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Abstract

Background: In vascular endothelial cells high molecular weight multimers of Von
Willebrand factor (VWF) are folded into tubular structures for storage in Weibel-
Palade bodies (WPBs). Upon stimulation, VW is secreted and forms strings to in-
duce primary hemostasis. The structural changes comprising the transition of stored
tubular VWTF into secreted unfurled VIWEF strings are still unresolved even though
they are vital for normal hemostasis. The secretory pod is a novel structure that we
previously described in endothelial cells. 1t is formed upon stimulation and has been
postulated to function as a VWF release site. In this study we investigated the ac-
tual formation of secretory pods and the subsequent remodeling of VIVF into strings.
Methods: Human Umbilical Vein Endothelial Cells (HUVEC) were stimulated and
studied using various imaging techniques such as live-cell imaging and correlative
light and electron microscopy. Results: We found by live-cell imaging that secretory
pods are formed by coalescence of multiple WPBs without involvement of other large
structures. Secreted VWF expelled from secretory pods was found to adopt a globu-
lar conformation. We visualized that VIF strings derive from those globular masses
of VWE. Flow experiments showed that upon secretion the globular masses of VIWF
move to the edge of the cell where they anchor and generate VIWEF strings. Conclusion:
Upon secretion VWF adopts a globular conformation which remodels into strings af-
ter translocation and anchoring at the edge of the cell. This finding reveals new patho-
physiological mechanisms that could be affected in patients suffering from Von Wille-
brand disease.



7.1 Introduction

Vascular endothelial cells (ECs) contain specialized storage organelles, the Weibel-
Palade bodies (WPBs)."* The main constituent of WPBs and a prerequisite for
their formation is von Willebrand factor (VWF).>* Multimers of VWF are formed
at the Trans Golgi network and are stored as compact helical tubules®>~, together
with proteins such as P-selectin, IL-8 and angiopoietin-2, in WPBs.® In response
to agonists such as thrombin and epinephrine ECs are signaled to induce WPB ex-
ocytosis.” Once VWF is released from ECs, long strings are formed which capture
platelets to initiate primary hemostasis.'® Deficiencies in the exocytotic mecha-
nism could result in impaired hemostasis as seen in patients with Von Willebrand
disease (VWD).! It has been proposed that VWF tubules in WPBs are spring-
loaded'*'? to provide a rapid and efficient mechanism to unfurl VWF multimers
upon exocytosis. VWE strings would then directly emerge from single WPBs. Re-
cently we have identified a novel structure involved in VWF secretion, which we
termed secretory pods.'? Secretory pods are formed upon stimulation and are hy-
pothesized to function asa VW release site following multigranular WPB exocy-
tosis. In this secretion mode multiple WPBs pool their content together in secre-
tory pods, before fusion with the plasma membrane. The VWF tubules of WPBs
are unfurled in secretory pods'® suggesting that the tubular packaging of VWE
in WPBs is not essential for secretion and VWF string formation. For in depth 7
characterization of this mode of secretion we used various sophisticated imaging
techniques to explore the origin of secretory pods and the remodeling of VWF
into strings upon secretion.

7.2 Methods

Cell culture and transfection

Human Umbilical Vein Endothelial Cells (HUVEC) (Lonza, Walkersville, MD)

were cultured for 8 days.'? For transfection we used enhanced green fluorescent

protein (EGFP) tagged VWF propeptide (propeptide-EGFP) containing the D1-

D2 domains of full-length VWF (from Dr. Carter, MRC National Institute for

Medical Research, London, UK).' Transfections were performed using Nucle-

ofection (Lonza) or jetPEI"-HUVEC (Polyplus Transfection, Illkirch, France).
Nucleofection was performed using the HUVEC Nucleofector® Kit (Lonza). For

each reaction we used 2 ug DNA, 1 X 10° cells and program A-034. Cells were 155
grown for 48 hours and medium was refreshed after 24 hours. The JetPEI"HUVEC
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reagents (Polyplus Transfection) and DNA were incubated with each other in a
2:1 ratio according to the manufacturer’s protocol. Complexes were incubated
with the cells for 2 hours. Medium was replaced and cells were kept in culture for
48 hours before use in experiments. No differences between the two transfection

methods were observed.

Regulated WPB exocytosis

To induce WPB exocytosis, cells were stimulated with 80 nM phorbol 12-myristate
13-acetate (PMA)."* For immunolabeling, cells were fixed in 3% paraformalde-
hyde (PFA) in 0.1 M phosphate buffer pH 7.4 for 30 minutes at 4 °C. For Correl-
ative Light and Electron Microscopy (CLEM) 3% PFA 1% glutaraldehyde (GA)
in 0.1 M phosphate buffer pH 7.4 was used. Fixative was replaced for 0.1% PFA
in 0.1 M phosphate buffer pH 7.4 for storage at 4 °C. Cells stimulated under flow
were grown on p-slide I 0.8 Luer ibidiTreat flow chambers (Ibidi, Munchen, Ger-
many). Stimulation medium containing 80 nM PMA was perfused over the cells
at 2.5 dyne/cm” using the Ibidi pump system (Ibidi). Cells were fixed afterwards
in 3% PFA.

Immunofluorescence microscopy

After fixation, cells were rinsed in 50 mM Tris-HCI pH 7.4. Unless indicated
otherwise, cells were permeabilized and blocked in PBS 5% Normal Goat Serum
(DAKO, Glostrup, Denmark), 0.1% Triton X-100 which was followed by incuba-
tions with primary and secondary antibodies. Cells washed with PBS were mount-
ed on glass slides in Aquapolymount (Omnilab, Warrington, PA). Primary anti-
bodies were fluorescein isothiocyanate (FITC) conjugated sheep anti-VWF anti-
body (Abcam, Cambridge, UK), rabbit anti-VWF antiserum (DAKO) and mouse
monoclonal anti-CD62P (P-selectin) antibody [AK-6] (Abcam). Secondary anti-
bodies were goat anti-rabbit or goat anti-mouse antibodies conjugated with Alexa
488 or Alexa 568 (Invitrogen Molecular Probes, Eugene, OR). Cells were imaged
using a Leica SL with a 63x/1.25 NA oil objective or a Leica SP5 (Leica Mi-
crosystems, Wetzlar, Germany) with 63x/1.40 NA oil objective confocal laser
scanning microscope. Minor linear adjustments of dynamic range were carried
out in Adobe Photoshop (Adobe Systems Incorporated, San Jose, CA).



Live-cell imaging and flow experiments

Secretory pod formation was imaged in a propeptide-EGFP expressing cell upon
adding the PMA solution. The PMA solution was prepared in Endothelial Growth
medium-2 (EGM-2 BulletKit, Lonza) as it appeared to preserve the fluorescence
better than regular incubation medium used for stimulation. Control cells were
incubated with diluted vehicle.

For flow experiments, HUVECs were grown in flow chambers (Ibidi) and a
region of interest was selected. EGM-2 medium supplemented with PMA and
1:30000 diluted anti-VWF Alexa 568 antibodies'® was perfused over the cells at
2.5 dyne/cm?” using the Ibidi pump system (Ibidi). An APEX™ Alexa Fluor 568
Antibody Labeling Kit (Invitrogen Molecular Probes) was used to conjugate poly-
clonal anti-VWF antibodies (DAKO) to Alexa 568.

Time-lapse imaging was performed with a climate controlled (37 °C and 5%
CO,) Leica AF6000LX equipped with a 63x/1.30 NA glycerin objective and
a high speed CCD camera (C9100-02-COM7, Hamamatsu Photonics, Hama-
matsu, Japan). Z-stacks were recorded at 10- or 15- second interval for 30 minutes.
Maximum intensity projections of z-stacks were made and the dynamic range was

adjusted (linear adjustments). Image stacks in Figure 7.6C were processed using
3D blind deconvolution of the LASAF software package of Leica.

Immunogold labeling and Scanning Electron Microscopy

Immunolabeling of secreted VWF was performed similarly as for immunofluores-
cence, however without permeabilization. Cells were incubated with polyclonal
anti-VWF antibodies (DAKQO) and with 15 nm Protein-A gold particles. After
labeling, cells were fixed in 2% GA in 0.1 M sodium-cacodylatebuffer (pH 7.4),
dehydrated and critical point dried.'* Coverslips with cells were then mounted
on stubs, carbon coated using an Emitech K950 evaporator (Ashford, UK) and
viewed with a JEOL JSM-6700F field emission SEM at 15 kV (Jeol, Tokyo, Japan).
The secondary electron image detector was used to image morphology; the back-
scatter detector was used to visualize gold label.

Correlative light and electron microscopy

HUVECs were grown on grid engraved glass bottom dishes (MatTek Corpora-
tion, Ashland, MA). After stimulation and fixation cells were labeled for VWF

as described for immunofluorescence microscopy. Cells were kept in fixative to
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enable subsequent sample preparation for TEM after imaging fluorescence with
a Leica SP5 confocal laser scanning microscope. Embedding and sectioning were
performed as described.'? Correlated fluorescence and electron micrographs were
scaled, flipped, rotated, and overlaid in Adobe Photoshop CS3 using the nuclei in
the area of interest to align the two images. EM was performed using a Tecnai 12
TEM at 120 kV (FEI Company, Eindhoven, The Netherlands) equipped with a
4kx4k CCD camera (Model Eagle, FEI Company). For serial electron tomogra-
phy 10 nm protein-A gold was used as fiducials. Double tilt series from —60 ° to
+60 ° were collected at 1 ° interval using Serial EM.'> 3D reconstructions were
generated and combined using the IMOD package. 16 For segmentation using the
AMIRA Visualization Package (Visage Imaging GmbH, Berlin, Germany), tomo-
grams were binned 2 times and denoised by nonlinear anisotropic diffusion using

the IMOD package.

7.3 Results

Previously, we studied secretory pods by adding VWF specific antibodies to the
stimulation medium to keep secreted VWF at the site of exocytosis and to prevent
VWE string formation, as we were especially interested in studying the site of exo-
cytosis.'? To study the nature of secretory pods and the remodeling of VWF upon
secretion in more physiological conditions we have now investigated stimulated
HUVECs without perturbing the VWF secretion with high doses of anti-VWF
antibodies.

Secretory Pods are formed by multiple WPBs on endothelial stimulation

HUVEC:s stimulated in the absence of antibodies were stained after fixation with
fluorescent antibodies to reveal endogenous VWE. To discriminate between extra-
and intracellular VWF we labeled extracellular VWF first before permeabilizing
the cells for intracellular VWF staining (Figure 7.1A). Extracellular VWF labeling
revealed VWF strings which were often connected to bright VWF positive dots
(Figure 7.1A) suggesting that strings are formed from VWF dots. Intracellular
VWEF labeling revealed WPBs and also large VWF containing dots, the secretory
pods (Figure 7.1A). Some secretory pods colocalized with extracellular VWF sug-
gesting VW release sites. Also a strong association was observed between WPBs
and secretory pods suggesting that secretory pods are formed by WPBs. In Fig-



extracel. VWF

Figure 7.1. Secretory pods in PMA stimulated endothelial cells. (A) Extracellular VWF (lefc
panel, red) labeled after fixation without permeabilization. VWF strings (open arrowheads) are
connected to VWE dots (arrows). After permeabilization intracellular VWF (middle panel, green)
was stained showing WPBs and secretory pods (closed arrowheads). Scale bar, 5 pm. (B) Immuno-
labeling with anti-P-selectin (left panel, red) and anti-VWF (middle panel, green) in permeabilized
cells showed P-selectin labeled WPBs (closed arrowheads) and secretory pods (arrow). Scale bar,
2 um.

ure 7.1B we show that P-selectin, a WPB compound, is also found on secretory
pods.

Previously we observed in electron tomograms WPB fusion to asecretory pod. '
However the onset of the actual secretory pod formation still remained to be elu-
cidated. To examine if WPBs are capable of homotypic fusion to form secre-
tory pods live-cell imaging experiments were performed. HUVECs were trans-
fected with propeptide-EGFP to label the WPBs. This EGFP construct codes for
the propeptide, domains D1-D2 of full-length VWE, which is normally cleaved
from VWF and is non-covalently incorporated in the helical VWF tubules during
WPBs formation. Although secretory pod formation is not exclusive for PMA

13 we used PMA as it acts much slower on the cells than other secreta-

stimulation
gogues facilitating the imaging of fusion events. Exocytotic events were observed

as the disappearance of the fluorescence when propeptide-EGFP diffuses away

159



160

upon release.'* After adding the secretagogue we observed that WPBs rounded
up into small propeptide-EGFP containing dots undergoing single WPB exocyto-
sis (Figure 7.2A-Ai). We also observed (n=12 distributed over 6 experiments) the
formation of secretory pods in which WPBs fused with each other (Figure 7.2B-Bi
and C-Ci). Coalescing WPBs sometimes appeared to fuse directly into one struc-
ture (Figure 7.2Bi and supplemental Video 1) while other WPBs became round
prior to fusion (Figure 7.2Ci and supplemental Video 2). Based on the calculated
volumes of the WPBs coalescing into a secretory pod we could conclude that the
total volume of WPBs contributing to a secretory pod corresponded to the calcu-
lated volume of the formed secretory pod, assuming the secretory pod to be spher-
ical. This suggests that no other large structures are involved in secretory pod for-
mation and that the organelle is completely formed by fusing WPBs. Transfected
cells (n=6) with secretory pods contained 1 to 3 secretory pods (mean 1.7 £ 0.8)
which were created by 2 to 4 WPBs and had diameters from 0.65 to 1.5 um(mean
1.1 pm £ 0.3). After WPB coalescence full collapse of secretory pods was ob-
served. Control cells did not show exocytotic events or stress reactions, nor obvi-
ous differences in photo bleaching during imaging (supplemental Figure S1).

VWE released from secretory pods is not directly remodeled into strings

It is unknown how VWF tubules in WPBs give rise to VWF strings upon exo-
cytosis from ECs. Previously we showed that VWF in secretory pods is unfurled
and adopts a dense globular conformation upon secretion when studied in the
presence of anti-VWF antibodies thereby inhibiting VWF string formation.'® To
investigate physiological VWF remodeling into strings CLEM was performed on
stimulated ECs, combining confocal laser scanning microscopy with conventional
TEM. Stimulated cells were fixed and incubated with fluorescently labeled anti-
VWF antibodies without permeabilizing the cells, staining secreted extracellu-
lar VWF only. We also performed experiments in which intracellular VWF was
stained as well. The cells were then permeabilized after labeling extracellular VWE.
By confocal laser scanning microscopy, we imaged areas showing fluorescently la-
beled extracellular VWF dots that were connected to VWF strings (Figure 7.3A
and box in Figure 7.4A). We chose these areas as VWF double labeling for intra-
and extracellular VWF (Figure 7.1A) showed that these areas often colocalize to
intracellular structures and suggested sites of VWF remodeling into strings. Cor-
relating the extracellular fluorescent VWF dots to TEM sections (Figure 7.3B and
Figure 7.4B) revealed globular, electron dense masses of secreted VWF (n=49, dis-



Figure 7.2. Live-cell imaging of secretory pod formation. HUVECs transfected with
propeptide-Enhanced green fluorescent protein (EGFP) were stimulated with phorbol-12-
myristate-13-acetate (PMA). (A-C) Overviews of imaged cells at time point 0. Boxes indicate
the areas of exocytosis events depicted in panels Ai-Ci. (Ai) Snapshots of time-lapse showing exo-
cytosis of a single WPB. (Bi) Coalescence of 4 WPBs into one secretory pod. The fusion of WPBs
seems to occur directly. (Ci) Secretory pod formation by 2 WPBs. Both WPBs round up before
they coalesce. (A-C) Scale bar, 5 pm. (Ai-Ci) Scale bar, 1 pm. Time after adding stimulation
medium is depicted in minutes: seconds. See also supplemental Video 1 and Video 2.
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tributed over 12 experiments) (Figure 7.3Ciii and Figure 7.4Ci-iii). We observed
that VWF strings associated with globular VWF masses (n=23, distributed over
12 experiments; Figure 7.4Ci-iii) suggesting that VWF strings emerge from an ex-
tracellular globular mass of VWF. Examination of fluorescently labeled VWF dots
in consecutive TEM sections showed that extracellular globular masses of VWF
originated from intracellular secretory pods (n=5, distributed over 3 experiments,
Figure 7.3C and Figure 7.4C, supplemental Videos 3 and 4). Some of the secretory
pods had released most of their VWF as little electron dense material was found
within the secretory pod (Figure 7.3C). Globular VWF masses were found to be
located above the secretory pod (Figure 7.3C-Ciii) and were sometimes observed
to exit the secretory pod (Figure 7.4Civ). Furthermore, connections between se-
creted VWF and secretory pod could be observed (Figure 7.3Cii and D) which
may represent VWF anchoring sites. Combining tomograms from five serial sec-
tions visualized VWF emerging from the secretory pods (supplemental Video 3).
Segmentation of the serial tomograms illustrates the 3D organization of the ex-
ocytosis event, highlighting the secreted emanating globular VWF mass located
outside the cell (Figure 7.3E and supplemental Video 3).

Fluorescent dots of extracellular labeled VWF were also correlated to secre-
tory pods containing lacy material (Figure 7.4Civ-v) which appeared less electron
dense and less globular than the globular mass described above. This lacy material
might represent VWF before secretion. To determine whether the lacy material
indeed represents intracellular VWF inside secretory pods, we combined CLEM
with an extra- and intracellular labeling for VWF on stimulated cells (Figure 7.4).
By confocal laser scanning microscopy, we imaged areas showing both extracellu-
lar fluorescently labeled VWF dots that were connected to VWEF strings and in-
tracellular dots representing intracellular non-fused secretory pods (Figure 7.4A).
Correlating fluorescently labeled intracellular secretory pods to TEM sections (Fig-
ure 7.4B) revealed that non-fused pods (n=7, distributed over 2 experiments) solely
contained lacy VWF (Figure 7.4D). This suggests VWF was first conveyed to se-
cretory pods as lacy material and then secreted as a globular mass before being
remodeled into strings.

To support the CLEM data, we verified if we could detect globular VWF
masses by SEM. Stimulated HUVECs were fixed and labeled using anti-VWF an-
tibodiesand 15 nm proteinA-gold particles. Similar to the TEM data we observed
VWF masses which were connected to strings and decorated with VWF-gold la-
bel (Figure 7.5).



Figure 7.3. Correlative Light and Electron Microscopy on secreted VWE. HUVECs stimu-
lated with PMA were fixed and fluorescently labeled for CLEM. (A) Fluorescence image of ex-
tracellular VWF dots (green) connected to VWF strings (arrowheads) and a nuclear stain (blue)
of 4,6-Diamidino-2-phenylindole, dihydrochloride (DAPI). Cells were not permeabilized during
staining. Scale bar, 5 um. (B) Overlay of the fluorescence image shown in panel A and the electron
micrograph of a corresponding TEM section. (C) High magnification of the boxed area in panel
B. (Ci-iii) Electron micrographs of 3 consecutive sections of the correlating area. (Ci) Secretory
pod containinga little dense material representing secreted VWE. (Cii) More dense VWF material
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Figure 7.3. (cont.) is observed in the secretory pod (asterisk) and a docked WPB (w) is re-
vealed next to the secretory pod. (Ciii) Globular VWF mass outside the cell (asterisk). Scale
bar, 500 nm. (D) Digital slices through the electron tomogram from the area shown in panel
Cii showing connections between globular VWF and the secretory pod membrane (arrowheads).
Scale bar, 500 nm (E) Segmented 3D model of VWF exocytosis from five combined serial to-
mograms (Orange, secreted VWF; Pink, secretory pod membrane; Blue, docked WPB; Yellow,
plasma membrane; Green, clathrin coated pits). See also supplemental Video 3.

We show that in the absence of anti-VWF antibodies, VWF still adopts a glob-
ular conformation upon secretion which indicates that the globular VWF repre-
sents a physiological step in VWF remodeling upon exocytosis.

Flow induced VWEF translocation and string formation upon secretion

To examine the association between secreted globular VWFE masses and string for-
mation in relation to flow, ECs were grown in flow chambers and perfused with
medium containing PMA and very diluted red fluorescent anti-VWF antibodies
to detect secreted VWE. The extremely low dose of anti-VWF antibodies allows
VWE string formation and is still visible by fluorescence microscopy.'® Live-cell
imaging of stimulation under static conditions revealed patches of VWF on top of
the cells but no strings (Figure 7.6A). The fluorescent signal was quite faint under
static conditions due to the low availability of antibodies in the medium. After
30 minutes of stimulation, fresh stimulation medium with fluorescent antibodies
was perfused over the cells at 2.5 dyne/cm?. Interestingly, we then observed that
secreted VWF aggregated at the edge of the cell (data not shown). VWF strings
were observed at these areas suggesting that VWF anchors at these sites after secre-
tion. When stimulation was started under flow conditions a similar pattern was
observed (Figure 7.6B, n=90, distributed over 6 experiments).

To determine the sequence of events in VWF secretion and string formation
more thoroughly, we performed similar flow experiments on cells which tran-
siently expressed propeptide-EGFP to label WPBs. As shown in Figure 7.6C and
supplemental Video 5 we observed that upon WPB fusion a transition of label-
ing occurred. When the green propeptide-EGFP signal of WPBs disappeared,
red dots (n=36 distributed over 6 experiments) of secreted VWF became visible
which subsequently moved in the direction of the flow and formed aggregates at
the edge of the cell. From the aggregates we observed emanating VWF strings



Figure 7.4. VWF remodeling upon exocytosis visualized by Correlative Light and Electron
Microscopy. PMA stimulated HUVEC: fixed and fluorescently labeled for CLEM. (A) Fluores-
cence image showing extracellular VWF dots (boxed area dashed line) connected to VWF strings
(arrowheads) in red, intracellular WPBs and non-fused pods (boxed area, solid line) in green and
a nuclear stain (blue) of 4,6-Diamidino-2-phenylindole, dihydrochloride (DAPI). After fixation
secreted VWF was labeled first in red. Cells were then permeabilized and intracellular VWF was
labeled in green. Scale bar, 5 pm. (B) Overlay of the fluorescence image of panel A and the electron
micrograph of a corresponding TEM section. (C) High magnification of the dashed lined box in
panel B. (Ci-v) Electron micrographs of 5 consecutive sections of the correlating area. Ci-ii) Glob-
ular VWF masses (asterisk) connected to VWF strings (arrowheads). (Ciii) Globular VWF mass
(asterisk) connected to VWF strings (arrowheads) and a secretory pod (arrow) which seemed to
have secreted globular VWE. (Civ) Globular VWF (asterisk) exiting the cell and a secretory pod
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Figure 7.4. (cont.) (arrow) containing lacy material. (Cv) Secretory pods (arrows) which seem
to have expelled globular VWE. The right arrow shows a secretory pod (arrow) containing lacy
material. (Cv) Secretory pods (arrows) which seem to have expelled globular VWE. The right
arrow shows a secretory pod containinglacy material. Scale bar, 1 um. See also supplemental Video
4. (D) High magnification of the solid line boxed area in panel B. (Di-ii) Electron micrographs
of 2 consecutive EM sections. Non-fused secretory pod contains lacy material of unfurled VWE.

Scale bar, 1 pm.

Figure 7.5. Inmunogold labeling of secreted VWF revealed by Scanning Electron Microscopy.
PMA challenged HUVEC: labeled with anti-VWF antibodies and protein-A gold (15 nm). A
secreted globular mass of VWF (asterisk) with an emerging VWF string (arrowheads, upper panel)
decorated with anti-VWF gold particles (lower panel). Scale bar, 1 um.

(n=6 distributed over 2 experiments) indicating that strings are formed after se-
cretion, translocation and anchoring (Figure 7.6D and supplemental Video 5).

To control for the effect of the antibodies during stimulation we stimulated
cells without antibodies in the medium. These cells were fixed and stained with
fluorescent anti-VWF antibodies. We observed the same pattern as observed with
live-cell imaging (data not shown).

7.4 Discussion

The secretory pod was previously found to be involved in VWF secretion from
ECs.!?> Now we show three novel features of VWF exocytosis: 1. secretory pods
truly originate from coalescence of multiple WPBs; 2. VWEF is secreted as a globu-
lar mass of protein before remodeling into VW strings, even when interference of
anti-VWF antibodies was excluded; 3. the secreted VWF moves in the direction
of flow to the edge of the cell where it anchors and generates strings.



Figure 7.6. VWF string formation under flow conditions. HUVECs stimulated under static and
flow conditions (2.5 dyne/cm?). In panels B-D the flow direction is from right to left. Secreted
VWF was visualized with diluted red fluorescent anti-VWF antibodies in the stimulation medium.
(A) Static stimulated HUVEC showing patches of VWF (left panel, arrows) on top of the cell as
shown in the differential interference contrast (DIC) image (middle panel) and merged image
(right panel). (B) Snapshot from time-lapse series of HUVEC:s stimulated under flow. Fluores-
cent VWF strings (left panel, arrows) originating from globular VWF aggregates (arrowheads) at
the edge of the cell as shown in the DIC image (middle panel, arrowheads) and the merged image
(right panel, arrowheads). (C) Time-lapse series of propeptide-enhanced green fluorescent pro-
tein (EGFP) transfected cells showing green labeled WPBs inside the cell. Upon WPB exocytosis
propeptide-EGFP diffuses away while secreted VWF becomes labeled with diluted red fluorescent
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Figure 7.6. (cont.) anti-VWF antibodies (open arrowheads). Secreted VWF moves in the di-
rection of the flow (closed arrowhead)and accumulates at the edge of the cell. From there VWF
strings were observed (arrow). See also supplemental Video 5. (D) Final frame time-lapse series
panel C. Fluorescent VWF labeling (left panel), DIC image (middle panel) and merge (right panel)
showing aggregated VWF at the edge of the cell (arrowheads). Scale bars, 10 um.

Imaging the formation of secretory pods showed that secretory pods are form-
ed by homotypic fusion of multiple WPBs in which no other large organelles seem
to be involved. In some cases we observed that the onset of secretory pod forma-
tion appeared very similar to lingering kiss exocytosis'” in which WPBs become
round at the plasma membrane, creatinga 12 nm fusion pore to release small WPB
compounds such as [L-8 and the membrane protein CD63.'” However as we ob-
served the presence of CD63 in secretory pods previously %, it seems unlikely that
a connection to the plasma membrane is made during secretory pod formation.
The initial rounding and fusion of WPB during secretory pod formation therefore
seems to occur prior to exocytosis marking the first steps of multigranular VWF
€XOCYtosis.

VWEF expelled from secretory pods was found to adopt a globular conforma-
tion even in the absence of antibodies, excluding artifacts due to binding of an-
tibodies to VWE. In addition, the globular VWF masses were observed to give
rise to VW strings indicating that VWF string formation is independent from
tubular packaging in WPBs. Studies using purified or recombinant VWF mul-
timers also demonstrated that VWF changed from a globular structure into ex-
tended chains after applying flow.'®2° Our live-cell imaging data indicates that
flow has an additional role besides unfolding of VWFE. We observed the striking
phenomenon that flow induces secreted VWF to move from the side of exocyto-
sis to the edge of the cell where VWF appeared to anchor before forming strings.
Data from flow experiments presented by Bouwens et al.?! show similar profiles
displaying strings emerging from the edge of the cell. Up to date several proteins
have been reported to support in VWF anchoring such as P-selectin and the in-
tegrin ocv(33.22’23 However, it is not clear how these proteins contribute to VWF
string formation. More players may be involved in VWF anchoring and string
formation such as exposed extracellular matrix components like collagen 24 or en-
dothelial glycosaminoglycans.*>*® Further studies will be required to determine
which components guide rolling of globular VWF on the cell surface and which
components are involved in VWF anchoring at the edge of the cell.



Based on our data and the current literature we propose a new model of WPB
exocytosis, secretory pod formation and VWF remodeling into strings. We postu-
late that secretory pods are formed by the coalescence of WPBs which pool their
content before exocytosis. Clathrin coated vesicles are formed to remove excess
membrane while actin stabilizes the secretory pod and guides VWF exocytosis by
the contraction of a dynamic ring of actin filaments, myosin II and actomyosin
I1.%" Upon full collapse of the secretory pod, a large globular mass of VWF is ex-
pelled which is moved by fluid flow to the edge of the cell to anchor and unfurl
into strings. We show that VWF remodeling into strings is independent of tubular
packaging in WPBs and appears to rely on flow which mediates VWF transloca-
tion to the edge of the cell, anchoring and unfolding.

Many pathophysiological mechanisms were proposed for various VWD phe-
notypes, like impaired VWF binding to glycoprotein Ib, loss of high molecular
weight multimers, or increased clearance of VWE. 8 However, impaired VWF string
formation due to insufhicient anchoring or unfolding of VWF has, until now, not
been considered as a cause of VWD.
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7.A  Supplementary material

Suppl. Figure S1. Live-cell imaging snapshots of a control cell expressing propeptide-EGFP.
In the control cell no exocytotic events were observed. The GFP signal was strongly reduced as a
consequence of photo bleaching. Scale bar, 5 um.

Video 1. Live-cell imaging of secretory pod formation in propeptide-EGFP
transfected cells.

Four WPBs forming a secretory pod. See legend to Figure 7.2 for details. Scale
bar, 1 pm.

https://www.dropbox.com/s/08agas6cq31as1p/ChVII_Videol.mp42dl=0

Video 2. Live-cell imaging of secretory pod formation in propeptide-EGFP
transfected cells.

Two WPBs forming a secretory pod. See legend to Figure 7.2 for details. Scale
bar, 1 pm.
https://www.dropbox.com/s/amal2rws204gmak/ChVII_Video2.mp42dl=0

Video 3. Segmentation of joined tomograms from five consecutive EM sec-
tions.

Tomograms were obtained from the data set presented in Figure 7.3. Colors indi-
cate: Orange, secreted VWF; Pink, secretory pod membrane; Blue, WPB ; Yellow,
plasma membrane; Green, clathrin coated pits.
hteps://www.dropbox.com/s/dlo5d8k9g70txj0/ChVII_Video3.mp42dl=0

Video 4. Sequence of aligned consecutive TEM sections.

Secretory pods secreting extracellular globules of VWF which give rise to VWEF
strings. Fluorescence correlating to these structures is projected on top of the EM
sections in red. The video is generated from the CLEM data shown in Figure 7.4D.


https://www.dropbox.com/s/o8agas6cq31as1p/ChVII_Video1.mp4?dl=0
https://www.dropbox.com/s/ama12rws204gmak/ChVII_Video2.mp4?dl=0
https://www.dropbox.com/s/dlo5d8k9g7otxj0/ChVII_Video3.mp4?dl=0

Scale bar, 500 nm.
https://www.dropbox.com/s/iw8qsOnrtOthp3p/ChVII_Video4.mp42d1=0

Video 5. VWF exocytosis of propeptide-EGPF transfected cells under flow
conditions (2.5 dyne/cm?).

Secreted VWF was labeled by diluted red fluorescent anti-VWF antibodies in the
stimulation medium. Arrows indicate emerging strings. Scale bar, 10 pm.
hteps://www.dropbox.com/s/llep89fxswmmkno/ChVII_Video5.mp42dl=0
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