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Abstract

Introduction—We have experienced a pandemic induced by
the interaction of severe acute respiratory syndrome coron-
avirus 2 (SARS-CoV-2) structural proteins with innate
structures. These interactions are especially prevalent for
patients with underlying pathologies, such as cardiovascular
diseases. However, there has been limited work to uncover
the range of responses induced by SARS-CoV-2 structural
proteins. Thus, our objective was to investigate how endothe-
lial cell pro-thrombotic and pro-inflammatory responses
are altered after exposure to SARS-CoV-2 spike, nucleocap-
sid, and membrane-envelope proteins. We hypothesized that
after a short duration exposure, endothelial cells would have
a heightened thrombotic and inflammatory potential. With
longer exposures, this may lead to altered disease progression
and the observed increased mortality and morbidity rates in
patients with underlying vascular pathologies.

Methods—To test this hypothesis, human endothelial cells
were exposed to SARS-CoV-2 structural proteins. After the
exposure, the expression of thrombomodulin, PECAM-1,
connexin-43, and gC1gqR were assessed. In parallel, standard
cell culture readouts were assessed to determine if these
incubations altered cell growth and metabolism.

Results and Conclusions—We observed significant increases
in thrombotic and inflammatory marker expression, with no
change to the cell culture parameters (with the exception of a
reduction in cell density in response to one SARS-CoV-2
structural protein). Importantly, these observations were
dependent on the viral structural protein the cells were
exposed to, suggesting that the interactions of SARS-CoV-2
with innate cells is complex and must be uncovered.
Combined, this suggests that SARS-CoV-2 structural pro-
teins can regulate inflammatory and thrombotic responses
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that underlie common pathologies observed during COVID-
19.

Keywords—Inflammation, Thrombosis, Complement,
COVID-19, Cardiovascular.
INTRODUCTION

Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is a novel coronavirus, responsible for
the worldwide pandemic and has been shown to target
multiple organs resulting in a cytokine storm and al-
tered thrombosis.*’** Enhancements of the inflam-
matory and thrombotic systems can lead to significant
pathologies, especially for those patients who present
with underlying medical conditions. Reports have
documented that patients with pre-existing and/or
underlying vascular pathologies have significantly
higher mortality and morbidity rates as compared to
patients without these pathologies.*” However, even
with these significant observations, there has been
limited work aimed to elucidate the underlying bio-
logical responses that can lead to enhancements of the
inflammatory and thrombotic systems. Thus, the ma-
jor goal of this work was to begin to uncover vascular
cell responses that may be responsible for the observed
increase in inflammatory and thrombotic responses
during SARS-CoV-2 infection.

SARS-CoV-2, and other SARS-CoVs, can be
characterized by the structural proteins that present on
the intact virus. These structural proteins are respon-
sible for effective and stable viral transmission by
ensuring a formed viral capsid and interacting with
host proteins. Four structural proteins have been
characterized for the SARS-CoVs: namely, the Spike
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(S) Protein, Nucleocapsid (N) Protein, the Membrane
Protein and the Envelope Protein.?” S-protein has been
observed to interact with the ACE2 receptor.* N-
protein interferes with NF-xB signaling and can alter
the production of interferons.*® Finally, a fusion of the
Membrane and Envelope Proteins (termed M-protein)
reduces inflammasome activity.’? Each of these exam-
ples illustrates the ability of distinct SARS-CoV-2
structural proteins to independently alter host inflam-
matory reactions. Viral proteins have also been shown
to interact with the innate immune system through
gClqR (the receptor for the globular head of
Clq),"""* which is ubiquitously expressed. We have
recently shown that SARS-CoV-2 structural proteins
can interact with gCIlqR expressed on fibroblasts
during altered inflammatory and thrombotic
responses.'! Further, due to the identified role of
gCIlgR on regulating inflammatory and thrombotic
responses observed during vascular pathologies, we
chose to investigate how SARS-CoV-2 structural pro-
teins interact with endothelial cell gC1qR.'*!%:3>-36

Endothelial cells participate in many inflammatory
and thrombotic processes in vivo, which relate to car-
diovascular disease pathogenesis. Further, vascular
pathologies have been correlated with increased mor-
tality and morbidity rates in patients that present with
COVID-19.*!" gC1qR has been shown to link
inflammatory reactions to thrombotic reactions by
having binding sites for complement component Clq
and high-molecular weight kininogen (HK).?! The
interactions of Clq with gCIqR instigates many innate
immune reactions, including promoting the progres-
sion/completion of the classical complement cascade,
oxidative stress production and production of
cytokines.>*!>! Enhanced HK activity, associated with
HK docking to receptors, is linked to increased bra-
dykinin activity and the activation of Factor XII, C3
and C5.%5%* Therefore, enhanced vascular inflamma-
tory and thrombotic responses, which are observed
during vascular disease progression, can possibly be
linked to alterations in gC1qR activity. Since a wide
range of viral structural proteins can alter gClqR
function, it is possible that many of the vascular
pathologies observed during COVID-19 are regulated
by changes to gC1qR signaling.

In order to extend the role of gClgR in vascular
pathologies, we chose to monitor the expression of
endothelial cell thrombomodulin, PECAM-1, con-
nexin 43 and gClqR after exposure to SARS-CoV-2
structural proteins. Thrombomodulin can interact with
thrombin to activate Protein C or inhibit thrombin-
activatable fibrinolysis inhibitor and thrombomodulin
can also alter the activity of C3b.** Thus, thrombo-
modulin has roles within inflammation and thrombo-
sis. PECAM-1 is an adhesion molecule that plays a
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role in inflammation and angiogenesis.** Connexin 43
is a gap junction protein that allows for endothelial
cells to communicate along the blood vessel wall with
neighboring endothelial cells and has been shown to
play a role in angiogenesis and vascular disease pro-
gression.'>?* As described above, gC1qR has a role in
innate immunity and thrombosis.

In the present study, we chose to investigate if
specific SARS-CoV-2 structural proteins can alter
endothelial cell inflammatory and thrombotic func-
tions that have been associated with vascular disease
progression. These alterations may provide insight into
the mechanisms by which patients with COVID-19 and
underlying vascular complications have higher mor-
tality and morbidity rates as compared with patients
without underlying complications. We hypothesized
that a short duration exposure (1 h) to SARS-CoV-2
structural proteins would initiate endothelial cell pro-
inflammatory and pro-thrombotic reactions as com-
pared with endothelial cells not exposed to SARS-
CoV-2 proteins. Additionally, by characterizing the
vascular response, we may be able to identify new
markers for disease progression potentially for the
development of targeted therapy.

MATERIALS AND METHODS

Endothelial Cell Culture

Human umbilical vein endothelial cells (HUVECsS)
were purchased from ScienCell Research Laboratories
(Carlsbad, CA) and maintained in endothelial cell
medium, supplemented with 5% fetal bovine serum,
antibiotics (penicillin/streptomycin), and growth sup-
plement (as suggested by the manufacturer) at 37°C
and 5% CO,. HUVECs were cultured on tissue culture
plastic flasks and well-plates during the entire experi-
mental time course. Passage of cells was accomplished
via a trypsin digestion (for no more than 3 min) once
the cultured cells reached a confluence of greater than
90%. For experimental conditions, HUVECs were
incubated with SARS-CoV-2 structural proteins (S-
protein, N-Protein or the fusion of the membrane and
envelope proteins denoted as M-protein) at a final
concentration of 3 ug mL~' for 1 h (Virogen, Water-
town, MA, purchased as recombinant proteins pro-
duced in E. coli). Note that initial dose response curves
were obtained in response to SARS-CoV-2 structural
proteins incubation. The EC50 for each protein was
approximately 3ug mL™' (range 2-5 ug mL™"). All
daily experimental conditions included internal nega-
tive controls consisting of HUVECs incubated in
normal cell media in the absence of SARS-CoV-2
structural proteins for 1 h. Note that initial experi-
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ments to elucidate the time effects of SARS-CoV-2
structural protein exposure on HUVECs were con-
ducted using the same methods described herein, with
the exception that the exposure duration varied
between either 5 min, 1 h or 24 h (each of these
experiments had its own internal negative control, as
above). For statistical purposes, the initial seeding
density for all experiments was maintained at
approximately 95% confluence and cells were allowed
to adhere to new plates for approximately 18 h prior to
the addition of structural proteins. HUVECs were used
between passage 2-5, defined at each passage of at least
a doubling of cell area but no more than a tripling of
cell area.

HUVEC Viability, Density and Metabolic Activity

We evaluated endothelial cell viability, density and
metabolic activity after exposure to SARS-CoV-2
structural proteins to determine whether these condi-
tions alter endothelial cell growth during the culture
conditions. Further, when significant changes are
observed, all data is normalized to this alteration. To
quantify cell viability and density, a standard live/dead
cell cytotoxicity assay is employed. The cytotoxicity
assay consists of 2uM calcein and 4uM ethidium
(ThermoFisher Scientific), as previously described by
us.! Briefly, after the particular exposure conditions,
endothelial cells are washed twice with warmed PBS
(37°C) and immediately incubated with approximately
50uL of the cytotoxicity assay for no more than 5 min
(at 37°C). After this incubation, cells are imaged on an
inverted microscope (Nikon TE-2000U). Each inde-
pendent condition is imaged at 3 randomized locations
within each culture well and this data is then averaged
for a single data point."** A minimum of 3 averaged
data points are summarized and reported for each
condition (note that all sample size numbers are
reported in the figure captions). Cell viability and
density are calculated directly from the recorded
images. Cell viability is defined as the number of live
cells divided by the total number of cells per imaging
area.*® Cell density is defined as the total number of
live cells per imaging area.*” The imaging area has been
calibrated for each objective-camera pair. Cell density
can be further normalized to the seeding density to
provide us with information regarding the prolifera-
tion during the timed exposure conditions.

To quantify the metabolic activity of endothelial
cells after exposure to SARS-CoV-2 structural pro-
teins, we made use of a 3-[4,5-dimethylthiazol-2-
yl]—2,5-diphenyl tetrazolium bromide (MTT) assay™**,
which quantifies the activity of mitochondrial dehy-
drogenase (note that all MTT reagents were purchased
from Millipore Sigma, St. Louis, MO). HUVECs were

washed with warm PBS (pH 7.4, 37°C) and then
immediately incubated with MTT reagent reconsti-
tuted in basal HUVEC media for approximately 2-3 h.
Formazan crystals were dissolved in 10% Triton-X
and 0.1 M HCl in anhydrous isopropanol. The ensuing
solution was gently mixed on an orbital shaker for 10-
15 min. The absorbance of the solution resulting from
the dissolving procedures was quantified at 690 nm.
Duplicate 100ul. samples were collected from each
independent condition sample and transferred to a 96
well plate for absorbance measurements. All data was
normalized to the metabolic activity of paired cells
incubated without SARS-CoV-2 structural proteins.

HUVEC gClqR Expression

The surface expression of HUVEC gClqR was
quantified after exposure to SARS-CoV-2 structural
proteins using a solid-phase ELISA approach. Cells
were washed (2x with warm PBS, 37°C, pH 7.4) and
then immediately neutralized with 100mM glycine —
0.1% BSA (30 min, 37°C). To assess the ability for
SARS-CoV-2 structural proteins to mitigate the
activity of specific functional domains of gCIqR, we
made use of 2 monoclonal antibodies that target either
the Clq binding region of gClgqR (60.11 epitope) or
the HK binding region on gClqR (83.13 epitope).'**
Primary antibodies were incubated with endothelial
cells for 1 h at a final concentration of 1 ug mL™".
After this incubation period, cells were washed two
times with PBS. An appropriate alkaline phosphatase
conjugated secondary antibody was used to detect
primary antibody binding. Secondary antibodies
(Millipore Sigma) were incubated with cells for 1 h at a
final concentration of 1 ug mL~". Color development
was achieved by addition of pNPP and the absorbance
was read spectrophotometrically at 405nm. Note that
all appropriate positive and negative controls were
included within each independent experiment as de-
scribed by us.*!

HUVEC Thrombotic and Inflammatory Mediator
Expression

The surface expression of HUVEC thrombomod-
ulin, PECAM-1 and connexin 43 was quantified after
the exposure to SARS-CoV-2 structural proteins using
a solid-phase ELISA approach. Similar to the methods
described for the assessment of gClqR expression,
after the exposure conditions, HUVECS were washed,
fixed and neutralized. These procedures were followed
by a 1 h incubation with specific monoclonal anti-
bodies towards the specific inflammatory or throm-
botic marker (thrombomodulin antibody was
purchased from Biolegend (San Diego, CA); PECAM-
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1 antibody was purchased from Ancell Corporation
(Stillwater, MN); connexin-43 antibody was purchased
from Abcam Inc. (Cambridge, MA)). Primary anti-
bodies were incubated with cells at the following final
concentrations: thrombomodulin, 1 ug mL™'; PE-
CAM-1, 1 ug mL~" and Connexin-43, 1 ug mL™'. As
above, detection of primary antibodies was accom-
plished via an appropriate alkaline phosphatase sec-
ondary antibody (Millipore Sigma) at a final
concentration of 1 ug mL™" for 1 h. Color develop-
ment was achieved by the addition of pNPP and ab-
sorbance was read spectrophotometrically at 405nm.

Statistics

All statistical procedures were carried out in SAS (v.
9.4, SAS Institute, Cary, NC) using a one-way ANO-
VA, with the only factor being the exposure conditions
(e.g. SARS-CoV-2 structural protein). We made use of
the Duncan post-hoc test to assess which, if any,
conditions were significantly different. All viability,
density and metabolic activity data was normalized as
described above and reported as such. ELISA data
from independent experiments was normalized to the
HUVEC control samples (e.g. cells incubated in the
absence of SARS-CoV-2 structural proteins in a pair-
wise manner), with background subtraction (e.g. cells
incubated in the absence of the primary antibody), as
appropriate, using the following formula:

- O D supie—OD packground—sample ( 1 )
D NegativeControl— O D Background—NegativeControl

where OD is the averaged optical density from paired
wells, ‘Sample’ represents each of our experimental
conditions, ‘Negative Control’ represents the samples
incubated in the absence of SARS-CoV-2 structural
proteins and ‘Background’ represents the samples
obtained in the absence of the primary antibody for the
specific condition. When there were multiple depen-
dent wells, this data was first averaged to obtain a
single independent data point for the particular expo-
sure condition. Normalized data from at least 3 inde-
pendent experiments are shown and used for statistical
analysis (all sample size numbers are reported in the
Figure legends). Note that all experiments were com-
pared to a ‘Negative Control,” which was cells incu-
bated for the appropriate duration in standard cell
culture media. As reported in the figure legends, this
data would have a value of ‘I’ on plots and is not
shown for ease of viewing the structural protein data.
Since there were no statistical differences in the
observed metabolic activity of cells after 1 h of expo-
sure to SARS-CoV-2 structural proteins, we did not
normalize ELISA data by cell growth characteristics.
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RESULTS

Effects of Exposure Duration on HUVEC Responses

In order to determine (1) an appropriate exposure
duration of SARS-CoV-2 structural proteins and (2)
whether or not there is a time-dependent effect on
response HUVEC response variables to SARS-CoV-2
structural proteins, we exposed HUVECs to SARS-
CoV-2 structural proteins for 5 min, 1 h or 24 h. After
these exposure durations, cell density and the exposure
of PECAM-1, thrombomodulin and connexin-43 was
investigated. Cell density (Table 1) was observed to
decrease significantly as the exposure duration to
SARS-CoV-2 structural proteins increased. Due to
these changes, the expression of PECAM-1, throm-
bomodulin and connexin-43 were normalized by the
relative change in cell density (not shown). We
observed that in general, there was a small increase in
response variable expression after a 5 min exposure to
SARS-CoV-2 structural proteins, which was further
increased after 1 h exposure, as compared with the
negative control. After 24 h, the expression of these
proteins was further increased or remained the same,
as compared with the 1 h time point (not shown).
However, due to the significant drop in cell density at
24 h and the relatively consistent expression data
between 1 and 24 h experiments, we chose to conduct
all future experiments with a 1 h exposure duration.

HUVEC Viability, Density and Metabolic Activity

In order to determine whether or not a short-dura-
tion exposure (1 h) to SARS-CoV-2 structural proteins
alters the growth characteristics of endothelial cells, we
quantified cell viability and cell density at the end of
the exposure conditions. There were no statistical dif-
ferences in cell viability, which is a measure of the
ability for the experimental conditions to cause cell
apoptosis, after a 1h exposure to SARS-CoV-2
structural proteins (Fig. 1a). In parallel, we quantified
cell density, which is a measure of the ability to alter
cell growth. While there were decreases in cell density
after exposure to SARS-CoV-2 structural protein, it
was only statistically significant for the exposure to N-
protein (P < 0.05, Fig. 1b) as compared with cells
incubated in the absence of SARS-CoV-2 structural
proteins. To confirm that the exposure to SARS-CoV-
2 structural proteins did not alter the metabolic activity
of endothelial cells, we used a standard MTT assay to
quantify the activity of mitochondrial dehydrogenase.
After a 1 h exposure to SARS-CoV-2 structural pro-
teins, there was no significant changes in the metabolic
activity of endothelial cells (Fig. 1c). Since all of our
standard cell culture monitoring experiments illus-



Time Dependent effect of SARS-CoV-2 structural proteins on HUVEC cell density.

TABLE 1.

3 pug/mL M-protein

3 ug/mL N-protein

3 pug/mL S-Protein

Negative control

24 h

1h

5 min

24 h

1h

24 h 5 min

1h

24 h 5 min

5 min 1h

Exposure

duration
Cell den-

17,000 +£2,000 60,000 50,000 +1,000 21,000 +1,000

19,000 +£2,500 60,000 44,000 +700

60,000 55,000 +£1,300 25,000 +2,500 60,000 50,000 +1,300
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sity (cells/

sz)*

*Data is reported as the mean =+ standard error of the mean.

trated that there were no changes in cell viability and
metabolic activity and only small reductions in cell
density after a 1 h exposure to SARS-CoV-2 structural
proteins, there was no need to further normalize our
data based on growth characteristics.

HUVEC gClgR Expression

In order to determine whether or not a short dura-
tion exposure (1 h) to SARS-CoV-2 structural proteins
can interact with innate inflammatory responses, we
observed the expression of gC1qR on endothelial cell
membranes (Fig. 2). In order to relate our measure-
ments to possible functional responses, we made use of
two different gClqR antibodies, one that detects the
Clq binding site of gC1qR (Fig. 2a) and the other that
detects the HK binding site of gClqR (Fig. 2b). The
ability for the Clq binding site antibody to associate
with gCI1gR after a 1 h exposure to any SARS-CoV-2
structural protein was significantly reduced as com-
pared with the negative control (ANOVA, P < 0.05).
Further, there were no statistical differences observed
between the different SARS-CoV-2 structural proteins.
In regards to the gClqR HK binding site, a short
duration exposure to SARS-CoV-2 structural proteins
significantly increased the antibody association with
this site as compared with the negative control
(AOVA, P < 0.05). Interestingly, the exposure to N-
protein significantly increased the expression of the
HK binding site as compared with the exposure to M-
protein (ANOVA, P < 0.05)

HUVEC Inflammatory and Thrombotic State

To determine whether or not a short duration
exposure (1 h) to SARS-CoV-2 structural proteins can
alter the inflammatory and thrombotic state of
endothelial cells, we observed the surface expression of
thrombomodulin, PECAM-1 and connexin-43 (Fig. 3).
Thrombomodulin, which has pro-thrombotic, anti-
thrombotic and inflammatory functions was observed
to be significantly up-regulated after exposure to S-
protein and N-protein, but not M-protein as compared
with the negative control conditions (ANOVA, P <
0.05, Fig. 3a). The expression of thrombomodulin,
however, was independent of SARS-CoV-2 structural
protein exposure. PECAM-1 up-regulation is consid-
ered to be pro-inflammatory and after a 1 h exposure
to SARS-CoV-2 structural proteins, we observed an
increase in PECAM-1 expression in response to S-
protein and N-protein, but not M-protein as compared
to the negative control conditions (ANOVA, P < 0.05,
Fig. 3b). Further, the exposure to S-protein and N-
protein increased the expression of PECAM-1 signifi-
cantly as compared with M-protein (ANOVA, P <
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FIGURE 1. Human umbilical vein endothelial cell viability (a),
density (b) and metabolic activity (c) after a short duration
exposure (1 h) to SARS-CoV-2 structural proteins; spike (S),
nucleocapsid (N) protein and membrane-envelope (M) protein.
All data are reported as the mean + standard error of the mean
for 3 independent (viability and density) or 6 independent
experiments (MTT). Viability (a) and metabolic activity (c) are
normalized to our negative control, which would have a value
of ‘1’ on these plots. *Significantly different than negative
control (ANOVA, Duncan method, P < 0.05).

0.05). Finally, the expression of connexin 43, which
plays a significant role in many endothelial cell func-
tions related to inflammation and thrombosis, was
significantly enhanced after exposure to S-protein and
M-protein but not N-protein, as compared with the
negative control conditions (ANOVA, P < 0.05,
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FIGURE 2. Human umbilical vein endothelial cell gC1gqR
surface expression after a short duration exposure to SARS-
CoV-2 structural proteins; spike (S), nucleocapsid (N) protein
and membrane-envelope (M) protein. We observed different
protein locations that are associated with different structural
and functional locations of gC1qR: including 60.11 (a, the C1q
globular head binding domain) and 83.13 (b, the HK binding
domain). All data are reported as the mean + standard error of
the mean for a minimum of 3 independent experiments (range
3-8), normalized to our negative control which would have a
value of ‘1’ on all plots. *Significantly different than negative
control (ANOVA, Duncan method, P < 0.05), + significantly
different than marked structural protein (ANOVA, Duncan
method, P < 0.05).

Fig. 3c). The exposure of connexin 43 after the expo-
sure to S-protein was also enhanced as compared with
N-protein (ANOVA, P < 0.05).

DISCUSSION

Effects of Exposure Duration on HUVEC Responses

To determine an appropriate exposure duration and
whether or not the exposure to SARS-CoV-2 struc-
tural proteins was time dependent, we observed a sub-
set of response variables (PECAM-1, thrombomodulin
and connexin-43 expression) after a 5 min, 1 h or 24 h
exposure duration (Table 1, reports density). Our data
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illustrates that there was a significant drop in cell
density after a 24 h exposure and that there were
minimal changes in the expression of the response
variables measured after 24 h as compared with the 1 h
time point. While there are no reports that we can
directly compare with, these findings directed us to
choose a 1 h exposure duration for all future experi-
ments.

HUVEC Viability, Density and Metabolic Activity

Cell viability and cell density provide measures of
the ability of the experimental conditions to alter the
general culture conditions, by either accelerating or
impairing cell growth and/or apoptosis. Our data
suggests that a short duration exposure, for 1 h, to
SARS-CoV-2 structural proteins does not alter cell
viability (Fig. 1a) and only the exposure to N-protein
altered cell density (Fig. 1b), as compared with cells
that were not exposed to SARS-CoV-2 structural
proteins. While there are no studies that we can di-
rectly compare with, previous work has shown that
endothelial cells (HUVECs) are 99% viable after a 5
day exposure to Hanta virus.?” Similarly, after 10 days
of exposure to Zika virus, brain endothelial cells
(hCMECs) did not show a reduction in cell viability.**
After a 6 day exposure to the Coxsackie virus, HU-
VECs did not respond with a change in their cell
density, morphology or any other culture parameters
investigated.® Overall, our data is generally in agree-
ment with these prior reports and illustrates that a
short duration exposure to SARS-CoV-2 structural
proteins does not impair endothelial cell viability and
density (with the exception of N-protein). It is possible
that with a longer duration exposure to N-protein,
HUVEC cell density would approach the density
observed in our control conditions, agreeing with
previous work. Also, it is important to note that
in vivo, endothelial cells would not be exposed to a
single purified structural protein and thus, the slight
reduction in cell density observed here may not be
representative of viral infection pathways.

We quantified the metabolic activity of endothelial
cells after short duration exposure to SARS-CoV-2
structural proteins to further quantify whether or not
these exposure conditions altered the growth of cells.
Our data suggests that a 1 h exposure to SARS-CoV-2
structural proteins does not alter the metabolic activity
of endothelial cells (Fig. 1c). While there are no studies
that can directly be compared with, others have shown
that short exposures to various viruses (including the
Zika virus and mouse hepatitis virus type 3) do not
alter endothelial cell metabolic activity as quantified by
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FIGURE 3. Human umbilical vein endothelial cell
thrombomodulin (a), PECAM-1 (b) and connexin 43 (c)
surface expression after a short duration exposure (1 h) to
SARS-CoV-2 structural proteins; spike (S) protein,
nucleocapsid (N) protein and membrane-envelope (M)
protein. All data are reported as the mean + standard error
of the mean for a minimum of 3 independent experiments
(range 3-5 for thrombomodulin, 4-8 for PECAM-1 and 6-10 for
connexin 43), normalized to our negative control which would
have a value of ‘1’ on all plots. *Significantly different than
negative control (ANOVA, Duncan method, P < 0.05), +
significantly different than marked structural protein
(ANOVA, Duncan method, P < 0.05).
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the MTT and MTS assays.*** However, with long-
term exposures (greater than 48 h), alterations to
endothelial cell metabolic activity have been observed
after exposure to various viruses and this long-term
inhibition of mitochondrial metabolism has been sug-
gested as a mechanism that can lead to endothelial
dysfunction, cytokine storms and altered thrombosis
observed during viral infections.***° Overall our data
suggests that impairment of endothelial cell growth
characteristics and metabolic activity is a function of
the duration of exposure. With shorter duration
exposures, there is a limited viral induced effect that
becomes magnified as the exposure duration increases.

HUVEC gClgR Expression

The expression of gCIlqR, a ubiquitous molecule
that plays a central role in regulating innate immune
reactions and thrombotic reactions, was assessed with
two monoclonal antibodies after a short duration (1 h)
exposure to SARS-CoV-2 structural proteins. These
antibodies target different functional and structural
domains within gCIqR, thus providing us with the
ability to assess alterations to innate immune functions
independent of thrombotic functions. Our data illus-
trate that the ability of our antibodies to detect the Clq
binding site was reduced after exposure to SARS-CoV-
2 structural proteins, with no statistical significance
observed between the three structural proteins inves-
tigated (Fig. 2a). Moreover, the data show that the
individual structural proteins are interacting with
gClqgR, at the Clq binding site, preventing the anti-
body from associating with gC1qR. This conclusion is
in agreement with previous work illustrating that viral
exposures (including circovirus, HIV, HCV and ade-
novirus core proteins) can bind to and inhibit
responses from gClqR.'%*>313 Further, previous
work from our lab has illustrated that SARS-CoV-2
structural proteins can interact directly with purified
gC1gqR (manuscript under review) and with adventitial
fibroblast gC1qR'" (in cell culture) and that under
both of these experimental conditions downstream
inflammatory and thrombotic responses were en-
hanced.

We also examined the ability of a short duration
exposure (1 h) to SARS-CoV-2 structural proteins to
modulate the expression of the HK binding site of
gClqR. Our data illustrate that all of the structural
proteins investigated can increase the detection of the
gClgR HK binding site (Fig. 2b). Further, there were
significant differences observed between HK binding
site detection after exposure to N-protein as compared
with M-protein. gC1qR-HK association is currently
thought to be the primary link between innate immune
reaction activity and thrombotic activity, principally
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through the regulation of bradykinin production and
signaling, and Factor XII association downstream of
HK binding to gC1qR."*'® We have observed an in-
crease in HK binding to purified gC1qR after exposure
to SARS-CoV-2 structural proteins (manuscript under
review). Furthermore, Factor XII binding was also
increased after exposure to SARS-CoV-2 structural
proteins, which in turn may lead to enhanced brady-
kinin production (manuscript under review). Finally,
adventitial fibroblast gClqR HK binding site expres-
sion was enhanced after exposure to SARS-CoV-2
structural proteins.''Therefore, our data is in agree-
ment with previous findings and suggests a link
between enhanced inflammation and thrombosis dur-
ing viral infections. Importantly, COVID-19 patients
have been observed to have high incidences of car-
diovascular complications, and those patients with
underlying vascular complications have higher mor-
tality and morbidity rates as compared with patients
without underlying vascular conditions.*

HUVEC Inflammatory and Thrombotic State

In order to determine whether or not a short-dura-
tion exposure (1 h) to SARS-CoV-2 structural proteins
can alter the expression of endothelial cell inflamma-
tory and thrombotic markers, we monitored the
expression of thrombomodulin, PECAM-1 and Con-
nexin 43 (Fig. 3). Thrombomodulin has both pro-
thrombotic and anti-thrombotic functions and has
been associated with inflammatory functions. We
observed that exposure to S-protein and N-protein but
not M-protein significantly increased the exposure of
thrombomodulin (Fig. 3a). Previous work has shown
that exposure to dengue virus can increase the
expression of thrombomodulin.” Furthermore, chil-
dren with chronic viral hepatitis, also exhibit an in-
crease in thrombomodulin expression.”’ In contrast,
exposure to HSV has been shown to reduce the
expression of thrombomodulin in endothelial cells.*
Combined, all of these data suggest that the expression
of thrombomodulin is a function of the viral infection
of the specific vascular bed investigated, but it is pos-
sible that SARS-CoV-2 structural proteins can interact
with vascular endothelial cells to alter thrombotic
functions during viral infection.

PECAM-1 is an adhesion molecule that is associ-
ated with vascular inflammatory functions. The
expression of PECAM-1 after a 1 h exposure to SARS-
CoV-2 was assessed and our data illustrate that S-
protein and N-protein can instigate a significant in-
crease in PECAM-1 expression as compared with both
the negative control conditions and M-protein
(Fig. 3b). In similar experiments, a 24 h exposure to
dengue virus, reduced the expression of endothelial cell
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PECAM-1 and this was correlated to functional
changes associated with the transendothelial migration
of leukocytes and tight junction formation.’®** Simi-
larly, human cytomegalovirus induced the expression
of multiple endothelial cell adhesion molecules,
including PECAM-1 each of which was shown to re-
late to vascular inflammatory conditions.” Thus, viral
infections, including SARS-CoV-2 appear to be able to
modulate vascular inflammatory processes through the
enhanced expression of PECAM-1.

Connexin 43, a gap junction protein, plays a role in
the formation of an endothelial sheet. We observed an
increase in the expression of connexin 43 after a 1 h
exposure to S-protein and M-protein but not N-pro-
tein (Fig. 3c). Similarly, Hsiao et al. show that a 48 h
exposure to classical swine fever down-regulates con-
nexin 43 gap junction expression.'® Although this is in
contrast with our findings, it is important to point out
that prior work illustrates that enhanced connexin 43
expression correlates with increased tumor cell metas-
tasis and aggregation of glioma cells*=* While the
exact role of connexin 43 during viral infections re-
mains to be determined, it is clear that altered
expression of connexin 43 (both up- or down-regula-
tion) can lead to severe pathologies.

CONCLUSIONS/SUMMARY

It has become apparent that infections by SARS-
CoV-2 can lead to significant pathologies. However, a
basic understanding of the underlying molecular biol-
ogy changes in response to SARS-CoV-2 structural
proteins is missing. Thus, we aimed to determine the
effects of a short duration exposure to SARS-CoV-2
structural proteins on endothelial cell culture parame-
ters, gC1qR expression and inflammatory and throm-
botic functions. Our data illustrate that SARS-CoV-2
structural proteins do not alter standard culture con-
ditions over a 1 h time period, but that there are rapid
and significant changes in the expression of molecules
that are related to inflammatory and thrombotic pro-
gression. Our data also further supports the role of
gClgR, and specifically the Clq binding site on
gClgR, as a docking receptor for viral proteins. It is
important to note that under physiological conditions,
it would be possible for the various SARS-CoV-2
structural proteins to interact with different expressed
gC1gqR (and other endothelial cell receptors) at the
same time, which may alter the observed response.
However, our data illustrates that SARS-CoV-2
structural proteins can instigate vascular inflammatory
and thrombotic responses in a complex manner that
must be elucidated to understand the mechanisms of
action of SARS-CoV-2.
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