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Abstract

The complement system and neutrophil granulocytesiradispensable in the immune response
against extracellular pathogens such as bactedduagi. Endothelial cells also participate in amtrobial
immunity largely by regulating the homing of leulgtes through their cytokine production and theittqra
of cell surface adhesion molecules. We have preWyagshown that mannan-binding lectin-associatethser
protease-1 (MASP-1), a complement lectin pathwaayew, is able to activate endothelial cells by vieg
protease activated receptors, which leads to aytokiroduction and enables neutrophil chemotaxis.
Therefore, we aimed to investigate how recombind@SP-1 (rMASP-1) can modify the pattern of
P-selectin, E-selectin, ICAM-1, ICAM-2, and VCAM-adhesion molecules in human umbilical vein
endothelial cells (HUVEC), and whether these chargga enhance the adherence between endothelgl cel
and neutrophil granulocyte model cells (differetatth PLB-985). We found that HUVECs activated by
rMASP-1 decreased the expression of ICAM-2 andeiased that of E-selectin, whereas ICAM-1, VCAM-1
and P-selectin expression remained unchanged.dfortine, these changes resulted in increased adleeren
between differentiated PLB-985 cells and endothek#ls. Our finding suggests that complement MAISP-
can increase adhesion between neutrophils andleiddtcells in a direct fashion. This is in agresrmwith
our previous finding that MASP-1 increases the potidn of pro-inflammatory cytokines (such as Ilaied
IL-8) and chemotaxis, and may thereby boost netitojpinctions. This newly described cooperation
between complement lectin pathway and neutropfalerdothelial cells may be an effective tool thamce
the antimicrobial immune response.
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1. Introduction

The effectiveness of the immune system dependshenptompt and specific response against
pathogens. Therefore, it is not surprising that imological subsystems cooperate with one anothehéo
quick recognition and elimination of invaders destd host cells. A good example of this coopenaahe
teamwork of the complement system and neutrophilgjocytes against bacteria and fungi.

The complement system can be activated througardift routes: the classical, the alternative, heddctin
pathways. After recognition of the target structioyeany of the three pathways, a cascade of sproteases

is activated, and this leads to the cleavage ofti@3gcentral molecule of the complement system., C3li
and their degradation fragments act as opsoningneitlg the phagocytic activity of neutrophils (aster
cell types). C3a and C5a are amongst the most pobemotactic factors for neutrophils attractingrthto
the site of the infection.

Mannan-binding lectin (MBL)-associated serine pastee1l (MASP-1) is the primary enzyme of the lectin
pathway [1-3]. MASP-1 is activated upon the rectigniof special pathogen/danger-associated motifs b
MBL, collectin-11 (CL-K1), or ficolins (1-, 2-, an8-ficolin) [4, 5]. Following its autoactivation, MSP-1
cleaves MASP-2 and C2, thereby ensuring furthévat@n of the lectin pathway. However, we and othe
groups have described several other functions oERA beyond complement activation [6]. MASP-1 can
cleave high-molecular-weight kininogen to bradykina vasoactive and nociceptive peptide [7]. It ako
cleave prothrombin, FXIII and TAFI, thus MASP-1 caodulate the function of the clotting and fibriyiod
systems [8-10]. Moreover, active MASP-1 (both iniveaform complexed with MBL and as recombinant,
rMASP-1) is able to cleave protease activated tecep(PARL, 2 and 4), and this generates a pro-
inflammatory signal in endothelial cells [11, 1P]pon this stimulus, the endothelial cells producé land
IL-8 and thus, recruit neutrophil granulocytes [13]

Endothelial cells are vascular site specific regutaof several physiological processes [14, 16]interact
with circulating blood cells, endothelial cells mugilize a wide range of adhesion molecules. These
adhesion molecules can be classified accordinghéar structure, subcellular localization, and fuorct
Upon traumatic vascular injury, endothelial cetsnslocate their pre-formed P-selectin moleculds time
cell surface by degranulation occurring within a feinutes [16, 17]. P-selectin is the major ledtipe
adhesion molecule of endothelial cells that interadth platelets to ensure their adherence toirthged
vessel wall. Inflammation induced by invading mmmrganisms or necrotic debris stimulates endothe&ts$

to modify the pattern of other adhesion moleculemlyl-Lewis X recognizing E-selectin ide novo
synthesized by endothelial cells within hours daluction to enhance the initial adhesion and rollafg
leukocytes on the endothelium [18, 19]. ICAM-1 eaeaptor of beta-2 integrins, is expressed on thas

of most endothelial cells (and of some leukocytgsa low level; however, its expression is up-rated
within 12-24 hours in response to pro-inflammatstiynuli [20-22]. It participates in the transmigoat of

all types of leukocytes. VCAM-1 is another inflamiory adhesion molecule synthesizgginovo, but only
later (24 hours after) an appropriate stimulusaAsmrtner of VLA-4, it has a major role in the hagof T-
cells and monocytes, as well as subsets of neutsggdho use this adhesion molecule [23, 24]. ICAN&an
endothelial cell specific adhesion molecule. Altouit is constitutively expressed on non-activated
endothelial cells, its exact role is still not fulinderstood. ICAM-1 and ICAM-2 share their integiigands.
However, the affinity spectrum of ICAMs towardsfdient beta-2 integrins differ, and ICAM-2 does not
induce outside-in signaling of integrin partner ewlles [25, 26]. ICAM-2 expression decreases ugon p
inflammatory stimuli [27].

To control leukocyte homing during inflammation,etiproduction of cytokines and the expression of
adhesion molecules are usually co-regulated in thetlal cells. We have previously described that
rMASP-1 can induce IL-6 and IL-8 production in HUEE, which is regulated predominantly by the p38-
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MAPK pathway [13]. Therefore, in this study we igtigated how rMASP-1 can modify the pattern of
P-selectin, E-selectin, ICAM-1, ICAM-2, and VCAM-ddhesion molecules in endothelial cells. We also
explored whether these changes can enhance theeadbéebetween endothelial cells and neutrophil
granulocytes.

2. Material and methods

2.1. Reagents

We used recombinant catalytic fragment of human SRAL (CCP1-CCP2-SP, hereinafter:
rMASP-1). rMASP-1 was expressedincoli as described by Ambrus et al. [28hd prepared according to
Dobé et al. [29]. Briefly, after dissolving inclusi bodies and refolding in glutathion/oxidized gthion
containing buffer for one month, rMASP-1 autoadideh during dialysis. Then sequential ion-exchange
chromatographies of rMASP-1 were performed usingraexchange (Source 30Q, GE Healthcare) and
cation-exchange (SP Sepharose High Performancéj&ahcare) columns. Purity was checked by PAGE,
whereas enzymatic activity was measured by SLGR-ABlUbstrate cleaving assay. The rMASP-1
preparations were free of bacterial contaminatisimge its NikB nuclear translocating activity could not be
blocked with Polymyxin B or DNase, unlike controP& and bacterial DNA. Furthermore, it could be
inhibited by C1-Inhibitor as described previousiy1{13]. The mouse anti-human P- and E-selectin,
ICAM-1, ICAM-2 and VCAM-1 antibodies were purchasiedm Bender MedSystems (Affimetrix, Inc., San
Diego). The FITC-conjugated mouse anti-human LF&D11a/CD18), MAC-1 (CD11b/CD18), CD15 and
CD49d antibodies were purchased from ImmunoTootsmiinoTools GmbH, Germany). The Alexa
Fluor®568-conjugated goat anti-mouse secondarypaadyi was purchased from Invitrogen (Invitrogen Co.,
Oregon, USA) and the horseradish-peroxidase (HRR)ugated secondary antibody was obtained from
Southern Biotech (SouthernBiotech, Birmingham, USH)e recombinant human E-selectin was supplied
by Sino Biological (Sino Bilogical Inc., Bejing, R. China). All other reagents were purchased from
Sigma-Aldrich, unless otherwise stated.

2.2. Preparation and culturing of human umbilical vein endothelial cells (HUVECS)

Cells were harvested from fresh umbilical cordsaot#d during normal deliveries of healthy
neonates by collagenase digestion as describegred®, 30] HUVECs were kept in gelatin-precoated
flasks (Corning® Costar®) in MCDB131 medium (Lifedhnologies) completed with 5% heat-inactivated
fetal calf serum (FCS), 2 ng/ml human recombingitlermal growth factor (R&D Systems), 1 ng/mi
human recombinant basic fibroblast growth factoigrif#), 0.3% Insulin Transferrin Selenium (Life
Technologies), 1% Chemically Defined Lipid Concetdr (Life Technologies), 1% Glutamax (Life
Technologies), 1% Penicillin-Streptomycin antibisti(Sigma), 5 pg/ml Ascorbic acid (Sigma), 250 nM
Hydrocortisone (Sigma), 10 mM Hepes (Sigma), anl @W/ml Heparin (this completed medium is
hereinafter: Comp-MCDB). Each experiment was pentm on at least three independent primary HUVEC
cultures from different individuals before the 4thssage. The study was conducted in conformity thigh
WMA Declaration of Helsinki; its protocol was appeal by the Semmelweis University Institutional
Review Board (permission number: TUKEB64/2008), atidoarticipants provided their written informed
consent before inclusion.

2.3. Culturing of the PLB-985 cédll line, as a model for neutrophils
PLB-985 cells were grown in RPMI-1640 medium (Lifechnologies) supplemented with 10%
FCS, 1% PEST, and 1% Glutamax. Then, the cells diffierentiated into neutrophil-like cells for 6ydain
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the presence of 1.25% dimethyl sulfoxide (DMSO)][@he differentiated PLB-985 cells are hereinafter
referred to as dPLB-985 cells). Differentiation vadmecked by detecting CD11b, CD11a, CD15, CD43 and
CD49d expression, and by ascertaining the capabiiithe cells to generate hydrogen-peroxide.

2.4. Flow cytometry analysis

4x1¢ PLB-985 or dPLB-985 cells were washed and resudgebnn HBSS. To detect CD11a,
CD11b, CD15, CD43 and CD49d expressiopgof appropriate FITC conjugated antibodies, orislogype
control antibodies were added to the cell suspesgi®x10 cells in 50ul PBS) and incubated for 30 min at
4°C. The samples were then washed in @5@old PBS containing 0.1% BSA, centrifuged and
resuspended/fixed in PBS containing 2% formaldetgdel5 minutes. Next, the samples were washed in
250uL PBS, centrifuged and resuspended in BDPBS. Cell surface expression of adhesion molacule
was monitored with a FACScalibur flow cytometer ¢Be Dickinson, Franklin Lakes, NJ). No gates were
used except FSC threshold avoiding debris and attemoparticles. The FACS figures were plotted gsin
Flowing Software 2.5vww.flowingsoftware.com

2.5. Detection of hydrogen peroxide production

An Amplex Ultra Red (Life Technologies) based flestence method was used [32] to quantitate
the production of reactive oxygen species. In braafld cells were activated with 100 nM phorbol 12-
myristate 13-acetate (PMA) or left untreated agrotsm Then, fluorescence was recorded continuoiasly
20 minutes, and expressed as arbitrary units.

2.6. MRNA analysis

Following pre-treatment by various methods, HUVE@Ese lysed and stored in TRI® reagent. Total
RNA purification, reverse transcription and Lighttiy® analysis were performed as described eddigr
30]. The primers (Table 1) were designed with Prin@. 0.4.0) designer from the NCBI database, and
produced by Bio Basic Canada In@-actin and GAPDH gene-specific primers were usedngrnal
controls. The purity and the size of the PCR pritglwere checked by melting curve analysis, agagese
electrophoresis, and sequencing.

2.7. Visualization of adhesion molecules by immunofl uor escence microscopy

Confluent layers (10cell/well) of HUVECSs were cultured in 96-well péat (Corning® Costar®) for
one day, then the cells were treated wifiV2 of rMASP-1, 300 nM thrombin, %M histamine or 10 ng/mL
TNFalpha in 10qul Comp-MCDB, or left untreated. After 5 minutesp624 hours, the cells were fixed in
1% formaldehyde for 15 min (for P-selectin), orirethanol-acetone (1:1) for 10 min (for other adbmesi
molecules). Then the cells were stained with prinaanti-human antibodies as indicated (all antibsdiere
diluted 1:500), followed by Alexa Fluor®568-conjugd goat anti-mouse 1gG (1:500), and Hoechst 33342
(1:50000, Molecular Probes/Invitrogen). The prepans were read using an Olympus IX-81 fluorescence
inverted microscope as described previously [1R, 33

2.8. Measurement of adhesion molecule expression by cell-based ELISA

Confluent layers of HUVECs were cultured in 96-wglhtes for 24 hours. Then, HUVECs were
treated with 0.2, 0.6, or |ZM rMASP-1, 300 nM thrombin, or 10 ng/mL TNFalpha fb, 3, 6, 10 or 24
hours. The cells were fixed and stained with Petwe E-selectin, ICAM-1, ICAM-2, or VCAM-1
antibodies for 60 minutes at room temperature. THéRP-conjugated goat anti-mouse antibody and
3,3,5,5-Tetra Methyl Benzidine (TMB) (Life TecHogies) were used to measure the expression of
adhesion molecules.



2.9. Measurement of PLB-985 and dPLB-985 cell adhesion to E-selectin coated plates

96-well plates were coated with 0.2, 1, gugmL recombinant human E-selectin (Sino Biological
Inc.), or left uncoated for 1 hours at 87 and then blocked with PBS containing 2% BSA Tdnour at
37°C, in 5% CQ atmosphere. PLB-985 or dPLB-985 cells were incdbah HBSS containing @g/mL
Oregon Green® 488 carboxylic acid diacetate sucodyl ester (abbreviated as OG-488, Invitrogen)3or
min in the dark, at 37C, in 5% CQ atmosphere. Then, the cells were centrifuged resaspended in HBSS
for 30 min. OG-488 labeled PLB-985 or dPLB-985 lbpension was added to the E-selectin precoated
wells (10000 cells/well), and incubated for 1 hoatr 37°C, in 5% CQ atmosphere. Then, total number of
dPLB-985 cells was determined with a fluorescenegepreader (Tecan Infinite® M1000 Pro), at 485 nm
excitation and 525 nm emission wavelengths. Thareahe plate was washed twice vigorously with I3BS
and the fluorescence of bound cells was monitogaina The number of bound cells normalized with the
initial number of cells was calculated after thimdependent measurements.

2.10. Assessing dPLB-985 cell adhesion to HUVECs

Confluent layers of HUVECs were cultured in 96-waktes and treated for 6 or 24 hours with 0.2,
0.6, or 2uM rMASP-1, 300 nM thrombin, or 10 ng/mL TNFalph&héen, 2x16 0G-488 labeled dPLB-985
cells/well were applied to the HUVECS, and incublater 1 hour at 37C, in 5% CQ atmosphere. Total
dPLB-985 cell number was monitored by fluoresces@escribed before. Thereafter, the plate wasegiash
twice vigorously with HBSS using a multichannel gtijor, and the fluorescence of bound cells was
monitored again. The ratio of bound to total cellmbers was calculated after three independent
measurements. In some experiments, HUVECs weréanpubated for 30 minutes with the following
pathway inhibitors: 2%M JNK inhibitor (SP600125), RM p38-MAPK inhibitor (SB203580), UM ERK
1/2 inhibitor (U0126) or, uM NfkappaB inhibitor (Bay-11 7082). Furthermore Some cases OG-488-
labeled dPLB-985 cells were pre-treated withgImL recombinant E-selectin for 30 minutes, at@7in
5% CQ atmosphere, before adding to the HUVECS, in or@eassess the inhibition of adhesion.

2.11. Measurement of the adhesion force between dPLB-985 cells and endothelial cells with a computer
controlled micropipette method

A computer controlled micropipette (CellSorter), unted onto an inverted fluorescence microscope
(Zeiss Axio Observer Al) [34, 35], was used to difiathe adhesion force between the variously peated
HUVECs and dPLB-985 cells. In brief, a confluentdaof HUVECs was cultured in a 35-mm tissue caltur
plastic Petri dish (Greiner) for one day. Thenythere treated/not treated with 2 pM of rMASP-10 3M
thrombin for 6 hours, or with 10 ng/mL TNFalpha @t hours. 100G-488 labeled dPLB-985 cells were
placed into the Petri dish containing the endottheklls, and incubated for 60 minutes at room &Enaoire.
Attached dPLB-985 cells were scanned and recogrnusaty the CellSorter software. The adhesion force
was measured with a glass micropipette with an rintiameter of 70 pum. The micropipette was
automatically positioned to 100 selected cellsrgiter ~13 um) one by one, in order to try to plekn up
(Fig. 5A). Repeating this cycle (i.e. the positimpiand pick-up process) each time on the samewitdiran
increased vacuum (expressed in kPa), the adhesioa 6f cells could be precisely measured. The mumb
of the cells was counted before and after eaclecyrid the ratio of adherent to originally selectelts was
calculated.

2.12. Satistical analysis
Statistical analyses were performed using Studeitést, one-way ANOVA with Tukey's post-test
or a post-test for linear trends, or two-way ANOW#th Bonferroni post-test (GraphPad Prism 5.01
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software, GraphPadattp://www.graphpad.corj/ A p-value less than 0.05 was considered statistically
significant. The data are presented as means * 8id4s otherwise stated.

3. Results

3.1. Screening the mMRNA expression of adhesion entds

Since pro-inflammatory adhesion molecules are Wsuginthesizedde novo upon stimuli, we
measured the mRNA levels of adhesion moleculesR$R]— except in the case of P-selectin, which is
stored as a preformed protein in Weibel-Paladedzodi
Confluent layers of HUVECs were treated with 2 pMASP-1 for 1, 2, 6 or 10 hours, to assess mMRNA
expression. rIMASP-1 greatly up-regulated the mRMpression of E-selectin and VCAM-1 in endothelial
cells, although the increment was somewhat lesiseratter. Maximum effect was observed between® a
6 hours and then, the expression of both adhesioleawles declined. The level of ICAM-2 mRNA
decreased until the end of the measurement, whareasxpression of ICAM-1 mRNA did not change upon
rMASP-1 stimulation (Fig. 1A).

3.2. The effect of IMASP-1 on the expression of adhesion molecules

The altered expression of these adhesion moleculdisates the pro-inflammatory changes
occurring in endothelial cells. Moreover, the effeof known endothelial cell activators (such aeittbin,
TNFalpha or histamine) are well characterized wéifpard to adhesion molecules.
Thrombin and histamine induced prompt P-selectipression at 5 minutes, and reuptake by endothelial
cells within 60 minutes; however, rMASP-1 failedneorease P-selectin expression (Fig. 1, B and C).
Fluorescence microscopy showed that rMASP-1, thiomaAnd TNFalpha induced the expression of
E-selectin at 6 hours (Fig. 1B). Using cell-bas&€dSA, we demonstrated that the effect of rMASP-1E6n
selectin expression declined by 24 hours, simdathat of thrombin, but unlike to that of TNFalp{fg.
1C). rMASP-1 did not modify the expression of ICAMat any time (Fig. 1, B and C). By contrast, both
thrombin and TNFalpha elevated the level of ICAMalthough with different kinetics (Fig. 1C). rMASRE-
thrombin, and TNFalpha all reduced ICAM-2 expressid 6 hours, and even further at 24 hours (Fi@g 1,
and C). Interestingly, although rMASP-1 signifidgnihduced the expression of VCAM-1 mRNA, it had no
effect on VCAM-1 protein level (Fig. 1, B and C)hibmbin behaved similar to rMASP-1 in respect of
VCAM-1 protein expression; however, TNFalpha indud&CAM-1 at 6 hours, and this effect was even
more pronounced at 24 hours (Fig. 1, B and C).

3.3. IMASP-1 dose dependence and the kineticssEl&ctin and ICAM-2 expression

It is known that the expression kinetics of vari@dhesion molecules depends on the inherent
properties of the adhesion molecule itself, andhase of the activator. The difference in expras&ioetics
can regulate selective cell adhesion. To asseséntluence of rMASP-1 kinetics on the expression of
adhesion molecules at protein level, HUVECs wezated with M rMASP-1 for 1, 3, 6, 10 and 24 hours
and then, cell-based ELISA was performed. Simidahe kinetics seen at mMRNA level (Fig. 1A), thetpin
expression of E-selectin was increased as earbt &hours, but the maximum effect was observed at
hours. E-selectin expression declined until 24 dguost treatment (Fig. 2A). In contrast to E-séhect
ICAM-2 level was lower at 3 hours than that of th@reated control, and decreased continuously @dtil
hours (Fig. 2B). Then, at the times of maximum rMAS effect, we assessed dose dependence. We found
that treatment with rMASP-1 induced E-selectin arduced ICAM-2 expression in a dose-dependent
manner (Fig. 2, C and D).



3.4. Measurement of adhesion between dPLB-985 astisendothelial cells

To clarify the biological importance of the prevatyl described alterations of endothelial adhesion
molecules, we assessed whether these moleculebimarto neutrophil granulocytes. In these adhesion
measurements, we used the acute myeloid leukeritinee PLB-985, differentiated with DMSO toward
neutrophil-like cells (dPLB-985). To verify the efitiveness of the differentiation of dPLB-985 celi®e
tested the cell surface expression of adhesion culele, and the generation of reactive oxygen specie
dPLB-985 cells expressed CDlla and CD11b in ineceapiantities, and reduced amount of CD49d
compared to non-differentiated PLB-985 cells. Theression of CD15 and CD43 did not change
significantly (Fig. 3A). Moreover, dPLB-985 celishlike their ancestors, generated reactive oxygegies
in response to 100 nM PMA, as measured B@.Hbroduction (Fig. 3B).

To test the adhesive capacity of dPLB-985 cellB-gelectin, microwell plates were coated with 0.2,
1, or 5pg/mL recombinant E-selectin, or left untreated. 7,h@G-488-labeled PLB-985 or dPLB-985 cells
were added, incubated for 1 hour, washed, anduh®ar of adherent cells was calculated. The adhesio
dPLB-985 cells to the coated plate was dose—depénaled treatment with E-selectin in a concentratie
low as 5pg/mL resulted in significant adhesion comparedh® tincoated controls. We did not observe
similar dose-dependent adhesion of non-differezdifLB cells to E-selectin coated plates (Fig. 4A).
Since we demonstrated that rMASP-1 treatment inglcselectin expression in HUVECSs, and dPLB-985
cells can adhere to recombinant E-selectin, we saedethe adherence between dPLB-985 cells and
HUVECs treated with rMASP-1. To this end, HUVECsrevdreated with 0.2, 0.6, or @M rMASP-1,
300 nM thrombin or 10 ng/mL TNFalpha for 6 or 24ubhsy or left untreated. Then OG-488 labeled
dPLB-985 cells were applied onto the HUVECs andilrated for 1 hour. The number of adhered dPLB-985
cells was measured by fluorescence, and normalidtdd baseline total cell number. We observed that
rMASP-1 treatment increased dPLB-985 cell adhetoAUVECSs in a dose dependent manner at 6 hours,
but not at 24 hours (Fig. 4B). Both the kineticsl éime volume of this effect were similar for rMASRand
for thrombin. In contrast, TNFalpha induced enhdnaéhesion to HUVECs at 6 hours, but adherence was
even greater by 24 hours (Fig. 4C). The adhesitmdasn dPLB-985 cells and rMASP-1-induced HUVECs
could be reduced to the level of untreated HUVEE9ie-incubating the dPLB-985 cells with 1 pug/mL
soluble recombinant E-selectin for 30 minutes (EDQ).
Expression of adhesion molecules can be triggdmsaligh various signaling pathways. We reported that
most of these pathways can also be activated bySR®A in HUVECs [13]. We used commercially
available signaling pathway inhibitors to identifye most important pathways required for the Eedile
mediated adhesion between dPLB-985 cells and rMAStluced HUVECs. HUVECs had been pre-
incubated with the inhibitors for 30 minutes andrthtreated with 2 uM rMASP-1 for 6 hours. Only g88-
MAPK inhibitor was able to block this adhesion, wdes JNK, NFkappaB, and ERK 1/2 pathway inhibitors
had no blocking effect (Fig. 4D).

We used a computer controlled micropipette metlooguantify the adhesion force between dPLB-
985 cells and rMASP-1-treated HUVECs [34, 35]. HWB&were induced with 2 uM of rMASP-1, 300 nM
thrombin for 6 hours, or 10 ng/mL TNFalpha for 24ubs or left untreated. Then, OG-488-labeled
dPLB-985 cells were added and incubated for 1 hdhe attached dPLB-985 cells were probed (i.e., by
trying to pick them up) with the automated micragitp. The hydrodynamic lifting force, acting on the
targeted single cells, was increased in each subségycle of the measurement (Fig. 5A). More dFR85-
cells stayed attached to rMASP-1-treated endothedits than to non-treated controls at higher clatey
forces. We observed the same effect after thrormieimtment (Fig. 5B). Induction with TNFalpha for 24
hours, used as positive control, was the most pateenhancing adhesion (by 4.28-fold, £1.63, p40ad
19.2 kPa vacuum).



4. Discussion

Infection and tissue damage initiate pro-inflammatactivation of the endothelium. This
modification of the endothelial cell phenotype um#s altered cytokine production and adhesion mtdec
pattern. In the present study, we found that rMASFPeatment changed the adhesion molecule pattern,
reduced the expression of ICAM-2, and increasetl ahd-selectin, whereas ICAM-1, VCAM-1 and P-
selectin did not change. Furthermore, these albestincreased the adherence between neutrophielmod
cells (dPLB-985) and endothelial cells.

The migration of different leukocyte subsets depemd the first place, on the pattern of chemokiaed
adhesion molecules produced by the endotheliumieEawe have demonstrated that rMASP-1 induces
pro-inflammatory processes in endothelial cellspémticular, they activate &a NFkB, p38-MAPK, JNK,
and CREB signaling pathways by cleaving PARs [Bl, Moreover, rMASP-1-stimulated endothelial cells
produce IL-6 and IL-8, as well as recruit neutrégnanulocytes [13]. Therefore, our previous andent
results together imply a novel, endothelial celdiméed pro-inflammatory role for rMASP-1.

Although MASP-1 is the most abundant protease efi¢tin pathway, its isolation from human serura is
low-yield process, and the produced protein is ertmdegradation during the purification. The cdtel
region of MASP-1, containing the CCP1, CCP2 andd8mains, is enzymatically equivalent to the full-
length molecule. Structural studies showed thay @hé catalytic region is accessible to the sutesra
present in MBL-MASP-1 complexes, since only the CERCP2-SP domains protrude from the plane of
MBL [36]. Previously, we demonstrated equivalentlutar effects of the serum purified MBL-MASP
complex, and of the recombinant catalytic fragmehthuman MASP-1. Serum purified MASP-1 and
rMASP-1 used in equimolar concentration inducedstimme intensity of Ca-mobilization, and both cdodd
completely blocked with C1-inhibitor [12]. In theirtent study, we observed significant effects of 8/AL

on adhesion molecules and adhesion between 0.2 amd, which is higher than the plasma concentration
of MASP-1 (~143 nM). However, at the site of injuspd/or infection, MASP-1 may be trapped via the
pattern recognition of MBL and ficolins, thus thecdl concentration may be much higher than itsnpdas
concentration.

P-selectin, one of the best-characterized compeneintWeibel-Palade bodies [16], is released rapialy
response to among others thrombin and histamin&-pyotein coupled PARs [37], and by histamine H1
receptors [38], respectively. Although it playsoéerin the inflammatory response by mediating tikng of
leukocytes on the endothelium [38], the most ailtifunction of P-selectin is to facilitate platelet
aggregation at the sites of vascular injury [38].cbntrast to P-selectin, E-selectin is an endi@thetll-
specific adhesion molecule; it recognizes sugarfsmobntaining sialyl-Lewis X on leukocytes, andshaen
important role in the initial step of the endothelileukocyte adhesion — leukocyte rolling [40, 4&}.
selectin is not detectable on the surface of ndynfiahctioning endothelial cells and it is also absfrom
their cytoplasm; however, upon pro-inflammatorynstii (e.g. by TNFalpha, LPS, ILE), it is synthesized
de novo within hours [42]. Our results indicate that rMASFRlone possibly cannot influence the endothelial
cell/platelet interaction, but it may regulate tbh#ing of leukocytes on endothelial cells via tingregulation

of E-selectin.

ICAM-1 and ICAM-2 are members of the Ig superfamilthey bind B.-integrins (CD11a/CD18,
CD11b/CD18 and CD11c/CD18) with different affinif25]. ICAM-1 is expressed at a low level on
endothelial cells with a non-inflammatory phenotyps well as on different leukocyte subsets, amd th
expression is induced — similar to E-selectin ptoyrinflammatory factors [33]. Unlike ICAM-1, ICAN2-is
specific to endothelial cells, as well as it is stitatively and strongly expressed on normally tioring

9



cells. Upon pro-inflammatory stimulation, the celéduce its expression in parallel with the elevatof
ICAM-1 levels. Further, their outside-in signalirggdifferent, as the crosslinking of ICAM-1 inducastin
reorganization via RhoA. Thus, it participatestia tellular movements of endothelial cells duriegkiocyte
transmigration, whereas ICAM-2 lacks this functif26]. VCAM-1, another endothelial cell-specific
adhesion molecule expressed upon pro-inflammatonul, reaches its maximum 24 hours after actosati

it is a ligand for VLA-4 and othep-integrins [23]. VCAM-1 is required for the trangration of T cells
and monocytes; however, neutrophils may also us&tth-4/VCAM-1 adhesion for homing [43]. rIMASP-

1 did not induce the expression of ICAM-1 nor VCAIVand thus, it may not have a direct influencetan t
firm contact and on the transmigration of the laxkes through the endothelium. However, by decngasi
ICAM-2, it biases the ICAM-1 to ICAM-2 ratio, anchis may potentiate transmigration upon other
synergistic pro-inflammatory stimuli (such as by3,PTNFalpha or C5a). Moreover, the elevation of
VCAM-1 expression only at mRNA level also suggesisotential for synergism. The discrepancy between
MRNA and protein levels of VCAM-1 is not unknown4[445]. MicroRNAs may block translation of
VCAM-1 without degradation of mRNA or post-trangtetal degradation can decrease the protein level,
however, the exploration of the molecular mechanghbeyond the scope of this study.

rMASP-1 induced a unique pattern and kinetics dfestbn molecules that differs from those induced by
TNFalpha and thrombin. The dissimilarity betweenAS/P-1 and TNFalpha is not surprising, because
TNFR strongly activates NdB, p38-MAPK and JNK signaling pathways [33]. Furthié does not trigger
Ca-mobilization, whereas PARs cleaved by rMASP-tluge Ca-mobilization, JNK and p38-MAPK
phosphorylation, but only weak NB nuclear translocation [11, 13]. More interestinghe rMASP-1- and
thrombin-induced patterns of adhesion moleculesevedso different. The expression of P-selectin ahd
ICAM-1 was enhanced by thrombin, but not by rMASP-this can be explained by the different utiliaati

of PARs. While thrombin cleaves PAR-1 and — to ssé& extent — PAR-4, rIMASP-1 is most effective in
cleaving PAR-4, followed by PAR-2 and PAR-1 [11f.we consider the expression profile of different
PARs on endothelial cells (PAR-2 expression ishiigbest, followed by PAR-1, and — to a much legemx

— by PAR-4) [11], only partial overlap can be supgd between thrombin and rMASP-1 signaling.
Differential signal transduction by the various PAR well known and in support of our findings [48]nce

we have previously found that in the case of rMAISERe cytokine production was regulated predontlgan
by p38-MAPK pathway [13], it is not unexpected thatly the p38-MAPK inhibitor was able to block
adhesion between dPLB-985 cells and rMASP-1-inditg¥ECs.

Since rMASP-1-treated HUVECs produce IL-8 but na@®41 [13], and as we have found an elevated level
of E-selectin, but not of ICAM-1 or of VCAM-1, wergpose that rMASP-1 induced an endothelial cell
phenotype most suitable for the adhesion of nebtilmpNevertheless, we could not exclude the pdigib
that other adhesion molecules than E-selectin, whiere not measured in this study, are also ingblve
the increased adhesion. HUVECs from different derexhibit significant heterogeneity [47]. To reduce
further variances in our experiments, we used a DMiferentiated PLB-985 cell line — devoid of the
heterogeneity of primary cells, which is a well-wmoand suitable cellular model to study the funwio
responses of neutrophils [31, 48]. Furthermore, BBB5 could bind to E-selectin, whereas non-
differentiated PLB-985 could not, and this suppdinst it could be a suitable model for the assessioie
adhesion. The pattern of dPLB-985 binding to HUVESD$jected to different pre-treatments was rather
similar to that of the expression of E-selectin A8P-1 and thrombin enhanced adhesion, and eleta¢ed
E-selectin level only 6 hours after treatment — @lpRa was superior in regard of both parameteis,aan
any times after induction. The possible role ofefestin in this static model of dPLB-985 binding to
HUVECs is further supported by the inhibition ofhadion by soluble E-selectin. To assess the adhesio
force between rMASP-1-treated HUVECs and dPLB-98tscwe utilized the recently introduced computer
controlled micropipette method [34, 35]. Previously was applied to measure the adherence of
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macrophages and dendritic cells to fibrinogen, tandoly-L-Lys-graft-PEG. The adhesion force wagha
same order of magnitude [35] as we found in the cisHUVECs/dPLB-985 cells. Our present data sugges
that rIMASP-1 induced high adhesion forces betwd@irBd985 cells and HUVECSs. The greatest difference
— compared to untreated HUVECs — was measuredeahitihest detaching forces. This means that the
number of firmly adherent cells increased signifita

The complement system is a powerful defense mesimafor eliminating pathogens and necrotic debris.
However, one of its main functions, the opsonizatmf unwanted particles, requires the presence of
phagocytic cells. We found that complement MASPah enhance the adhesion between neutrophils and
endothelial cells in a direct fashion, and mayebgraccelerate the recruitment of neutrophils atsttene of
infection or tissue damage. This is in agreemesu alith our previous finding that MASP-1 increaties
production of pro-inflammatory cytokines, such dslle6 and IL-8. Enhanced chemotaxis and adhesion
may boost neutrophil functions; however, this hizesis should be tested by further research.
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Fig. 1. Adhesion molecule patterns induced by rMASHA on HUVECSs. (A) HUVECs were treated with 2
UM MASP-1 for 1, 2, 6, or 10 hours. Then, the celise lysed and stored in TRI-reagent, total mRNas w
purified, and qPCR performed. Values of the quistitof the adhesion molecule mRNAs in three
independent experiments were normalized for thasAPDH, used as internal control. P-selectin wats no
analyzed by gPCR, because of its instant secrétmn pre-formed granules. (B) HUVECs were treated
with 2 uM MASP-1, 300 nM thrombin, 50 uM histamirog,10 ng/mL TNl for 5 minutes (P-selectin), or
for 6 hours (in the case of all other adhesion mgés). Then, cells were fixed and stained with seou
monoclonal anti-adhesion molecule antibodies, e#ld by goat-anti-mouse Alexa 568 (red) and Hoechst
33342 (blue) as nuclear staining. Each subfigurpaofel B is a representative photo of three indegen
experiments. (C) HUVECs were treated in 96-weltg8aas described in panel (B), and cellular ELIS#s w
performed. The values represent the ratio of thicalpdensity of treated vs. non-treated wells, dmel
difference was analyzed by ANOVA with Tukey's ptestt. Dotted lines represent the untreated control
levels. The values were calculated as the meaSEM) of three independent experiments. *: p<0.05, *
p<0.01, ***: p<0.001.
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Fig. 2. Dose- and time- dependence of E-selectin danCAM-2 expression induced by rMASP-1.
HUVECs were treated with 2 pM of rMASP-1 for 1,6,10, and 24 hours (A and B), or with 0, 0,2, 0,6,
2 UM MASP-1 for 6 hours (C) and 24 hours (D). Thestative expression (compared to untreated cantrol
of E-selectin and ICAM-2) was measured by cell-baSkeISA. Dotted lines represent the untreated abntr
levels. The values were calculated as the mearSEM) of three independent experiments. One-way
ANOVA has been performed for each subfigure. In ¢thse of kinetic measurements p<0.01 for A and
p<0.05 for B, and of dose-dependence experimendOWA (p<0.05 for C and p<0.001 for D) was
supplemented with post-test for linear trend (r50§<0.01 for C and r=-0.69, p<0.001 for D).
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fluorescence substrate was added to PLB-985 or eéF83cells, which were then activated with 100 nM
PMA or left untreated. Fluorescence was recordeslhyel0 seconds for 20 minutes, and expressed as
arbitrary units. One representative experimenidtitree is shown.
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Fig. 4. The adhesion of dPLB-985 cells to E-selettcoated plates or to MASP-1-treated endothelial
cells. (A) After 96-well plates had been pre-coated vidth0.2, 1, or ug/mL E-selectin, OG-488-labeled
PLB-985 or dPLB-985 cells were added to the wehs @ancubated for 1 hour, at 32, in 5% CQ
atmosphere. Then, the fluorescence of bound celts detected after washing with HBSS. The number of
bound cells in three independent measurements alaslated. (B, C) HUVECs were treated with 0, 0.2,
0.6, and uM MASP-1 for 6 and 24 hours (B), with 2uM of rMASR-300 nM thrombin, or 10 ng/mL
TNFalpha — or left untreated — for 6, and 24 hq@¥% and adhesion was measured as in panel A. (D)
Adhesion of OG-488-labeled dPLB-985 to HUVECs teeatvith 2uM MASP-1 for 6 hours was inhibited
either by pre-incubation of HUVECs with p38-MAPK\K, NF«B, or ERK 1/2 inhibitor for 30 minutes or
by pre-incubation of dPLB-985 with soluble reconaih E-selectin for 30 minutes. Then adhesion was
assessed as described above in panel A, and thstiorh is shown as the percentage of the MASP-1
induced adhesion. The values were calculated asnteen (+/-SEM) of at least three independent
experiments. Two-way ANOVA was used for panel Aewdas one-way ANOVA has been performed for
panel B, C and D. Dotted lines represent the utdgdeeontrol levels. *: p<0.05, **: p<0.01, ***: p<001.
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Fig. 5. Adhesion force measurement between cellsing an automated micropipette. (A) Schematic
representation of the hydrodynamic adhesion foreasurement. OG-488 labeled dPLB-985 cells attached
to the confluent layer of HUVECs were scanned aswbgnized by software in the microscopic images
captured on a motorized inverted microscope. Aglagcropipette was automatically positioned to each
detected cell one by one. Cell adhesion was prdiyetthe application of a precisely controlled fldidw
through the micropipetteBj Adhesion force between dPLB-985 cells and MASIPeated endothelial cells.
HUVECs were treated in Petri dishes with 2 puM ofASP-1, or 300 nM thrombin for 6 hours, or with
10 ng/mL TNFalpha for 24 hours, or left untreat€den, OG-488-labeled dPLB-985 cells were seedeal ont
the HUVECSs (subjected to different pre-treatmefas)l hour. The adhesion force between dPLB-98E cel
and HUVECs was tested by the computer controlledapipette method. The vacuum applied (expressed in
kPa) was proportional to the hydrodynamic liftingrde acting on the targeted single cells. Sigmnifica
deviation from the untreated values in the highuwae range of the plot means that the ratio of cells
exhibiting firm adhesion was increased by treatmé&he values were calculated as the ratio of baeid
number of treated and non treated samples at eachumn pressure points, and shown as the mean M}-SE
of at least three independent experiments. OneAN®VA has been performed for panel B. Dotted lines
represent the untreated control levels. *: p<0*@5p<0.01.
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