether mechanical
wounding induced Ca**-mobilization could also modify the Ca**-inducing potential of
rMASP-1. In these experiments, we used suboptimal dose (0.6 uM) of IMASP-1 to ensure
the accurate measurement of the cellular response. When administering rMASP-1 after
mechanical injury, the rMASP-1 induced Ca?'-mobilization was slightly inhibited,
particularly in cells nearest to the wound and this inhibition remained consistent in the

observed different time points (Figure 14B).
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Figure 14. Ca’"-mobilization in response to mechanical wounding and rMASP-1. (a)
Confluent layers of HUVECs were cultured in 96-well plates, and then cells were loaded
with 2 uM of Fluo-4-AM. Sequential images were taken every 5 s using fluorescence
microscopy. Initially, two images were taken to determine baseline fluorescence, and then
HUVEC layers were scratched with a sterile pipette tip. The response was measured for
2 min. Apyrase treatment (10 U/mL) was applied 5 min before the measurement. (b) Cells
were loaded with 2 uM of Fluo-4-AM and then scratched using a sterile pipette tip. Next,
0.6 uM of rMASP-1 treatment was added to the wells 5, 10, 20, or 30 min after scratching;
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then, sequential images were taken every 5 s using fluorescence microscopy. The effect
of 0.6 uM of rMASP-1 without scratching was also measured for comparison. (a,b)
Distances were measured from the edge of the initial wound. Before calculating the fold
change values all images were background corrected and normalized to the control. Two-
way ANOVA was used for statistical analysis. ****: p < 0.0001; ***: p < 0.001, ns: not

significant. Source of this figure is the candidate’s own publication (57).
4.2.4 CREB phosphorylation changes and NF-«xB activation

To further study the effect of mechanical wounding on different signaling pathways we
measured CREB phosphorylation and NF-kB activation (localization in the nucleus).
CREB phosphorylation was measured 10, 15 or 30 minutes after wounding, and we
observed the strongest after 15 minutes (Figure 15A). As we saw in the case of Ca?'-
mobilization, CREB phosphorylation was the most pronounced in the cells closest to the
wound. Interestingly, apyrase pretreatment did not affect the wounding induced CREB
phosphorylation. As we showed previously, rMASP-1 induces CREB phosphorylation
(15). When mechanical wounding was closely followed (5 min) by rMASP-1 treatment,
CREB phosphorylation was stronger than either the effect of rMASP-1 or wounding
alone. The potentiating effect of IMASP-1 was independent of the distance of the wound
edge (Figure 15B).
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Figure 15. Changes in CREB phosphorylation in response to wounding and rMASP-1.
(a) Confluent layers of HUVECs were cultured in 96-well plates and scratched using a
sterile pipette tip to create a wound. Apyrase treatment (10 U/mL) was applied 5 min
before the wounding. Cells were fixed with ice-cold methanol-acetone (1:1) solution 10,
15, or 30 min after scratching. (b) The wells were scratched using a sterile pipette tip,
and after 5 min, 0.6 uM of rMASP-1 was added to the wells. Cells were fixed with ice-
cold methanol—acetone (1:1) 15 min after rMASP-1 treatment. (a,b) Cells were labeled
with rabbit anti-human phospho-CREB antibody (1:200) and stained with goat anti-
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rabbit Alexa568 (1:500) and Hoechst (1:50,000) nuclear staining. Images were taken
using an Olympus 1X-81 inverted fluorescence microscope, and the mean intensity of red
fluorescence in the nuclear region was evaluated using CellP 5.2 software after
background correction (Olympus Soft Imaging Solutions GmbH, 2011). Distances were
measured from the edge of the initial wound. Two-way ANOVA was used for statistical
analysis. ****: p < 0.0001; *: p < 0.05 ns: not significant. Source of this figure is the
candidate’s own publication (57).

The transcription factor NF-kB serves as a pivotal mediator of inflammatory responses
therefore, its activation can be assumed during the inflammatory phase of the wound
healing process. We studied the effect of mechanical wounding on NF-kB activation
using NF-kB p65 antibody, but did not find any changes after 15, 30, 60 or 90 minutes

(Figure 16).
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Figure 16. Effect of mechanical wounding on NF-xB activation. Confluent layers of
HUVECs were cultured in 96-well plates and scratched using a sterile pipette tip to create
a wound. Cells were fixed with ice-cold methanol-acetone (1:1) 15, 30, 60 or 90 minutes
after scratching. We used 1 mg/ml LPS as a positive control. Cells were labelled with
rabbit anti-human NF-xB p65 antibody (1:200) and stained with goat anti-rabbit
Alexa568 (1:500) and Hoechst (1:50000) nuclear staining. Images were taken using an
Olympus IX-81 inverted fluorescence microscope and the ratio of cytoplasmic and
nuclear mean red fluorescence was evaluated using CellP software. Distances were
measured from the edge of the initial wound. Source of this figure is the candidate’s own

publication (57).
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4.2.5 Expression of adhesion molecules

We utilized fluorescence microscopy to investigate the expression changes of three well-
known adhesion molecules: E-selectin, ICAM-1 and VCAM-1, 6 and 24 hours after
wounding. Mechanical wounding induced weak, but significant ICAM-1 and VCAM-1
expression at both time points (Figure 17 and 18). Although we could observe the
induction of E-selectin expression 24 hours after wounding, it did not reach statistical
significance (p=0.0504). Suboptimal dose of rMASP-1 induced ICAM-1 expression after
6 and 24 hours, VCAM-1 expression after 24 hours and E-selectin expression after 6
hours (Figure 17 and 18). When the two treatments were applied sequentially (24 hours
long rMASP-1 pretreatment was followed by mechanical wounding) VCAM-1

expression was further induced (Figure 18).
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Figure 17. Changes in adhesion molecule expression in response to wounding and
rMASP-1. Confluent layers of HUVECs were cultured in 96-well plates, and rMASP-1
pretreatment (0.6 uM) was applied to some of the wells. The wound was made using a
sterile pipette tip. Cells were fixed after 6 or 24 h and then labeled with mouse anti-human
ICAM-1 (a) or mouse anti-human E-selectin (b) antibodies (1:500) and stained with goat
anti-mouse Alexa568 (1:500) and Hoechst (1:50,000) nuclear staining. Images were
taken using an Olympus IX-81 inverted fluorescence microscope, and the mean intensity
of red fluorescence in the cytoplasm was evaluated using CellP 5.2 software (Olympus
Soft Imaging Solutions GmbH, 2011). ****: p < 0.0001; ***: p < 0.001; *: p < 0.05.
Source of this figure is the candidate’s own publication (57).
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Figure 18. Changes in VCAM-1 expression in response to wounding and rMASP-1.
Confluent layers of HUVECs were cultured in 96-well plates, with rMASP-1 pretreatment
(0.6 uM) applied to some of the wells. The wound was made using a sterile pipette tip.
Cells were fixed after 6 or 24 h and then labeled with mouse anti-human VCAM-1 (1:500)
and stained with goat anti-mouse Alexa568 (1:500) and Hoechst (1:50,000) nuclear
staining. (a) Images were taken using an Olympus IX-81 inverted fluorescence
microscope, and the mean intensity of red fluorescence in the cytoplasm was evaluated
using CellP 3.4 software (Olympus Soft Imaging Solutions GmbH, 2011). Panel (b) shows
representative images from three independent experiments. ****: p < 0.0001; ***: p <

0.001; **: p < 0.01; *: p <0.05. Source of this figure is the candidate’s own publication
(57).
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4.2.6 Wound healing assay

We performed a wound repair assay to examine the pace of wound healing. We used 2
uM of rMASP-1 to study the individual effect (rather than the suboptimal dose used in
previous experiments). We found that rMASP-1 did not affect the wound closure rate of
HUVEC:s. Basic fibroblast growth factor (bFGF) was used as a positive control, which

slightly but not significantly increased wound closure rate (Figure 19).
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Figure 19. Effect of rMASP-1 on wound closure rate. HUVEC cells were cultured in Ibidi
3-well culture inserts (which created a 500 um wide cell-free area) until confluence, after
which the inserts were removed, and the areas were photographed for 48 h. rMASP-1 (2
uM) or bFGF (1.6 ng/mL) was administered immediately after the removal of the inserts.
We determined the size of the cell-free area using ImageJ software (1.54d) and plotted it
against the 0 h time point. Two-way ANOVA was used for data analysis. ****: p <

0.0001; ns: not significant. Source of this figure is the candidate’s own publication (57).
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4.2.7 Capillary networks on Matrigel

Matrigel® is a solubilized basement membrane matrix secreted by Engelbreth-Holm-
Swarm mouse sarcoma cells which resembles the laminin/collagen IV-rich basement
membrane found in many tissues. Cells cultured on Matrigel® exhibit complex cellular
behavior that are otherwise challenging to observe in typical laboratory settings.
Endothelial cells form a typical capillary-like network when they are seeded on
Matrigel®. rMASP-1 treatment significantly accelerated the disintegration of this network

compared to no-treatment control (Figure 20).
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Figure 20. Effect of rMASP-1 on capillary network integrity. HUVECs were seeded onto
15-well “Angiogenesis u-Slides” coated with Matrigel® in 100% confluence and
cultured for 16 h until typical capillary-like network structures were formed. The cells
were then treated with 2 uM of rMASP-1. Photographs were taken 0, 2, 3, 5, 6, 8, 24, 30,
and 48 h after treatment. (a) The number of nodes was determined using ImageJ software
(1.54d) and then plotted against the number of nodes before treatment. Two-way ANOVA
was utilized for data analysis. Panel (b) shows representative images from three
independent experiments. ****: p < 0.0001; **: p < 0.01; ns: not significant. Source of

this figure is the candidate’s own publication (57).
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5. DISCUSSION

Endothelial cells participate in many physiological and pathological processes, and due
to their location, they act as signal integrators. In in vivo situations, however, activating
factors never act alone, therefore it is important to investigate the effect of MASP-1, the
most abundant enzyme of complement lectin pathway, in combination with other
proinflammatory stimuli.

As we are the first to examine the cooperation between MASP-1 and other
proinflammatory activators, there is no specific literature available on this topic.
Although information with the use of specific PAR inhibitors and thrombin is available,
it is important to keep in mind that there are differences in the receptor usage of MASP-
1 and thrombin. While MASP-1 cleaves PAR-1, -2 and -4 (15), thrombin cleaves PAR-
1, -4 and possibly PAR-3, but not PAR-2 (58). The relative enzyme activity towards
different PARs is also distinct in the case of MASP-1 and thrombin (15).

We found the most extensive cooperation between MASP-1 and LPS. Cotreating the
HUVECs resulted in the induction of IL-8 and E-selectin expression, and increased
permeability. In line with our findings, in airway epithelial cells, simultaneous LPS and
PAR-1 agonist, PAR-2 agonist or thrombin treatment increased the expression of IL-8
more strongly than separate treatments did (59). The use of common signaling pathways
may be behind this phenomenon (Figure 21). In our previous article, we demonstrated
that predominantly the p38-MAPK pathway regulated the IL-8 production (17), and that
LPS also induced p38-MAPK activation in HUVECs (24, 60). Besides the activation of
p38-MAPK, Rallabandhi et al. showed that both PAR-2 agonist and LPS caused ERK 1/2
phosphorylation and increased the IL-8 and tissue factor (TF) expression at mRNA level
in SW620 colonic epithelial cells (61). The NFAT signaling pathway also can be affected.
Pan et al. found that LPS increased IL-8 production via the NFAT pathway in epithelial
cells (62) and according to Jia et al., PAR-2 activation also promoted the nuclear
translocation of NFAT (63). Regarding the regulation of permeability, we previously
demonstrated that MASP-1 induced endothelial permeability via PAR-1 mediated
intracellular Ca?*-mobilization and Rho-kinase dependent myosin light chain (MLC)
phosphorylation among others (19). Xie et al. showed that Rho-associated coiled-coil
kinase (ROCK) inhibition decreased LPS induced permeability on HUVECs (64).
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Figure 21. MASP-1 and other proinflammatory activators cooperate in the induction of
proinflammatory changes in endothelial cells. Yellow background indicates pretreatment
with a coactivator followed by MASP-1 treatment, pink background indicates MASP-1
treatment followed by treatment with a coactivator, and blue background indicates
cotreatment. Inside the circle, we indicated possible ways of cooperation. Red text signals
results described in the present text; black text indicates data from literature. Blue oval:
bradykinin receptor 2; red oval: PARs; green oval: IFNy receptors 1 and 2; golden oval:
histamine receptor 1; rose-colored oval: LBP/CDI4/TLR4/MD2 receptor complex.

Source of this figure is the candidate’s own publication (20).
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Treating the endothelial cells with MASP-1 prior to the addition of LPS did not result in
any significant changes in the measured responses. However, when we pretreated
HUVECs with LPS and then added MASP-1, we observed significant cooperation in
Ca®*-mobilization, E-selectin expression, and the induction of permeability. Our mRNA
level receptor expression measurements showed that LPS directly increased PAR-2
expression, which may explain the observed stronger reactions. In line with our findings,
Chao et al. also found that LPS increased PAR-2 expression and Ca?*-mobilization. MCP-
1 expression and p38 phosphorylation were augmented in cells pretreated with LPS and
subsequently treated with trypsin (which activates PAR-1, -2 and -4 (65)) (66). Besides
receptor expression, the above-mentioned activation of common signaling pathways can
also contribute to the observed cooperation.

MASP-1 elevated IL-8 production, whereas IFNy treatment alone did not elicit IL-8
expression in HUVECs. Others also found that IL-8 production was not induced by IFNy
in HUVECs (67). Interestingly, the combined application of MASP-1 and IFNy
significantly increased IL-8 production compared to MASP-1 or IFNy treatment alone.
Consistent with our findings, Suk et al. demonstrated in the human monocytotic cell line
U937, that IFNy enhanced thrombin-triggered IL-8 production (68). In the absence of
currently available data on the direct collaboration between IFNy and PARs, we propose
that the cooperation may manifest at the level of signaling pathways and/or the
transcription factor usage within the IL-8 promoter region. The promoter region of IL-8
gene has binding sites for [FNy-activated (e.g. IRFs, STAT1) and PAR-activated (e.g.
NFAT, NF«kB) transcription factors (69, 70).

Both MASP-1 and histamine alone increased IL-8 production in HUVECsS, with their
cotreatment further enhancing this response. Zhou et al. described that histamine induced
IL-8 expression via the NFAT pathway in HUVECs (71). As previously mentioned, PAR-
2 activation also promoted the nuclear translocation of NFAT, based on which we
hypothesize that the stronger induction of the NFAT pathway may underline the observed
increased IL-8 expression.

MASP-1 also affected the expression of bradykinin receptors; we found an increase in
the mRNA levels of both bradykinin receptors (BDKRBI1 and 2). In line with this, MASP-
1 pretreatment enhanced Ca?"-mobilization triggered by bradykinin treatment.
Following a 2-hour MASP-1 treatment we did not observe a significant increase in the
histamine receptor (HRH1) expression, but there was a tendency towards it; and in line

with this, we could observe increased Ca?'-mobilization in response to histamine
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treatment after MASP-1 pretreatment. As MASP-1 triggers the NF-kB pathway and the
promoter region of HRH1 contains several NF-kB binding sites, it is possible that we
would be able to find higher mRNA levels at later time points.

Pretreatment with IFNy enhanced the Ca’*-mobilization in response to MASP-I
treatment. Furthermore, we observed that IFNy significantly altered the expression
pattern of PAR-2 and PAR-4. Consistent with our results, Watanabe et al. demonstrated
that pretreating HUVECs with IFNy increased Ca?'-mobilization (and prostacyclin
production) when thrombin was used as secondary stimulator (72).

Inflammation is an integral part of the wound healing process, and the absence of the
protective epidermis creates an opportunity for the entry of various microbes into the
body. Therefore, wounding is a trivial pathophysiological state when different activation
stimuli can modify the endothelial cells’ response.

The identification of signals that initiate and direct endothelial wound healing responses
is still a matter of active investigation. Immediately after wounding, endothelial cells
initiate a Ca?"-wave that originates at the wound edge and spreads towards the more
distant areas of the monolayer. This phenomenon has been described in bovine corneal
endothelial cells (BCENs) as well as in HUVECs (73, 74) (Table 4). In BCENSs, apyrase
treatment inhibited the propagation of Ca?*-wave (73), whereas in HUVECsS the scenario
appears to be a somewhat more complicated. In contrast to our findings, apyrase did not
inhibit laser-induced Ca**-wave propagation (75), which may be caused by the disparate
induction method (laser vs. mechanical). Pohl et al. described that in the presence of
apyrase only some of the neighboring cells took up the Ca**-wave, but alongside apyrase,
gap junction blocker was also necessary to fully impede the mechanical stimulus-induced
Ca*"-wave (76). We confirmed that mechanical stimulation triggers a Ca**-wave in
HUVECsS and observed that cells nearest to the wound exhibited a Ca**-mobilization even
in the presence of apyrase. However, the propagation of the Ca?*-wave was inhibited. As
we demonstrated earlier, MASP-1 initiates Ca**-mobilization in HUVECs. When MASP-
1 treatment followed mechanical wounding, a secondary Ca?*’-mobilization was
triggered. This response was smaller in magnitude compared to the effect of MASP-1
treatment alone, and the inhibition persisted for 30 minutes, particularly in the vicinity of
the wound.

When activated by phosphorylation, cAMP response element binding protein (CREB)
regulates the transcription of genes that regulate cellular metabolism, growth, migration,

and proliferation in different cells and tissues (77). In Marine-Darby canine kidney cells
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(MDCKs) and Swiss 3T3 fibroblasts, mechanical wounding induces CREB
phosphorylation in the wounded and neighboring cells (78, 79). We demonstrated the first
time that mechanical wounding triggers CREB phosphorylation in human endothelial
cells. Earlier we had described that MASP-1 also induces CREB activation (15) and the
current experiments showed that wounding and MASP-1 stimulus synergistically induce
the phosphorylation of CREB. This suggests an enhanced activation response at the

endothelial cell level when tissue damage is accompanied by microbial infection.

Table 4. Various cellular responses to mechanical wounding. We searched the literature
for data available about the activation of signaling pathways and induced expression of
adhesion molecules in response to mechanical wounding to compare with our results. *
There was a clear tendency for increased E-selectin expression, but it did not reach

statistical significance (p=0.00504).

Literature data
Measured Non-human Human Our data
response (HUVEC)
non endothelial endothelial
yes (73) yes (80) yes (74)
Ca’"-wave o yes
BCEN epithelial cells | HUVEC
es (78,79
CREB e | )
MDCK, swiss no data no data yes
phosphorylation
3t3 fibroblasts
es (81) no (83)
NF«B Y yes (82)
rat and mouse . dermal no
activation keratinocytes
endothelial cells endothelial cells
es (84) es (85)
E-selectin Y no data Y no*
rabbit skin endothelial cells
es (86 es (87 es (87
ICAM.1 yes ( ). y ( ) yes ( )‘ yes
mouse skin keratinocytes endothelial cells
es (81)
Y yes (88)
VCAM-1 rat and mouse no data ‘ yes
endothelial cells
endothelial cells
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The NF-«xB pathway activation is widely recognized as a participant in the regulation of
inflammation that is part of the normal wound healing process. In rat and mouse aortas,
Collins et al. observed NF-kB activation in endothelial cells at the leading edge 45
minutes after limited endothelial denudation (81). In human keratinocytes, mechanical
wounding also induced NF-«kB activation in the region of the leading edge 2 hours after
wounding (82). In contrast, in human dermal endothelial cells, IkB, the inhibitory subunit
of NF-«xB, was activated following wounding (83). Consistent with this, we could not
detect any NF-xB activation in HUVECS in response to mechanical damage.

The expression of various adhesion molecules on the surface of endothelial cells allows
the transmigration of immune cells. Although it did not reach statistical significance, we
could observe a tendency that mechanical wounding increased E-selectin expression.
Consistently, Dref3ler et al. found low to moderate staining on endothelial cells in injured
human skin, while on uninjured skin E-selectin was not expressed (85). As we described,
MASP-1 increased E-selectin expression 6 hours after treatment (18, 57), but we could
not observe any cooperation between mechanical wounding and MASP-1.

Nagaoka et al. found that ICAM-1 is expressed by endothelial cells in the wounded skin
of mice, and the loss of ICAM-1 inhibited the wound healing process (86). ICAM-1 is
also expressed on the surface of endothelial cells in injured human skin (87). In line with
these data, we demonstrated that mechanical wounding induces ICAM-1 expression on
HUVECGC:s, with its levels remaining elevated even a day after wounding.

Besides ICAM-1, VCAM-1 is also an important mediator of vascular adhesion and
transendothelial migration of leukocytes (89). Collins et al. discovered localized VCAM-
1 expression in rat and mouse aorta following limited endothelial denudation. This
expression was confined to endothelial cells located immediately adjacent to the wound
edge (81). In humans, Miiller et al. observed that 18% of the endothelial cells in intact
skin expressed VCAM-1 and only low intensity, whereas in injured skin, 51% of the
endothelial cells were positive for VCAM-1 expression at higher intensities. They found
the strongest expression of VCAM-1 occurring 4-6 hours after wounding (88). This aligns
with our findings, we observed increased VCAM-1 levels in HUVEC 6 hours after
wounding. In our previous transcriptomic studies, we detected elevated VCAM-1 mRNA
expression (16), but surface VCAM-1 expression exhibited large individual variance (18,
21). When HUVECs were previously treated with MASP-1, wounding induced stronger
VCAM-1 expression than the two treatments alone. It is possible that MASP-1 elevates
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VCAM-1 mRNA levels, and a subsequent stimulus, such as wounding, leads to elevated

protein expression.
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Figure 22. Complement MASP-1 modifies endothelial wound healing at several levels:
signaling events, transcriptomic changes, adhesion molecule expression, and complex
functional outcomes (e.g. angiogenesis). Source of this figure is the candidate’s own

publication (57).

A key indicator of the success of the wound healing process, is the time needed for wound
closure. Svensson et al. described that neither PAR-1 nor PAR-2 agonists enhanced the
rate of wound healing in HUVECs (90), and wound closure in PAR-1 deficient mice is
normal (91). Consistently, we found that MASP-1 (using PAR-1, -2 and -4 signaling
pathways in HUVEC) did not affect the rate of wound closure.

During the proliferation phase of wound healing, the integrity of the capillary network is
restored with suitable angiogenesis. It has been reported that thrombin and PAR-1
activating peptide inhibited endothelial tube formation, while PAR-2 activator peptide
had no effect on it (92, 93). In our research we found that MASP-1 accelerated the
disintegration of the endothelial network (Figure 22).
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6. CONCLUSIONS

During my doctoral studies, I studied the cooperative effects of MASP-1 and other
activating signals on endothelial cell behavior. As endothelial cells play a substantial role
in the regulation of inflammation by balancing pro- and anti-inflammatory states, minor
effects on endothelial cell activation can cause major inflammatory changes. Despite the
use of suboptimal doses of all activators, we found several situations where Ca®*-
mobilization, the permeability of the endothelial layer, and the expression of cytokines
and adhesion molecules were significantly enhanced by the treatments. These
collaborative interactions may reduce the threshold of endothelial cells to danger signals
by augmenting receptor expressions and the stronger activation of signaling pathways.
Particularly, we found considerable types of cooperation between MASP-1 and LPS,
highlighting the risks of bacterial infections under conditions where the complement
system was already activated or easily triggered.

Wounding is one of the most trivial inductors of inflammation, as microbes can easily
enter the body through the wound. Our experiments provide a simplified model of
mechanical wounding accompanied with complement MASP-1 activation (which can be
triggered by various pathogens and altered host cells). Besides, our findings broaden the
general knowledge of endothelial wound healing in terms of the participating signaling

pathways and the expression induction of adhesion molecules.

We found that MASP-1 can modify the endothelial cells immediate response to wounding
(second Ca*"-mobilization, stronger CREB phosphorylation, gene expression changes),
their participation in the inflammatory phase (increased VCAM-1 expression) and the
later occurring proliferation phase (disruption of angiogenesis).

Our results suggest that the activation of MASP-1 has a different outcome in the different
stages of wound healing. Inflammation is part of the normal wound healing process, but
its resolution is essential, as persisting inflammation leads to the development of a
chronic, non-healing wounds. MASP-1 promotes a proinflammatory phenotype which
can be beneficial in the early stages, but harmful later.

These interactions described in our articles highlight the importance of studying the
combined effects of different activating factors and considering endothelial cells as signal

integrators, who participate greatly in the defense mechanisms of our bodies.
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7. SUMMARY

Endothelial cells (ECs) constitute the innermost layer of the vessel walls. They act as
signal integrators, creating the adequate respond to the various molecules present in the
blood and play a crucial role in wound healing processes after injury. MASP-1, the most
abundant enzyme of complement lectin pathway induces a proinflammatory phenotype
in ECs and its activation is triggered by different pathogens or altered host cells. An
inflammatory response is also an integral part of the wound healing process, and the
participation of the complement lectin pathway is an actively researched topic.

Our aim was to investigate the combined effect of MASP-1 and different activating
factors (LPS, histamine, bradykinin and IFNy) in the induction of proinflammatory
phenotype in ECs. We also studied the cellular effect of mechanical wounding in the
presence or absence of MASP-1, as an evident model for proinflammatory activation.
We demonstrated that MASP-1 cooperated with all the above-mentioned activating
factors in a variety of ways. LPS pretreatment increased the expression of PAR-2, a
MASP-1 receptor, and furthermore, MASP-1 and LPS enhanced each other’s effects in
regulating IL-8, E-selectin, Ca?*-mobilization, and changes in permeability. We showed
that cotreatment of MASP-1 and IFNy increased the IL-8 expression of ECs. Moreover,
MASP-1 induced bradykinin and histamine receptor expression, and consequently,
increased Ca**-mobilization was found. Pretreatment with IFNy enhanced MASP-1-
induced Ca*"-mobilization. Mechanical wounding induced a Ca*'-wave, CREB
phosphorylation and the expression of adhesion molecules on ECs. We found that MASP-
1 can modify the ECs immediate response to wounding (second Ca?’-answer, stronger
CREB phosphorylation, gene expression changes), their participation in the inflammatory
phase (increased VCAM-1 expression) and the later occurring proliferation phase
(disruption of angiogenesis).

Our findings highlight that well-known proinflammatory mediators and MASP-1 can
strongly synergize to enhance the inflammatory response of ECs. Particularly, we found
considerable types of cooperation between MASP-1 and LPS, highlighting the risks of
bacterial infections under conditions where the complement system was already activated
or easily triggered. MASP-1 can also modify the ECs participation in wound healing
processes. Our data suggest that MASP-1 promoting a proinflammatory phenotype can
be beneficial in the early stages, but harmful later as persisting inflammation can lead to

the development of chronic wounds.
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