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Hardy, Dobó, Gál, Pál, Kiss, Lam and
Schroeder. This is an open-access
article distributed under the terms of
the Creative Commons Attribution
License (CC BY). The use, distribution
or reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

TYPE Original Research
PUBLISHED 12 August 2022

DOI 10.3389/fimmu.2022.948190
Complement lectin pathway
components MBL and MASP-1
promote haemostasis upon
vessel injury in a microvascular
bleeding model
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Bence Kiss4, Wilbur A. Lam2 and Verena Schroeder1*

1Experimental Haemostasis Group, Department for BioMedical Research, DBMR, University of Bern,
Bern, Switzerland, 2Wallace H. Coulter Department of Biomedical Engineering, Georgia Institute of
Technology and Emory University, Atlanta, GA, United States, 3Institute of Enzymology, Research
Centre for Natural Sciences, Budapest, Hungary, 4Department of Biochemistry, Eötvös Loránd
University, Budapest, Hungary
Background: Complement lectin pathway components, in particular mannan-

binding lectin (MBL) and MBL-associated serine proteases (MASPs) have been

shown to interact with coagulation factors and contribute to clot formation.

Here we investigated the role of MBL and MASP-1 in the haemostatic response

following mechanical vessel injury in a human microfluidic bleeding model.

Methods: We studied haemostasis in a microvascular bleeding model in the

presence of human endothelial cells and human whole blood under flow

conditions. We monitored incorporation of proteins into the clot with

fluorescently labelled antibodies and studied their effects on clot formation,

platelet activation, and bleeding time with specific inhibitors. Platelet activation

was also studied by flow cytometry.

Results: Upon vessel injury, MBL accumulated at the injury site in a well-

defined wall-like structure. MBL showed partial colocalisation with fibrin, and

strong colocalisation with von Willebrand factor and (activated) platelets. Flow

cytometry ruled out direct binding of MBL to platelets, but confirmed a PAR4-

and thrombin-dependent platelet-activating function of MASP-1. Inhibiting

MBL during haemostasis reduced platelet activation, while inhibiting MASP-1

reduced platelet activation, fibrin deposition and prolonged bleeding time.
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Conclusion: We show in a microvascular human bleeding model that MBL and

MASP-1 have important roles in the haemostatic response triggered by

mechanical vessel injury: MBL recognises the injury site, while MASP-1

increases fibrin formation, platelet activation and shortens bleeding time.

While the complement lectin pathway may be harmful in the context of

pathological thrombosis, it appears to be beneficial during the physiological

coagulation response by supporting the crucial haemostatic system.
KEYWORDS

haemostasis, complement system, mannan-binding lectin (MBL), MBL-associated
serine protease-1 (MASP-1), microfluidics
Introduction

The complement system is an immune mechanism mediating

both recognition and elimination of foreign bodies through

proteolytic cascade reactions. It is one of the first lines of defence

against pathogens and is also responsible for the enhancement of

humoral immune responses (1, 2). Haemostasis is the process that

prevents and stops bleeding through actions of the vessel wall, blood

cells and the coagulation cascade. A common characteristic of

complement and coagulation, which share a common

evolutionary origin, is that they consist mainly of serine

proteinases together with their activators and inhibitors (3, 4).

Both systems act as innate defences against external threats since

the presence of foreign or altered cellular surfaces is required for

initiation of both pathways (5, 6).

Several decades ago, it was observed that higher levels of

complement activation products were found in human serum

than in anticoagulated blood, suggesting complement activation

during blood clotting (7). Since then, numerous publications have

confirmed close interactions between complement and coagulation,

summarised in several recent review articles (5, 6, 8). For example,

complement C5a was suggested to be generated in the absence of

C3 due to proteolytic activation of C5 by thrombin (9). Several

studies have shown procoagulant effects of complement activation

on the coagulation cascade. The initiating components of the lectin

pathway, mannan-binding lectin (MBL) and its binding partners

MBL-associated serine proteases (MASPs), MASP-1 and MASP-2,

play a role in the activation of prothrombin and subsequent

generation of fibrin (10–14). MBL, MASP-1 and MASP-2 have

been shown to bind to fibrin (15, 16). MBL and MASP-1/-3

knockout mice showed prolonged bleeding times (17). Besides the

coagulation cascade, the complement system has also been

associated with platelet activation. For example, C3a

anaphylatoxin has been shown to activate platelets (18) and

induce formation of the C5b-9 complex on platelets (19). There is

also evidence that the complement lectin pathway may be involved

in thrombosis: In ischaemic stroke, MBL deficiency was associated
02
with a better clinical outcome (20). MBL and MASP-1/-3 knockout

mice showed less FeCl3-induced thrombogenesis (21). Although

the data published so far represent many pieces of the puzzle, open

questions regarding a possible physiological role of the complement

system in haemostasis remain.

It is a challenge to study the processes of coagulation and

complement activation under experimental conditions that can

recapitulate the (patho-) physiological situation. Many of the

factors which can influence these systems, such as the dynamics

of blood flow and the presence of endothelial and blood cells, are

difficult to implement. Therefore, most in vitro studies were

performed with plasma or purified proteins. For simulation of

physiological conditions, animal models are often used. However,

animal models do not always reflect the human physiology and

come with several technical and ethical disadvantages. To obtain

results which are more compatible with the human physiology and

thus more relevant, we use a microvascular, endothelialised, whole

blood flow model that applies only human cells and allows to

observe the haemostatic response upon a mechanical vessel injury

in real-time (22).

The aim of this study was to investigate the role of

complement lectin pathway components in haemostasis in a

bleeding model under flow conditions in the presence of human

endothelial and blood cells and plasma proteins. We monitored

incorporation of complement MBL and MASP-1 into the clot

and their effects on clot formation, platelet activation, and

bleeding time, and elucidated the underlying mechanisms.
Materials and methods

Preparation of the microfluidic bleeding
model device

The bleeding model devices were prepared from

polydimethylsiloxane (PDMS) as described earlier (23). Two

25 cm2
flasks were used to grow passage five human umbilical
frontiersin.org
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vein endothelial cells (HUVECs) (Lonza, Switzerland)

confluently (1x106 cells per flask) over four days in CnT Endo

cell culture medium (CELLnTec, Switzerland). Before seeding

the cells into the devices, the devices were put under vacuum for

5 min and then filled with a 1 mg/ml collagen solution (rat tail

collagen I diluted in ddH2O; Thermofisher, Switzerland). The

devices were incubated at 37°C for 1h. Two connection tubes (ID

0.02” inch, OD 0.06” inch; Saint-Gobain Tygon, France) filled

with collagen solution were inserted into the side and valve

channels. The main channel was flushed out with ddH2O and

filled with a DPBS (Dulbecco’s phosphate buffered saline; Merck,

Switzerland) and fibronectin solution (0.005%; Merck). The

devices were incubated for 90 min at 37°C. The confluent

HUVEC cells were trypsinised for 4 min at 37°C and spun

down for 8 min at room temperature (RT). The cell pellet was

resuspended in 75µl dextran solution (80 µg/ml diluted in cell

culture medium) and filtered through a cell strainer (35 µM;

Corning, USA). Fifteen microlitres of the cell suspension

(approx. 4x105 cells) were injected into the main channel of

each device. The seeded devices were incubated for an hour

before being connected to a 10 ml syringe containing cell culture

medium CnT Endo and perfused for 48 h at an initial flow rate of

1 µl/min for 12 h followed by 2 µl/min for the remaining 36 h.
Bleeding experiments

On the day of the experiment, the confluency of the cells in

the main channel was verified. The syringe with cell culture

medium was then replaced with a 1 ml syringe containing cell

culture medium stained with Cellmask™ Orange plasma
Frontiers in Immunology 03
membrane stain (1 µl/ml; Thermofisher). The cells were

stained for 5 min at a flow rate of 2 µl/min. The device was

then installed on the confocal microscope stage (Zeiss LSM 710

with Airyscan). A 10 ml syringe containing cell culture medium

was connected to the side channel and a 10 ml syringe

containing ddH2O was connected to the valve channel. The

valve channel syringe was installed on a pump and drawn back

to create a 2 ml vacuum. Freshly drawn citrated whole blood

from anonymous healthy blood donors (purchased from the

blood donation centre Bern, Switzerland) was used for the

bleeding experiments. We supplemented 600 µl citrated whole

blood with 40 µg/ml corn trypsin inhibitor (CTI; Loxo GmbH,

Germany) to prevent contact activation in the syringe and

tubing and focus on the extrinsic pathway induced by vessel

injury. and added fluorescently labelled antibodies as detailed

below. The blood sample was recalcified (final concentration

12.5 mM), drawn up into a 1 ml syringe and used to perfuse the

main channel at a flow rate of 2 µl/min. Pressure was exerted via
the side channel syringe to create an injury to the main channel

and the recording of images of the injury site (1 image per min

for 30 min) was started. Figure 1 shows the confluent cell

monolayer in the device before and after mechanical injury.
Bleeding time and fluorescence
intensity measurements

Each experiment was performed typically 4-6 times, but at

least three times, with blood from different blood donors. The

bleeding time was determined by eye, meaning that the first

frame of the time series, where no blood flow towards the side
FIGURE 1

Microfluidic bleeding model before and after injury. From top left to bottom right: Brightfield and CellMask-stained images of the uninjured and
injured vessel. The collagen pouch adjacent to the vessel is used to introduce the vessel injury. The blood then flows into the collagen
container. Blood flow is indicated with orange arrows. The bracket indicates the injury site. Scale bar: 50 µm.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.948190
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Golomingi et al. 10.3389/fimmu.2022.948190
channel was detected, was defined as bleeding stop. The ImageJ

(https://imagej.nih.gov/ij/) software was used to measure the

injury size in the first frame. The corrected bleeding time was

determined relatively to the control experiment’s bleeding time

and injury size. As the maximum running time of

the experiment was set to 45 min, if the bleeding did not stop,

the bleeding time was recorded as longer than 45 min. For the

fluorescence intensity measurements, a region of interest (ROI)

at the injury site was selected to measure the different signal

intensities. Using the Time Series Analyser plugin of ImageJ

(https://imagej.nih.gov/ij/plugins/time-series.html), the signal

intensity of the ROI as a function of time was measured. The

increase in fluorescent intensity in comparison to the first time

point was then calculated.
Effects of complement lectin pathway
components on clot formation

For the localisation experiments, fluorescently-labelled

primary or non-labelled primary in combination with

fluorescently-labelled secondary antibodies were added to the

citrated whole blood: rabbit polyclonal anti-MBL antibody (3µl/

600µl of blood; ab189856, Abcam, UK), mouse monoclonal anti-

CD41 antibody (5µl/600µl of blood; NB100-2614, Novus

Biologicals, USA), mouse monoclonal anti-CD62P antibody

clone AK-4 (10µl/600µl of blood; Invitrogen 14-0628-82,

Thermofisher), anti-MASP-1 antibody (5µl/600µl of blood;

Prestige Antibodies HPA001617, Merck), anti-vWF antibody

(3µl/600µl of blood; ab201336, Abcam), AlexaFluor™488-

labelled secondary donkey anti-rabbit antibody (1.5µl/600µl of

blood; Invitrogen A21206, Thermofisher), AlexaFluor™647-

labelled secondary goat anti-mouse antibody (0.75µl/600µl of

blood; A21236, Life Technologies, USA). To detect fibrinogen/

fibrin, a fibrinogen-AlexaFluor™647-conjugate (10µl/600µl of

blood, Invitrogen F35200; Thermofisher) was added.

Crosslinked fibrin was detected with the DD-XLink mAb (2µl/

600µl of blood; Zedira, Germany).

To assess the functional roles of MBL binding to its targets

we measured the bleeding time as well as MBL, MASP-1, CD62P

and fibrinogen/fibrin-related fluorescence signal intensities in

the presence of the MBL-blocking antibody 3F8 (24) in

comparison to those measured in the presence of the non-

inhibitory MBL antibody 1C10 (24) (both antibodies were

kindly provided by Prof. Peter Garred, University of

Copenhagen, Denmark). The concentrations used were 40 mg/
ml of 3F8 or 1C10 antibody. The ROI selected was a 300x300

µm2 around the injury site.

To assess the functional roles of MASP-1 activity we

measured the bleeding time and increase in fluorescence

intensity of the CD62P signal in the presence or absence of the

MASP-1-specific inhibitor SGMI-1 (Schistocerca gregaria

protease inhibitor (SGPI)-based MASP-1 inhibitor) (25). The
Frontiers in Immunology 04
region of colocalisation of CD62P with MBL was selected

as ROI.
Flow cytometry analysis of
platelet activation

We used flow cytometry to investigate interactions between

complement lectin pathway components and platelets.

To assess if MBL is present on activated platelets, analysis was

performed according to the platelet activation protocol of BD

Biosciences: 20 µM adenosine diphosphate (ADP) (01905; Merck)

was added to 50 µl of whole blood followed after 2 min by fixation

with 1 ml of 1% paraformaldehyde (PFA) solution and incubation

at 4°C overnight. The cells and platelets were spun down, washed in

PBS, and finally resuspended in 1 ml of 2% Fetal Bovine Serum

(FBS) solution (diluted in PBS). Fifty microlitres of this suspension

were transferred to the wells of a 96-well microplate and the

following antibodies were added: an anti-CD41 antibody

conjugated with allophycocyanin (APC) (0.25µl/well; Invitrogen,

clone HIP8; Thermofisher) was used to identify the entire platelet

population, and an anti-CD62P antibody conjugated with BV421

(0.25µl/well; clone AK-4 304926, Biolegend, USA) was used to

identify the activated population. To detect MBL, a primary rabbit

antibody against MBL (0.5µl/well; ab189856; Abcam) was used in

combination with an AlexaFluor™488-labelled secondary donkey

anti-rabbit antibody. Hundred microlitres of a 2% FBS solution

were added to each well and the plate was kept on ice. The cell

suspensions were analysed with a CytoFLEX instrument from

Beckman Coulter.

To assess if MASP-1 can induce platelet activation, whole blood

was supplemented with a contact pathway inhibitor (corn trypsin

inhibitor, 30 µg/ml; Loxo GmbH) and acetylsalicylic acid (0.5 mg/

ml; A5376, Merck). The samples were warmed at 37°C for 5 min.

The blood was recalcified (final concentration 12.5 mM) before the

addition of a recombinant active form ofMASP-1 (26, 27) (rMASP-

1cf) (10 µg/ml and 50 µg/ml) and fixed at different time points. To

further evaluate the mechanism of platelet activation, the platelet

activation experiments were repeated in the presence of 100 nM of

the PAR4 inhibitor BMS 986120 (Caymanchem, USA) and/or

hirudin (525 ATU/ml; Sarstedt, Germany).
Results

We used a microvascular bleeding model to investigate the

role of complement lectin pathway components in haemostasis

upon vessel injury. The model consists of channels within a

silicone chip that are coated with fibronectin and collagen

followed by a viable confluent monolayer of human

endothelial cells. During a perfusion experiment, fresh human

whole blood is flown through the endothelialised channels.

Upon infliction of a mechanical injury, the haemostatic
frontiersin.org
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process can be observed in real-time under the confocal

microscope by staining for fibrin and (activated) platelets or

other proteins or cells of interest.
MBL accumulates at the injury site

Upon mechanical vessel injury, a bloodstream exiting the

artificial vessel could be observed (Figure 2, brightfield image).

Depending on the size of the injury, the blood was flowing out of

the vessel for up to 40 min until the clot formed was strong enough

to stop the bleeding. The fibrinogen/fibrin signal was already

recognisable in the first image of the time series (1 min after

injury) at the injury site and on the injured cells. The signal

increased over time and fibrin filaments became recognisable

(Figure 2). The MBL signal was also recognisable in the first

image of the time series, but only at the edge of the vessel directly

at the injury site. Over time, a wall-like structure became

recognisable where the blood flowed out of the vessel (Figure 2).

Next, we aimed to explore the structure/s or protein/s MBL was

binding to.
MBL shows only little colocalisation with
fibrin, but strong colocalisation with
platelets and von Willebrand factor

Even though MBL and fibrin were both present at the injury

site, their signals showed only little colocalisation. Fibrin was
Frontiers in Immunology 05
detected throughout the vessel around the injury site and also in

the collagen pouch where it formed filaments. The MBL signal

on the other hand was clearly limited to the injury site. This

MBL-containing wall-like structure showed only a small extent

of colocalisation with fibrin (Figure 2). We also tested for

colocalisation with crosslinked fibrin, but again, only a small

extent of colocalisation limited to the injury site was observed

(Supplementary Data 1). Interestingly, experiments with an anti-

CD41 platelet antibody (Supplementary Data 1) revealed a

strong colocalisation with a similar wall-like structure,

suggesting that MBL might be accumulating on platelets.

However, the MBL signal was present to a smaller extent than

the CD41 signal, suggesting that MBL may not bind to all

platelets. We repeated the experiment with an anti-CD62P (P-

selectin) antibody, a marker of activated platelets, and observed

complete colocalisation of MBL and CD62P-expressing platelets

(Figure 3). In addition, there was some colocalisation of MASP-1

and CD62P (Supplementary Data 1). We also detected von

Willebrand factor from the first image of the time series and

observed strong colocalisation of MBL with von Willebrand

factor at the injury site (Figure 4).
MBL shows no direct interactions with
platelets in flow cytometry analyses

In order to verify if MBL could indeed bind to platelets and

if MASP-1, which is in complex with MBL, could contribute to

platelet activation, we performed flow cytometry analyses.
FIGURE 2

MBL and fibrin accumulate upon vessel injury. Microfluidic bleeding model 20 min after injury. From top left to bottom right: Brightfield, anti-
MBL signal (green), AlexaFluor647-conjugated fibrin signal (cyan), and merged signals. MBL accumulates at the injury site in a wall-like structure
but shows only partial colocalisation with fibrin. Scale bar: 50 µm.
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Upon platelet activation with ADP in whole blood, the

majority of the platelet population shifted from CD41-

positive to CD62P-positive, however, neither non-activated

nor activated platelets were MBL-positive (Supplementary

Data 2).
Frontiers in Immunology 06
MASP-1 activates platelets by a
thrombin-dependent mechanism

When we added recombinant active catalytic fragment of

MASP-1 (rMASP-1cf) to whole blood and analysed platelet
FIGURE 4

MBL colocalises with von Willebrand factor. Microfluidic bleeding model 45 min after injury. From top left to bottom right: Brightfield, anti-MBL
signal (green), anti-von Willebrand factor signal (yellow), and merged signals. MBL and von Willebrand factor showed strong colocalisation. Scale
bar: 50 µm.
FIGURE 3

MBL colocalises with activated platelets. Microfluidic bleeding model 60 min after injury. From top left to bottom right: Brightfield, anti-MBL
signal (green), anti-CD62P signal (purple), and merged signals. CD62P-expressing activated platelets and MBL showed a complete
colocalisation. Scale bar: 50 µm.
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CD62P expression by flow cytometry, we observed a time- and

dose-dependent increase in the number of activated

platelets (Figure 5A).

Earlier studies have shown that MASP-1 is able to activate

prothrombin (11, 12) and induce PAR4 receptor signalling on

endothelial cells (28). In order to investigate whether MASP-1

could activate platelets through these mechanisms, we repeated

the experiments with rMASP-1cf in the presence of the PAR4

inhibitor BMS 986120 and hirudin as a thrombin inhibitor. BMS

986120 is a selective PAR-4 receptor antagonist that had no

enzyme inhibitory activity when tested against a panel of

purified proteases, which included thrombin and other

coagulation enzymes (29), making activity against MASP-1

highly unlikely. Hirudin was shown not to inhibit MASP-1

(30). As shown in Figure 5B, PAR4 inhibition decreased the

number of platelets activated, while thrombin inhibition

completely abolished the effect of rMASP-1cf. These results

indicated that the observed effect of MASP-1 on CD62P

expression on platelets was indeed mediated by thrombin.
Frontiers in Immunology 07
Inhibiting MBL binding reduces platelet
activation upon vessel injury without
affecting fibrin formation and
bleeding time

We aimed to investigate if targeting MBL would affect fibrin

formation, platelet activation, and ultimately bleeding time.

The MBL inhibitory antibody 3F8 has been shown to bind

within the carbohydrate recognition domain (CRD) of MBL and

inhibit MBL-dependent complement activation, while the

control antibody 1C10 binds to MBL without inhibitory effect

(24, 31). As shown in Figure 6, the MBL inhibitory antibody 3F8

clearly reduced the incorporation of MBL (Figure 6A) and

MASP-1 (Figure 6B) into the clot, and also reduced platelet

activation (Figure 6C). On the other hand, fibrin deposition was

not affected (Figure 6D). The observed effects of the MBL

inhibitory antibody proved statistically significant (Figure 6E),

however, they did not translate into differences in bleeding time

(data not shown).
BA

FIGURE 5

MASP-1 and platelet activation. Whole blood supplemented with corn trypsin inhibitor and acetylsalicylic acid was re-calcified and incubated
with rMASP-1cf (10 mg/ml and 50 mg/ml) and fixed at different time points. The entire platelet population was identified with an anti-CD41
antibody conjugated with APC. The activated population was identified with an anti-CD62P antibody conjugated with BV421. (A) Addition of
rMASP-1cf increased the percentage of platelets expressing CD62P (shown as mean with SD) in a time- and dose-dependent manner. Statistical
analysis: The Shapiro-Wilk test confirmed normal distribution, and p-values for differences between groups were determined with an ANOVA
test (ns not significant, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001). Number of experiments: Control: n=8; 10 mg/ml MASP-1: n=3; 50 mg/ml MASP-1:
n=6). (B) The effect of 50 mg/ml rMASP-1cf was tested in the presence of PAR4 inhibitor BMS986120 and/or hirudin. The samples were fixed
after 15min. Addition of the PAR4 inhibitor significantly reduced the effect of rMASP-1cf, while addition of hirudin canceled it out completely.
Statistical analysis: The Shapiro-Wilk test confirmed normal distribution, and p-values for differences between groups were determined with an
ANOVA test (ns not significant, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001). Number of experiments: Control: n=8; MASP-1 only: n=6; MASP-1+ BMS:
n=3; MASP-1+ Hirudin: n=4; MASP-1+ BMS + Hirudin: n=4.
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Inhibiting MASP-1 significantly affects
haemostasis upon vessel injury

Finally, we tested whether MASP-1 has significant effects in

our haemostasis model. Inhibiting MASP-1 with the specific

inhibitor SGMI-1 (25) reduced platelet activation measured as

CD62P expression (Figure 7A) and fibrin formation (Figure 7B)

to a statistically significant extent (Figure 7C) and prolonged

bleeding time (Figure 7D). Compared with the control

experiment without inhibitor, on average, MASP-1 inhibition

nearly doubled the relative, injury size corrected bleeding

time (Figure 7D).
Discussion

Close interactions between the complement system and the

coagulation cascade have been recognised. A better understanding

of this interplay is important for the management of bleeding and

thrombotic complications in a myriad of diseases ranging from

trauma, infectious diseases and sepsis, autoimmune diseases, to

diabetes, atherosclerosis and cardiovascular diseases.

The central components of the complement lectin pathway,

MBL and its associated serine proteases, MASPs, have raised special

interest in recent years due to the similarity and substrate overlap

between MASPs and coagulation serine proteases. We and others

have shown that MBL and MASPs interact with fibrin (15, 16),
Frontiers in Immunology 08
MASP-2 can activate coagulation factors and induce clot formation

(10, 11), and MASP-1 can activate prothrombin, factor XIII and

TAFI, enhance clot formation in a microfluidic model, and affect

fibrinolysis (11–14, 27, 32). Lectin pathway components may

therefore be a promising novel target in thrombosis (20, 21).

Haemostasis, on the contrary, is the physiological process to

stop bleeding and prevent blood loss in the case of vessel injury. It

seems likely that lectin pathway components would also support

haemostasis, and first evidence has been reported from MBL and

MASP-1 knock out mice exhibiting prolonged bleeding times in

vivo (17). However, the underlying mechanisms, and whether lectin

pathway components play a relevant role in haemostasis have not

been clarified in a system that is close to the human in vivo

situation. Here we used a microvascular bleeding model that

allows to observe the haemostatic response in real-time in an

injured artificial blood vessel lined with human endothelial cells

and perfused with human whole blood.

We showed that MBL accumulated at the injury site

immediately after the exposure of blood to injured cells and

collagen. The observation of MBL forming a well-defined wall-

like structure directly at the injury site is a novel and intriguing

finding. Interestingly, the major binding site for MBL seemed not to

be fibrin, whichmay seem in contrast to findings by Endo et al. (15).

Note that in the study by Endo et al. (15), the experiments were

performed with purified or recombinant mouse proteins or mouse

serum, and humanMBL differs from themouse forms, emphasising

the importance of validating animal results in human systems.
B C

D E

A

FIGURE 6

Effects of inhibiting MBL-binding in the bleeding model. To investigate the effects of the MBL inhibitory antibody 3F8, the signal intensity relative
to the first time point was monitored for MBL (A), MASP-1 (B), activated platelets (CD62P) (C) and fibrin (D). The area under the curve was
calculated using GraphPad Prism (E). Experiments using the inhibitory 3F8 antibody showed a reduced increase of the MBL, MASP-1 and CD62P
signal in comparison to the non-inhibitory control antibody 1C10, but no clear difference in fibrin signals was detected. Each experiment was
performed three times, data are shown as mean with SD, and p-values for differences between groups were determined with a t-test (ns not
significant, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001).
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Kozarcanin et al. (16) performed ELISA-based binding assays in

plasma and found that neither MBL nor ficolins bound to fibrin,

but MASP-1 and MASP-2 bound to purified fibrin D-dimer

fragments. Fibrin D-dimer is generated through the crosslinking

action of activated FXIII. We did detect some colocalisation of MBL

with crosslinked fibrin at the injury site. Of course, colocalisation

does not prove direct binding, MBL can bind to fibrin D-dimer

indirectly through the associated MASP subunits or both MBL and

fibrin can bind to the same underlying structure.

In our study, MBL colocalised at the injury site with von

Willebrand factor (vWF). It was recently shown that

components of the alternative complement pathway can

assemble and activate on anchored ultra-large vWF multimeric

strings (33). It was also shown that C3 can bind to the vWF A3

region (34). In our model, both vWF and MBL appeared in the

same location immediately after vessel injury. This congruence
Frontiers in Immunology 09
in both time and space may indicate that MBL plays a role in the

very first steps of haemostasis and raises the possibility that MBL

directly binds to vWF.

We also found MBL to colocalise with platelets, and in

particular with activated platelets, however, our flow cytometry

analysis ruled out direct binding of MBL to platelets, which was

in agreement with the results of Kozarcanin et al. (16). This

suggests that MBL and platelets bind to the same structure, e.g.

vWF. As a consequence, MBL-associated MASP-1, – which we

also detected at the injury site of the bleeding model – could then

contribute to platelet activation. Since MASP-1 can activate

endothelial cells through the PAR4 receptor (28), it was

plausible that platelets could also be activated by binding of

MASP-1 to the platelet PAR4 receptor. Our flow cytometry

results confirmed that MASP-1 can induce platelet activation,

which is consistent with observations in a murine thrombosis
B

C D

A

FIGURE 7

Effects of MASP-1-inhibition in the bleeding model. To investigate the effects of the MASP-1 inhibitor SGMI-1, the signal intensity relative to the first
time point was monitored for activated platelets (CD62P) (A) and fibrin (B). A) Both concentrations of SGMI (20.4 mg/ml; n=4 and 40.8ug/ml; n=2)
resulted in a reduced increase of the CD62P signal in comparison to the control (n=6). B) Fibrin deposition was reduced in the presence of SGMI-1
(n=3). The area under the curve (C) was measured using GraphPad Prism. (D) SGMI-1 prolonged the bleeding time (n=3). Data are shown as mean
with SD, and p-values for differences between groups were determined with ANOVA or t-test (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001).
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model (21). However, our results obtained in the presence of

PAR4- and thrombin inhibitors suggested that the platelet-

activating effect of MASP-1 is mainly mediated by thrombin.

Interestingly, Kozarcanin et al. (16) proposed that activated

platelets and fibrin could in turn also activate MASP-1 and

MASP-2, as assessed by complex-formations between these

MASPs and the C1-inhibitor and antithrombin III serpins.

Nevertheless, no direct evidence for MASP-1/2 activity

was presented.

Finally, we explored whether targeting MBL or MASP-1

would affect the haemostatic response upon vessel injury. By

blocking the carbohydrate-recognising domain of MBL with an

antibody, both MBL-incorporation, and as expected, MBL-

associated MASP-1 incorporation into the clot were reduced.

Although platelet activation at the injury site was also reduced,

fibrin formation and bleeding time were not affected. In sharp

contrast, addition of the specific MASP-1 inhibitor SGMI-1

resulted in reduced platelet activation and fibrin formation at

the injury site, and this also translated into prolongation of the

bleeding time. The observation of a lacking effect of the MBL

inhibitory antibody on fibrin deposition is in line with other

observations. It emphasises again that MBL does not directly

interact with fibrin. And it points again towards the crucial role

of MASP-1 in promoting fibrin formation: when MASP-1 is

inhibited directly by SGMI-1, a significant reduction of fibrin

deposition could be observed (Figure 7). Using the MBL

inhibitory antibody does probably not result in sufficient

inhibition of MASP-1 activation to lead to a visible reduction

in fibrin deposition.

Taken together, our results present the first evidence in a

human in vitro model, that MBL and MASP-1 of the

complement lectin pathway may support the haemostatic

response and protect against bleeding upon mechanical vessel

injury. The great advantage of our bleeding model is the

possibility to observe reactions in real-time in the context of an

endothelialised artificial vessel and whole blood under flow

conditions. This also allows to study the sequence of events and

their relevance in a complex environment. Most naturally, our first-

in-a-row study has some limitations. In terms of scope, here we

decidedly focused on MBL and MASP-1 as major lectin pathway

initiators, but similar studies will be conducted to assess the roles of

ficolins and MASP-2. This sharp focus was necessitated by the fact

that working with freshly drawn whole blood obtained from

anonymous healthy blood donors limited the number of

experiments conductible with the same sample. We decided to

make similar observations on a focused scope but in a large variety

of donors to make our results more robust and more relevant to the

real world compared to those results obtained by standardised

purified samples or pooled normal plasma samples. Interestingly,

despite suggestions that up to 40% of the populationmay haveMBL

deficiency, we always detected theMBL signal with any donor blood

sample, supporting the view that observations of functional

deficiency do not necessarily mean lack of MBL protein (35).
Frontiers in Immunology 10
In conclusion, we show in a microvascular human bleeding

model that MBL and in particular its associated enzyme MASP-1

have an important role in the haemostatic response triggered by

mechanical vessel injury: the injury site is recognised by MBL and

MASP-1 increases fibrin formation and platelet activation which in

turn shortens the bleeding time. The lectin pathway may have

evolved as one redundant system to support the crucial haemostatic

system. While it may be beneficial during a physiological response,

it may be harmful in the context of pathological thrombosis.
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