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A Microfluidics-Based Screening Tool to Assess the Impact
of Blood Plasma Factors on Microvascular Integrity

Abidemi Junaid, Vincent van Duinen, Wendy Stam, Sophie Ddlleman, Wei Yang,
Yolanda de Rijke, Hendrik Endeman, Cees van Kooten, Alireza Mashaghi, Hetty de Boer,
Janine van Gils, Thomas Hankemeier, and Anton Jan van Zonneveld*

This study provides a method to assess the impact of circulating plasma
factors on microvascular integrity by using a recently developed microvessel-
on-a-chip platform featuring the human endothelium that is partly surrounded
by the extracellular matrix. The system is high-throughput, which allows
parallel analysis of organ-level microvessel pathophysiology, including
vascular leakage. Ethylenediaminetetraacetic acid plasma samples are mixed
with inhibitors for recalcification of the plasma samples to avoid activation of
the coagulation- or complement system. Moreover, the assay is validated by
spiking vascular endothelial growth factor, histamine, or tumor necrosis factor
alpha to recalcified plasma and confirms their modulation of microvessel
barrier function at physiologically relevant concentrations. Finally, this study
shows that perfusing the microvessels with recalcified plasma samples

of coronavirus disease-2019 patients, with a confirmed proinflammatory
profile, results in markedly increased leakage of the microvessels. The assay
provides opportunities for diagnostic screening of inflammatory or endothelial
disrupting plasma factors associated with endothelial dysfunction.

1. Introduction

Cardiovascular diseases cause health and economic bur-
dens worldwide.! In patients, impaired microvascular

integrity is often associated with elevated
plasma levels of proinflammatory com-
pounds, such as vascular endothelial
growth factor (VEGF), tumor necrosis
factor alpha (INF¢), and Interleukin 6
(IL-6). These factors can drive micro-
vascular leakage, angiogenesis or inflam-
mation.? In our previous work, we
developed 3D microvessels-on-chips to
study the responses of the vasculature to
pro-inflammatory factors such as TNFa.P!
Moreover, we demonstrated that the
microvessel-on-a-chip technology can be
used as an experimental human model
for Ebola haemorrhagic fever, showing
vascular leakage.l’! However, disease-
related circulating factors that adversely
impact vascular integrity due to imbal-
ance in concentrations are often highly
complex. Therefore, instead of measuring
the impact of individual cytokines or
growth factors on vascular homeostasis,
the availability of ethylenediaminetetraacetic acid (EDTA)
plasma provides the opportunity to assess the overall effect
of all circulating vasoactive and inflammatory factors on the
microvascular function. EDTA is a scavenger of metal ions and
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suppresses intercellular contacts.”®l We circumvent the activa-
tion of the coagulation and complement systems by developing
a protocol to recalcify EDTA plasma that is compatible with
microvessel culture. Here, we demonstrate that using specific
inhibitors, microvessels exposed to recalcified plasma retain
their integrity and allow for the assessment of the impact of
disease-related plasma constituents in the microvessels-on-

www.advanced-bio.com

2. Results
2.1. Design of a Functional Microvessel-on-a-Chip
To generate human microvessels-on-chips, we used the fabri-

cated OrganoPlates (T-design) of MIMETAS that are based on a
384-well microtiter plate format and employs coverslip-thickness

chips. We validated our method by perfusing plasma samples
of patients infected with severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) in the microvessels. These
diseased microvessels, as a result of the addition of patient
plasma, showed increase in permeability and resembled
vascular dysfunction as seen in vivo.

glass (175 um) for optical access.’! A plate comprises microflu-
idic tissue chips, that can be used to establish 96 microvessels
with heights of 120 pm and widths of 400 um (Figure 1A). Each
chip contains a phaseguide for adjusting the capillary pressure
to pattern type 1 collagen in the extracellular matrix (ECM)
channel (Figure 1B; Figure S1, Supporting Information). The
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Figure 1. The human microvessel-on-a-chip. A) Schematic diagram of 96 microfluidic tissue chips that compromise a gradient design (T-design) in
the OrganoPlate. The highlighted rectangular box shows the area depicted in (B). B) Diagram of a single chip; 1 = medium inlet, 2 = gel inlet, 3 =
observation window, 4 = medium outlet. The inlay shows the compartments of the microvessel and the ECM. The dashed rectangular box highlights
the region shown in (C) and (E). C) Fluorescent intensity profile illustrating the distribution of albumin in a 3D collagen ECM region under experimental
conditions. Bluish colors indicate higher fluorescent intensities. D) Fluid shear stress in the OrganoPlate is induced by a bidirectional flow generated
by leveling with the rocker platform. E) Cultured HUVECs formed (red, F-actin) a microvessel that exhibited continuous intercellular junctions on-chip,
as demonstrated by VE-cadherin staining (green). Scale bar: 100 um. F) A 3D reconstruction showing the human microvessel-on-a-chip. G) Time-
lapse fluorescent images of albumin (green) diffusing from the microvessel (red, left image) to the ECM channel. Scale bar: 200 um. H) Time-lapse
fluorescent images of albumin (green) diffusing from the microvessel (red, left image) to the ECM channel after treatment with 10 x 107° m thrombin
for 20 min. Scale bar: 200 um. 1) Fluorescent intensity profile of 16 measurements in (G) and (H), illustrating leak-tight microvessels and vascular
leakage after treatment with 10 X 10~° M thrombin. There was a sharp increase in albumin concentration across the endothelial monolayer and a steady
diffusive flux inside the 3D ECM.
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ECM channel enables diffusion-based solute flux across the
endothelial monolayer that was used to measure the endothe-
lial permeability (Figure 1C). After seeding the collagen, we cul-
tured primary human umbilical vein endothelial cells (HUVECs)
in the perfusion channel. For easier operation of the chips, the
OrganoPlate was placed on a rocker platform to create height
differences between the wells which results in a gravity driven,
continuous and bidirectional flow (Figure 1D). After five days
in culture, immunofluorescence confocal microscopic analysis
showed cortical staining of F-actin and VE-cadherin that con-
firmed a quiescent endothelial phenotype with intact adherens
junctions (Figure 1EJF). The quiescent endothelial phenotype
formed a robust endothelial barrier or leak-tight microvessel that
restricted the passage of fluorescent albumin (67 kDa) between
the endothelial monolayer and the ECM channel for 10 min
(Figure 1G,I; Video S1, Supporting Information). The endothelial
barriers were disturbed with 10 x 10~ m thrombin for 20 min,
with a subsequent increase in endothelial permeability and vas-
cular leakage (Figure 1H,I; Video S2, Supporting Information).

2.2. Measurement of Endothelial Cell Activation in the
Microvessel-on-a-Chip

Besides thrombin, more compounds in human plasma that
have a known influence on endothelial permeability were
assessed, including VEGF, histamine, and TNFo. VEGF
promotes leakage of plasma components by perturbing
endothelial barrier integrity. This protein activates endothe-
lial cells by inducing phosphorylation and internalization of
VE-cadherin.'® In vivo, histamine is known as inflamma-
tory response factor. It is a mediator of allergic inflammation
that increases vascular permeability by changing VE-cadherin
localization at endothelial cell junction.'” Endothelial cell acti-
vation often involves the exposure of NADPH oxidase (NOX) to
cytokines, such as TNFq, which then induces oxidative stress
and at the end vascular leakage of plasma fractions.[!3

As shown in Figure 2A, human microvessels-on-chips
perfused with VEGF, histamine or TNF« displayed marked
increase in vessel permeability with a dose dependency in line
with transendothelial electrical resistance (TEER) measure-
ments (Figure 2B; Figure S2, Supporting Information). Immu-
nofluorescence staining demonstrated that VEGF, histamine
or TNForinduced leakage were associated with the formation
of F-actin stress fibers and redistribution of VE-cadherin into
a zig-zag pattern with visible gaps between the cells, indicating
internalization of VE-cadherin (Figure 2C). These results are
consistent with the findings from past studies that VEGF, his-
tamine, and TNFo induce vascular leakage in vivo at similar
dosing.[">1>1] Therefore, our findings validate that the human
microvessel-on-a-chip can potentially be used to study func-
tional aspects of human microvessels.

2.3. Development of a Method to Perfuse EDTA Plasma in the
Microvessel-on-a-Chip

Being able to perfuse the microvessels and measure vascular
leakage, our next goal was to introduce human blood plasma
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in the model. Since the EDTA present in clinical plasma
samples rapidly leads to disruption of endothelial cell-cell
and cell-matrix contacts by the scavenging of calcium ions
(Figure 3AB), recalcification is a prerequisite for perfusion
of EDTA plasma samples through the microvessel. However,
recalcification of EDTA plasma immediately activates the pro-
coagulant cascades thereby generating Xa and thrombin that,
through the activation of the endothelial protease activated
receptors (PARs), disrupt the integrity of the endothelial bar-
rier function (Figure 3C).

To protect the integrity of the endothelial microvessels from
these procoagulant factors, we used a combination of the anti-
coagulants hirudin and corn trypsin inhibitor (CTI). Hirudin
specifically binds to, and inhibits the activity of thrombin
with high affinity. We demonstrated that from a concentration
of 1 x 107 m, hirudin extends the 50% plasma clotting time
effectively (Figure 3E). Also, the intrinsic coagulation pathway
is potentially activated in our microfluidic system, because of
the negative charged glass surface. CTI is a specific human
factor XIIa inhibitor and when added to plasma, it prolonged
the activated partial thromboplastin time (aPTT) in a dose
dependent fashion (Figure 3F). Besides coagulation, when
combining plasma with allogenic primary endothelial cells,
complement activation can take place. To prevent complement
activation, we used compstatin, a C3-targeting complement
inhibitor.®] We observed that compstatin at concentrations
of 5 x 107® M and higher could completely inhibit C3 depo-
sition from recalcified EDTA plasma in an enzyme-linked
immunosorbent assay (ELISA)-based classical pathway activity
assay (Figure 3G).

Next, we showed that by adding 1 X 10°® m hirudin, 50 pg mL
CTI and 25 X 10° M compstatin, recalcified EDTA plasma
could be applied to the endothelial monolayers for 18 h with
full maintenance of its quiescent phenotype as evidenced by
the presence of undisturbed VE-cadherin adherens junctions
and cortical actin staining (Figure 3D). Also, perfusing the
microvessels with recalcified inhibitor-containing EDTA plasma
of healthy donors maintained leak-tight vessels (Figure S3, Sup-
porting Information). Hence, we concluded that adding these
inhibitors to recalcified EDTA plasma facilitates the assess-
ment of the impact of circulating disease-related factors on
microvessel-on-a-chip integrity.

As a proof of concept, we spiked the recalcified inhibitor-
containing plasma samples of healthy donors with increasing
doses of VEGF, histamine and TNFeo and perfused these
samples through the microvessels. As shown in Figure 4A, the
spiked microvessels lost their leak-tightness in a dose-dependent
fashion. This was especially significant for microvessels with
TNFo. The permeability was not significant in samples spiked
with VEGF or histamine. There might be factors in plasma sam-
ples that inhibit the effect of histamine and VEGF on vessel per-
meability. As a confirmation we also validated the experiment
with the TEER system. Again, VEGF, histamine, and TNFo
spiked in EDTA plasma effectively decreased the endothelial
barrier function (Figure 4B; Figure S4, Supporting Informa-
tion) corroborating the increased vessel permeability seen in the
microvessels-on-chips. Importantly, the increased barrier perme-
ability was associated with the formation of stress fibers and rear-
rangement of VE-cadherin (Figure 4C).

© 2021 The Authors. Advanced Biology published by Wiley-VCH GmbH
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Figure 2. Modeling microvascular dysfunction in microvessel-on-a-chip. A) Dose response to VEGF, histamine, and TNFa in microvessels. Micro-
vessels were treated for 1.5 h with VEGF, 1 h with histamine or overnight with TNFe at 37 °C, followed by vascular leakage assay. Data are presented
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Figure 3. Coagulation and complement inhibitors for use in EDTA-plasma in vitro biocompatibility models. A-D) Immunostaining of HUVECs in
the microvessels-on-chips exposed to endothelial cell culture media (control), 50% EDTA-plasma, recalcified 50% EDTA-plasma, and recalcified 50%
EDTA-plasma with 1x 107 m hirudin, 50 ug mL™" CTl and 25 x 107% M compstatin. Images are representative of experiments performed on cells from
three different donors. Scale bars: 50 um. E) Effect of hirudin on prothrombin time (PT) of recalcified EDTA plasma cocktail, measured with the STart
Max (Diagnostica Stago). F) Effect of CTI on the activated partial thromboplastin time (aPTT) of recalcified EDTA-plasma cocktail, measured with the
STart Max (Diagnostica Stago). G) Dose-dependent inhibition of classical pathway complement activity by compstatin, as quantified by the deposition

of C3. Data are presented as mean £ SEM; n = 2.

2.4. Recapitulation of the Effects of COVID-19 Plasma on
Vascular Function

Having established the conditions to use the human
microvessel-on-a-chip to study the impact of circulating disease
factors on vessel permeability of 96 microvessels in parallel, we
next assessed whether we would be able to also detect micro-
vascular destabilization when perfusing plasma samples of
patients with coronavirus disease-2019 (COVID-19).

Infection with SARS-CoV-2 is a life-threatening systemic
disease that, in its later stages, causes severe vascular leakage
in the lungs, contributing to acute respiratory distress syndrome
(ARDS).M Utilizing a 2-lane OrganoPlate format to study vas-
cular permeability (Figure S5, Supporting Information),?% we
perfused recalcified control plasma, and pooled plasma from
COVID-19 patients with early stage disease (n = 8), having a
marked thrombotic disorder,?!l and patients who are in a pro-
inflammatory state (cytokine storm; n = 8). To exclude varia-
tions introduced by different HUVEC donors, pooled HUVECs
(3-6 donors) were used to generate the microvessels. After 4h of
exposure to plasma from healthy controls and, early stage (ES)

and late stage (LS) COVID-19, the microvessels with COVID-19
plasma samples, but not healthy controls, showed significant
increase in vessel permeability. In addition, compared to the ES
COVID-19, microvessels of the LS COVID-19 experienced more
severe barrier disruption (Figure 5A). Immunohistochemical
staining confirmed the disruption of the endothelial barrier in
the COVID-19 plasma exposed microvessel with dissociation of
the VE-cadherin adherens junctions and the formation of stress
fibers (Figure 5B).

In our previous work, we established a method to measure
inflammation associated bioactive lipids in microvessels cul-
tured in the 2-lane OrganoPlate of MIMETAS by using an opti-
mized ultraperformance liquid chromatography-tandem mass
spectrometer (UPLC-MS/MS).’! To further show the impact
of COVID-19 patient plasma on the microvessel properties,
we measured the secretion of Prostaglandin F2« (PGF20), an
oxidative stress marker®??l and showed that exposure of the
microvessels to late stage COVID-19 plasma, but not to the
early stage samples, led to an increase in PGF2« secretion
confirming a proinflammatory phenotype of the microvessel
(Figure 5C).

as mean £ SEM; n = 6-19 (independent chips using HUVECs from 3 to 6 different donors). Significance determined by ANOVA and Dunnett’s test;
*P < 0.05, ***P < 0.001. B) The effects of VEGF, histamine, and TNF« on endothelial barrier function were measured in the electric cell-substrate
impedance sensing (ECIS) at different doses. Area under the curve analysis after the addition of treatment. Data are represented as mean + SEM and
representative of 3—4 independent experiments performed on cells from three different donors. Significance determined by ANOVA and Dunnett’s test;
*P < 0.05, **P < 0.01, ***P < 0.001. C) Morphology of endothelial cells in the microvessels-on-chips in response to 10 ng mL™' VEGF (1.5 h), 10X 10¢ m
histamine (1 h), and 10 ng mL™' TNFe (overnight) showing VE-cadherin (green) and F-actin (red). These permeability factors induced morphological
rearrangement of VE-cadherin and F-actin (arrow). Scale bars: 50 um.
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Figure 4. Permeability effect of perfusing blood plasma in microvessel-on-a-chip. A) Dose response to VEGF (1.5 h), histamine (1 h), and TNFo (over-
night) spiked at several concentrations in EDTA plasma treated with 1x 107 m hirudin, 50 ug mL™" CTI, and 25 x 107® M compstatin. Red arrows indicate
permeability of microvessels perfused with EGM2. Data are presented as mean = SEM; n = 6 (independent chips using HUVECs from two different
donors). Significance determined by ANOVA and Dunnett’s test; *P < 0.05. B) The effects of VEGF, histamine, and TNFa spiked in EDTA plasma on
endothelial barrier function were measured in the electric cell-substrate impedance sensing (ECIS) at different doses. Area under the curve analysis
after the addition of treatment. Data are represented as mean £ SEM of 3—4 technical replicates and representative of 3—4 independent experiments
performed on cells from three different donors. Significance determined by ANOVA and Dunnett’s test; *P < 0.05, ***P < 0.001. C) Immunostaining
of endothelial cells in the microvessels-on-chips for VE-cadherin (green) and F-actin (red) after treatment with 10 ng mL™' VEGF (1.5 h), 10 X 107 m
histamine (1 h) and 10 ng mL™' TNFe (overnight) spiked in EDTA plasma treated with hirudin, CTI, and compstatin. VEGF, histamine, and TNF« lead
to increase in actin stress fiber formation (arrowheads) and morphological rearrangement of VE-cadherin were observed. Scale bars: 50 um.
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Figure 5. Impact of COVID-19 plasma samples on microvessel-on-a-chip. A) Vessel permeability after 4 h incubation of microvessels with healthy control
(HQ), early (ES19, 8 patients), and late (LS19, 8 patients) stages COVID-19 pooled plasma samples. Data are presented as mean = SEM of seven inde-
pendent chips. Significance determined by ANOVA and Tukey’s multiple comparison test; ***P < 0.001. B) Immunostaining of endothelial cells in the
microvessels-on-chips for VE-cadherin (green) and F-actin (red) after incubation with healthy control, early and late stages COVID-19 plasma samples. In
microvessels treated with COVID-19 plasma samples an increase in actin stress fiber formation (arrowheads) and morphological rearrangement of VE-
cadherin were observed. Scale bars: 50 um. C) Peak area ratio of PGF2¢r secreted by the microvessels after 4 h incubation of microvessels with healthy con-
trol (HC), early (ES19, 8 patients) and late (LS19, 8 patients) stages COVID-19 pooled plasma samples. Data are presented as mean = SEM of four pooled

chips of three independent experiments. Significance determined by ANOVA and Tukey's multiple comparison test; ns = not significant, ***P < 0.001.

3. Discussion

Despite progress in identifying critical regulators of endothelial
permeability, less is known about how in various disease states,
these factors act together on the integrity of the endothelial
barrier. Here, we introduced a novel approach using a micro-
fluidic-based in vitro assay, microvessel-on-a-chip, that enabled
parallel culture, real-time visualization and simultaneous quan-
tification of endothelial permeability. Since the area of cells in
contact with the ECM is small, the OrganoPlate T-design ena-
bled us to easily create leak-tight microvessels. This design pro-
vides a more robust quantification of vessel permeability that
is comparable to the OrganoPlate 2-lane.l’”) We showed that
VEGEF, histamine, and TNFo modulate the endothelial barrier
in our models at about similar concentrations as shown in in
vivo studies.?>~?°l This supports the potential physiological rel-
evance of our platform technology to study key mechanisms
behind the onset and progression of microvascular diseases.
Previous studies of endothelial permeability with microfluidic-
based approaches were largely done by perfusing cell culture
media in the system.?5-28] However, we developed a novel method
to directly screen vascular diseases by using primary endothelial
cells and blood. In this procedure, we extracted plasma from
blood in EDTA-tubes, applied the relevant additions and perfused
it in the cultured human microvessels. To prevent blood plasma

Adv. Biology 2021, 5, 2100954 2100954 (7 of 11)

from clotting, we primarily inhibited thrombin with the high-
affinity inhibitor hirudin. Next to that, given the negative charged
surface of the microchannels of the OrganoPlate, we inhibited
the intrinsic pathway of coagulation with CTI. To prevent comple-
ment activation when combining plasma with allogenic primary
endothelial cells, we used compstatin to inhibit the complement
cascade at the most central component, being C3.2°]

There are protocols available for perfusing whole blood in in
vitro vessel systems.?®31 However, these protocols differ, ignoring
contact and complement activation. This limits the perfusion of
whole blood in the system for a very short time (=20 min) before
experiencing clotting. With our protocol, we can perfuse plasma
in the chip for 24 h for long-term studies. Methods to recalcify
plasma samples for subsequent assessment on endothelial cell-
based assay have been performed but not with the same approach
of inhibiting both coagulation and complement activation. This
significantly highlights the novelty of our work. In addition, while
most microfluidic assay is low throughput, the microvessel-on-a-
chip platform allows the testing of multiple samples to a scale that
allows the use of our 3D assay on a clinical scale.

The microvessels-on-chips permitted high-throughput stimu-
lation of the vascular permeability induced by our EDTA plasma
cocktail when spiked with VEGF, histamine, and TNFe. This
vessel permeability was confirmed with TEER measurements

© 2021 The Authors. Advanced Biology published by Wiley-VCH GmbH
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by using the ECIS system. However, the ECIS is a 2D-cell based
system. The microvessels-on-chips allow us to add physiological
relevant cues to the vasculature in vitro with several advantages.
For example, cell-cell and cell-ECM interaction and perfusion
are considerably reduced in 2D cell culture, which in turn signifi-
cantly limits their ability to mimic the appropriate level of in vivo
cellular responses. Moreover, TEER values vary significantly due
to biological and environmental factors. On the other hand, the
microvessel-on-a-chip, as a 3D culture system, is a closed system
with excellent control and standardization of prepared microves-
sels with stable endothelial cells.?%32 With the microvessels-on-
chips we could breach the gap between in vitro 2D cell culture
and in vivo models, enabling us to accurately predict in vivo
permeability.?*l Furthermore, in our high-throughput platform
we are dealing with low volume samples. This gives the possi-
bility to do multiple experiments in a cost-effective manner and
to reduce blood sampling in patients.

Our microvessel-on-a-chip in combination with our developed
plasma screening assay models an aspect of vascular dysfunction
seen in COVID-19 patients. This positions us to link disturbed
balances in bioactive lipids, cytokines, and other metabolites as
seen in COVID-19 patients to their vascular function and helping
to understand the pathophysiology of COVID-19. Several mecha-
nisms have been proposed to underlie the systemic vascular
endothelium inflammation in severe COVID-19 patients.¥

First, an excessive cytokine response triggers the expression of
proinflammatory cytokines such as type 1 interferons and IL-1,
IL-6, and TNF@.! This then leads to a systemic proinflamma-
tory activation of endothelial cells.

A second proposed mechanism involves the activation of the
bradykinin receptor type 1 (B1). Binding and internalization of
angiotensin-converting enzyme 2 by the viral spike proteins!*®l
can result in an uncontrolled generation of bradykinin, leading
to Bl-dependent vascular leakage and the pulmonary angi-
oedema that precedes COVID-19 related ARDS.”! This mech-
anism may be particularly relevant since the endothelial B1
receptor is markedly upregulated by inflammatory cytokines.®!

A third mechanism is the excessive intravascular activa-
tion of the coagulation system. COVID-19 patients often show
clotting disorders, with organ dysfunction and coagulopathy,
resulting in higher mortality.?*] These phenomena are known
to include occlusion and microthrombosis in small pulmonary
vessels in critical COVID-19 patients.*]

A fourth mechanism, which we propose, is that oxylipins
might play a key role in hyperinflammation and hypercoagu-
lation, since there is a significant increase in the secretion of
PGF2« in microvessels perfused with COVID-19 plasma sam-
ples. PGF2¢ is an oxylipin enzymatically generated by the oxi-
dation of polyunsaturated fatty acids. During inflammation,
reactive oxygen species causes further release of arachidonic
acid and cyclooxygenase (COX-2). This contributes to increased
production of PGF2¢, having a proinflammatory effect in the
endothelium.*? Further research should be undertaken in
order to investigate the role of oxylipins in COVID-19.

4. Conclusion

This study presents a method to perfuse human blood
plasma in the microvessels-on-chips and assess the impact
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of circulating plasma factors on microvascular integrity. The
microvessels-on-chips with human plasma faithfully recapitu-
lated the (patho)physiology of microvessels in vivo that can
aid as a sensing platform in clinical trials. The assay enables
diagnostic screening of inflammatory or endothelial disrupting
plasma factors associated with endothelial dysfunction.

5. Experimental Section

Chip Design: A novel chip configuration (T-design) based on the
MIMETAS OrganoPlate platform was designed.

This new design involves a T-junction shown in Figure 1 and Figure S1
(Supporting Information) in which the channels are separated by a
phaseguide. The design, due to its geometry, enables easy generation
of leak tight vessels and quantification of vascular leakage. Fabrication
of the microfluidic devices was carried out by MIMETAS using a
previously established protocol.*¥l For the experiments with COVID-19
plasma samples, an already established 2-lane OrganoPlate was used by
MIMETAS to generate the microvessels.?%

Cell Culture: HUVECs were isolated from umbilical cord of newborns,
collected with informed consent, by an adaption of the method
developed by Jaffe et al. in 1973.144

The umbilical cord was severed from the placenta soon after
birth and placed in a sterile container filled with phosphate-buffered
saline (PBS; Fresenius Kabi, The Netherlands) and held at 4 °C until
processing. The cord was inspected and at both ends a piece of 1 cm
was cut off to remove damaged tissue from clamping. Subsequently, the
umbilical vein was cannulated and perfused with PBS to wash out the
blood and allowed to drain. When clear fluid flow was observed, the vein
was filled with trypsin/EDTA solution (CC-5012, Lonza, USA), placed in
the container filled with PBS, and incubated at 37 °C for 20 min. After
incubation, the trypsin—-EDTA solution containing the endothelial cells
was flushed from the cord with air and afterward PBS. The effluent
was collected in a sterile 50 mL tube containing 20 mL endothelial cell
growth medium 2 (EGM2; C-39216, PromoCell, Germany) supplemented
with antibiotics and the cell suspension was centrifuged at 1200 rpm for
7 min. The cell pellet was resuspended in 10 mL EGM2 and cultured on
1% gelatin-coated T75 flasks. Cells were maintained in a 37 °C incubator
with 5% CO, and the medium was refreshed every other day. After 80%
confluency, cells were spilt at 1:3 ratio and cultured in new 1% gelatin-
coated T75 flasks at passage 2. Pooled HUVECs (C2519A, Lonza, USA)
of 3—6 donors were used for experiments carried out with the COVID-19
plasma samples.

The T-design and 2-lane OrganoPlates were used for all microfluidic
cell culture. Thus, the microvascular and ECM channels were separated
by phaseguides. Before seeding the cells, 4 mg mL™ rat tail collagen
type 1 (3440-005-01, Trevigen) neutralized with 10% 37 g L' Na,CO;
(85761, Sigma) and 10% 1 m HEPES buffer (15630-056, Gibco) was
added in the ECM channels. Subsequently, the collagen was polymerized
by incubating the device for 10 min in the incubator at 37 °C and 5%
CO,. The observation windows were filled with 50 uL Hank’s Balanced
Salt Solution with calcium and magnesium (HBSS+; 24020117, Life
Technologies) for optical clarity. The ECM inlets were filled with 20 uL
HBSS+ to prevent gel dehydration. The microvascular channels were
coated with 1% gelatin for 30 min in the incubator at 37 °C and 5% CO,.
Next, 2 uL of cells were seeded with a density of 20 x 10° cells mL™
in gelatin-coated microvascular channels of the T-design OrganoPlate.
Also, 2 uL of cells was seeded with a density of 15 x 10° cells mL™" in
gelatin-coated microvascular channels of the 2-lane OrganoPlate.
Afterward, the cells were incubated at 37 °C and 5% CO, for 1 h to allow
cells to adhere. After incubation, 50 UL of EGM2 was added to the inlets
and outlets of the microvascular channels of the T-design and 2-lane
OrganoPlate. The devices were placed on a rocker platform with a 7°
angle of motion and an 8 min timed operation to allow continuous flow
of medium in the microvessels. After 24 h, the medium was refreshed
and the HUVECs were cultured for an additional 3—4 days to form
confluent microvessels.
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Coagulation Tests: The prothrombin time (PT) assays and the aPTT
assays were performed in the STart Line: STart Max (Diagnostica
Stago) and 25 x 10® M compstatin (supplied by John Lambris Lab)
was used in both assays. EDTA plasma was diluted to 50% plasma
with EGM2. For the PT assay, 10 x 107 m hirudin (94581-1EA, Sigma-
Aldrich) was serial diluted in 50% plasma, 50 pL of each plasma
dilution was incubated at 37 °C for 1 min. Coagulation was initiated
with 50 uL of Neoplastine Ci Plus 10 (Diagnostica Stago), 1:10 diluted
with dilution medium at 37 °C and clotting time was measured. For
the aPTT assay, CTI 500 ug mL™" (CTI-01, Haematologic Technologies,
Inc.) was serial diluted in 50% plasma and 50 uL of each plasma
dilution was incubated at 37 °C for 3 min with 50 uL of aPTT reagent
(TriniClot). Coagulation was initiated with 50 pL of 25 x 1073 m CaCl,
at 37 °C.

Complement Assay: The classical pathway complement activation was
measured by activity ELISA.*] Wells were coated with 2 g mL™ human
IgM in coating buffer (0.1 M NaHCOj3, 0.1 M Na,COj3, pH 9.6). Plasma
samples were diluted in GVB++ (Gelatin Veronal Buffer, with 1x 1073 m
MgCl,, 2 X 103 m CaCl,, 0.05% Tween). The in house made monoclonal
antibody RFK22, labeled with digoxigenin (DIG) in incubation buffer
(PBS, 0.05% Tween, 1% BSA) was used as a detecting antibody. C3
was measured by using anti-DIG-horseradish peroxidase antibody in
incubation buffer (PBS, 0.05% Tween, 1% BSA). Subsequently, the
samples were developed with 3,3",5,5-Tetramethylbenzidine substrate
solution. After 15 min, the reaction was stopped with H,SO, and the
optical density was measured at 450 nm.

Plasma Assay: EDTA plasma samples were treated with 1 X
105 m hirudin (94581-1EA, Sigma-Aldrich), 50 pug mL™' CTI (CTI-
01, Haematologic Technologies), 25 x 103 M compstatin and finally
recalcified with 3.1 x 107 m CaCl,. These treated plasma samples were
diluted with basal media (1:1). Finally, this cocktail mix was perfused in
the microvessels-on-chips for up to 18 h.

Patient Plasma Samples: The Ethics Review Board of Erasmus
MC (MEC-2020-0360) approved the study and participants provided
informed consent. The study conformed to the principles outlined in the
Declaration of Helsinki. The pooled EDTA plasma samples were from
male and female COVID-19 intensive care patients at the age of 59 and
above. These patients were on medication and were divided into the
early and late stages of disease progression.

COVID-19 patients (n = 8) with early stage disease and having
a marked thrombotic disorder were ES. COVID-19 patients (n = 8)
who are in proinflammatory stage (cytokine storm) were LS. The IL-6
concentrations of the COVID-19 patients were 200-1200 pg mL™. Left
over EDTA plasma samples of subjects without history of cardiovascular-
related diseases were used as control.

Vascular Leakage Assay: Endothelial cell culture media and plasma
samples of healthy controls were spiked with vascular endothelial growth
factor (VEGF; 450-32, PeproTech), histamine (H7125 SIGMA, Sigma-
Aldrich) or tumor necrosis factor alpha (TNFo; H8916 SIGMA, Sigma-
Aldrich). To measure vessel permeability, the ECM channel inlets were
refreshed with 20 uL HBSS+. Then, the media in the inlets and outlets
of the microvascular channels were replaced with 40 and 30 uL of 125 pg
mL Albumin-Alexa 555 (A34786, Life Technologies). Following this, the
OrganoPlate was placed in the environmental chamber (37 °C; 5% CO,)
of a high-content confocal microscope (Molecular Devices, ImageXpress
Micro Confocal) and time-lapse images were captured. The permeability
is measured by acquiring images in one min intervals. As high-content
microscope is able to image all 96 devices within a minute, the total
measurement takes 10 min.

The permeability coefficient was calculated by determining the
fluorescent intensities in the microvascular channel of captured images.
At the same time, the fluorescent intensities in the ECM channel of
the capture images was obtained and normalized with the fluorescent
intensities in the microvascular channel of each measured time point.
This showed the change in intensity ratio inside the gel channel as
a function of time. The scatter plot was fitted with a linear trend line
to determine the slope. Finally, using Fick’s first law the apparent
permeability was determined as[204¢l
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where | is the intensity in the microvascular channel, I, is the intensity
in the ECM channel, A, (480 x 1078 cm? in T-design and 96 x 10~ cm? in
2-lane) is the area of the ECM channel, and |,, (400 x 107 cm in T-design
and 0.436 cm in 2-lane) is the length of the vessel wall that separates
between ECM and microvascular region. All data analysis was done with
Image) and Matlab (2016a, MathWorks).

Transendothelial ~ Electrical ~ Resistance ~Measurements: ~ Cell  barrier
function was assessed by measuring TEER in real time using the electric
cell-substrate impedance sensing (ECIS Z6, Applied BioPhysics) system.
HUVECs at a density of 15 x 10% cells per well were dispensed and grown
to a confluent monolayer on 1% gelatin-coated 96W20idf electrodes
(Applied BioPhysics) in 200 uL EGM2 in a 5% CO, incubator at 37 °C for
48 h. For the coating, gelatin was dissolved in water. Monolayer resistance
was recorded at 4 kHz over 15 min intervals for baseline measurement.
Subsequently, 75 uL medium was taken out and 75 pL recalcified 50%
EDTA-plasma with 1 X 1078 m hirudin, 50 ug mL™" CTI and 25 X 10 m
compstatin was added for 6 h before treatment. After 6 h, 75 L of the
EDTA plasma cocktail and medium were replaced by 75 uL of the plasma
cocktail and medium spiked with VEGF, histamine, and TNFc.

For analysis of changes in barrier function, TEER measurements were
averaged over the last ten stable pretreatment time points as baseline. For
the percentage resistance, TEER values were corrected for the base line.

Immunocytochemistry: The medium was aspirated from the
medium inlets and outlets of the chips and cells were fixed using 4%
paraformaldehyde in HBSS+ for 10 min at room temperature. The fixative
was aspirated and cells were rinsed once with HBSS+. Next, cells were
permeabilized for two min with 0.2% Triton X-100 in HBSS+ and washed
once with HBSS+. The cells were blocked with 5% BSA in HBSS+ for
30 min and incubated with primary antibody solution overnight at 4 °C.
Mouse anti-human VE-cadherin (CD144, 1:100; 555661, BD Biosciences)
was used as the primary antibody. The wells were washed with HBSS+,
followed by the addition of Hoechst (1:2000; H3569, Invitrogen),
rhodamine phalloidin  (1:200; P1951 SIGMA, Sigma-Aldrich) and
secondary antibody solution containing goat-anti-mouse Alexa Fluor 488
(1:250; R37120, Waltham). After 1 h of incubation in the dark at room
temperature, wells were washed three times with HBSS+. High quality
Z-stack images of the stained cells were obtained using a high-content
confocal microscope (ImageXpress Micro Confocal, Molecular Devices).
The images were processed with Image).

Metabolic Profiling: Plasma samples of four microvessels were
pooled to form one sample to allow analyses of metabolites at low
concentrations due to low cell numbers. For metabolite extraction,
sample preparation procedure was performed according to the in-house
validated protocol which has been optimized on previously published
method”l and successfully applied for signaling lipid profiling.[*?! Briefly,
plasma samples (150 uL) were added with 5 pL antioxidant solution
and 10 pL internal standards. Acidified with citric acid/phosphate buffer
(pH 4.5), all samples were then dealt with liquid—liquid extraction with
1 mL of butanol and methyl tert-butyl ether (1:1 v/v). Samples were
vortexed, centrifuged, and then the organic phase was collected and
dried. After reconstitution with ice-cold 70% methanol/30% acetonitrile
injection solution, each sample was again vortexed and centrifuged and
the supernatant was transferred to the insert in a glass vial. UPLC-MS/
MS based analysis was then applied for low-pH measurement (Sciex
Qtrap 6500+ coupled with Shimadzu LC-30AD). Sciex OS was applied
to accomplish all the peak determination and integration. For the
metabolite PGF2¢q, the response ratio was obtained by calculating
the ratio of peak area of the target compound to the peak area of the
assigned internal standard.

Statistical Analysis: For statistical analyses, IBM SPSS Statistics
23 was used. Values are given as mean =* standard error of the mean
(SEM). Multiple comparisons were made by one-way ANOVA followed
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by Dunnett’s test or Tukey's multiple comparison test. Results were
considered significant at *P < 0.05, **P < 0.01, ***P < 0.001.
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