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BACKGROUND AND PURPOSE: Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infection is associated with
an increased rate of cerebrovascular events including ischemic stroke and intracerebral hemorrhage. The mechanisms
underlying cerebral endothelial susceptibility and response to SARS-CoV-2 are unknown yet critical to understanding the
association of SARS-CoV-2 infection with cerebrovascular events.

METHODS: Endothelial cells were isolated from human brain and analyzed by RNA sequencing. Human umbilical vein and
human brain microvascular cells were used in both monolayer culture and endothelialized within a 3-dimensional printed
vascular model of the middle cerebral artery. Gene expression levels were measured by quantitative polymerase chain
reaction and direct RNA hybridization. Recombinant SARS-CoV-2 S protein and S protein—containing liposomes were used
to measure endothelial binding by immunocytochemistry.

RESULTS: ACE2 (angiotensin-converting enzyme-2) mRNA levels were low in human brain and monolayer endothelial cell
culture. Within the 3-dimensional printed vascular model, ACEZ gene expression and protein levels were progressively
increased by vessel size and flow rates. SARS-CoV-2 S protein—containing liposomes were detected in human umbilical vein
endothelial cells and human brain microvascular endothelial cells in 3-dimensional middle cerebral artery models but not in
monolayer culture consistent with flow dependency of ACE2 expression. Binding of SARS-CoV-2 S protein triggered 83
unique genes in human brain endothelial cells including upregulation of complement component C3.

CONCLUSIONS: Brain endothelial cells are susceptible to direct SARS-CoV-2 infection through flow-dependent expression of
ACE2. Viral S protein binding triggers a unique gene expression profile in brain endothelia that may explain the association
of SARS-CoV-2 infection with cerebrovascular events.

GRAPHIC ABSTRACT: An online graphic abstract is available for this article.
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navirus-2 (SARS-CoV-2) infection is associated with
an increased rate of cerebrovascular events including
ischemic stroke and intracerebral hemorrhage.' Com-
parisons of ischemic rates in SARS-CoV-2-infected

Infection with severe acute respiratory syndrome coro-

individuals with historical averages of ischemic stroke
rates combine with case series of atypical stroke patients
to support an estimated 7-fold increase of stroke in
SARS-CoV-2 infection.*® The mechanisms underlying this
cerebrovascular risk are unknown. With infection initiated
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Nonstandard Abbreviations and Acronyms

3D 3 dimensional

ACE2 angiotensin-converting enzyme-2

hACE2 human angiotensin-converting
enzyme-2

HBMEC human brain microvascular endo-
thelial cell

HUVEC human umbilical vein endothelial cell

MCA middle cerebral artery

NF-«xB nuclear factor-kappa B

SARS-CoV-2  severe acute respiratory syndrome
coronavirus-2

TMPRSS2 transmembrane protease, serine 2

in the nasopharynx and lung, widespread inflammation
activated by this novel coronavirus may trigger a systemic
prothrombotic state and circulating cytokines may act
on blood-brain barrier permeability,® thereby increasing
the risk of both ischemic and hemorrhagic events. While
these pathophysiologic mechanisms fit broadly with our
understanding of cerebrovascular injury, direct infection
of the brain endothelia by SARS-CoV-2 may trigger local-
ized phenomena including thrombosis and cellular perme-
ability. However, the factors that could mediate tropism
of SARS-CoV-2 for the cerebral endothelia may help to
identify individuals at high risk for cerebrovascular com-
plications associated with SARS-CoV-2 and lessen the
burden of stroke associated with this global pandemic.

See related article, p 271

In the lung, the cellular tropism of SARS-CoV-2 is
mediated by viral S-protein binding to the hRACE2 (human
angiotensin-converting enzyme-2), followed by S-protein
cleavage by the TMPRSS2 (transmembrane protease,
serine 2), allowing viral entry.” ACE2 (angiotensin-con-
verting enzyme-2) expression is reported in both murine
cerebral endothelia and pericytes® % but there are impor-
tant molecular differences in murine and hACE2 that
limit the value of this observation. ACE2 expression has
been reported in human brain, and SARS-CoV-2 RNA
can be detected in postmortem brain specimens." How-
ever, the primary data supporting ACE2 expression and
SARS-CoV-2 susceptibility by the cerebral endothelia
remain limited. Similarly, the important viral entry cofactor
TMPRSS2 is generally absent from human brain,'® mak-
ing the true mechanisms of viral susceptibility unknown.

Here, we utilized a novel 3-dimensional (3D) printed
endothelialized model system to identify the factors that
modulate human cerebrovascular expression of ACE2,
how these factors drive susceptibility of brain endo-
thelium to SARS-CoV-2 infection, and the effect of
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S-protein binding to the cerebral vasculature. We com-
pared expression of ACE2 and TMPRSS2 in human
brain microvascular cells with that of human umbilical
vein endothelial cells (HUVECs) under conditions of
shear stress in a 3D-printed model of the human middle
cerebral artery (MCA). We tested the hypothesis that
viral S-protein binding to brain microvascular cells is
dependent not only on molecular interaction with ACE2
but also requires a flow-mediated stimulus. We further
sought to identify the brain-specific effect on endothelial
cell gene expression triggered by viral S-protein binding.

METHODS

The authors declare that all supporting data are available within
the article and its Data Supplement.

Patient Samples

We obtained fresh human brain tissue samples from children and
adolescents (519 years of age) undergoing brain surgeries (tem-
poral or frontal lobe craniotomy) under an approved University of
California, Los Angeles Institutional Review Board protocol. The
resected tissue consisted of small sections of healthy cortex or
white matter and was considered normal according to magnetic
resonance imaging and electroencephalogram studies. Samples
were collected immediately following surgery.

Magnetic-Activated Cell Sorting for Cell Type
Enrichment

We performed magnetic-activated cell sorting using anti-CD31
Dynabeads (Thermo Fisher Scientific) according to manufac-
turer's protocol to enrich for normal vascular endothelial cells.
Three hundred to 700 mg of unsorted portions of normal brain
white matter was used as controls. RNA extraction was performed
immediately followed by enzymatic dissociation or cell type isola-
tion using Qiagen RNeasy Microkit. Total RNA integrity was exam-
ined using the Agilent Bioanalyzer 2000 (Agilent, Santa Clara, CA)
and quantified with NanoDrop (Thermo-Fisher, Waltham, MA).

RNA Sequencing and Analysis

One hundred nanograms of cDNA was used for library preparation
using Ovation Ultralow Library Systems. All samples were multi-
plexed into a single pool and sequenced with 50 bp paired end
to get =45 million reads per sample using lllumina HiSeq 2000
sequencer (lllumina, San Diego, CA). Quality control and alignment
to the Homo sapiens (Hg38) refSeq and gene annotation was per-
formed using STAR. Total counts of read fragments aligned to
candidate gene regions were derived using HTSeq program with
Human Hg38 as a reference and used as a basis for the quan-
tification of gene expression. Fragments per kilobase per million
values were reported as measure of relative expression units.

Modeling

A human-specific intracranial artery stenosis model was cre-
ated by modifying a prior method to build a brain aneurysm
model.'2'3 Digital Imaging and Communication in Medicine
data acquired from computed tomography angiography were
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exported, and the 3D vessel image was converted to a ste-
reolithography format (stl). The wall shear stress distribution,
streamlines, and flow velocity were calculated and visualized
for the model. Patient-specific vascular molds were fabricated
using a Mojo 3D printer (Stratasys, Eden Prairie, MN). The
vascular molds made of acrylonitrile butadiene styrene were
soaked in acrylonitrile butadiene styrene solvent and chemi-
cally smoothed to remove the stair-like layers of the printed
objects.'® After drying, degassed polydimethylsiloxanes were
coated and cured on the cast and hollow stenosis models
acquired by removing the mold.

Cell Culture, Endothelialization, and Perfusion
Culture

Cell culture: HUVECs and human brain microvascular endo-
thelial cells (HBMECs) were cultured in endothelial cell growth
medium 2 (PromoCell) and Complete Classic Medium With
Serum and CultureBoost (Cell Systems), respectively, with
gentamicin/amphotericin in a CO, incubator at 37°C, and used
between passages 6 and 10. To enhance cell adhesion to sili-
cone, silicone tubing and created vascular models were soaked
in 10% (3-aminopropyl) trimethoxysilane in 100% ethanol over-
night for hydrophilization and in 0.1 mmol/L sulfosuccinimidyl-
6-(4"-azido-2’-ni-trophenylamino)-hexanoate (sulfo-SANPAH)
in water with the aid of UV activation (10 minutesx2 treat-
ments; 365 nm, 36 W, at a distance of 5 cm) for cross-linking."®
The models were washed with PBS and coated with fibro-
nectin in PBS at 40 pg/mL. The tubing and vascular models
were again washed with PBS and then exposed to UV light
for sterilization before cell seeding. HUVECs or HBMECs were
attached on the tubing and vascular models using a 3D rotating
machine with 2 axes for 48 hours. The tubing or vessel models
with endothelial lining were connected to silicone tubes and
a perfusion pump, and then culture medium with the viscosity
similar to human blood (3.9 cP by dextran) was perfused for 24
hours in a CO, incubator.

Quantitative Polymerase Chain Reaction
Triplicate samples of endothelial cell RNA were extracted using
Qiagen RNeasy plus micro kit and reverse transcribed to cDNA
using SuperScript VILO cDNA Synthesis Kit. Quantitative
polymerase chain reaction (qPCR) performed using TagMan
Gene Expression Assays (hACE2, No. 4331182; TMPRSS2,
No. 4331182; GAPDH, No. 4453320) and relative expres-
sion determined using AACt method and results compared by
2-way ANOVA (<0.05).

Liposome Spike S1 Preparation

Rhodamine-containing liposomes (Encapsula Nanoscience)
prepared with Immunosome-Biotinyl Cap were coupled to
SARS-CoV-2 S1 protein, His, Avitag (ACROBIosystems; No.
S1N-C82E8), in a 1:2 ratio and excess S1 protein dialyzed out
from the liposome preparation. Control liposome preparations
were prepared identically in the absence of SARS-CoV-2 S1
protein. Binding of S-protein liposomes to ACE2 was verified
by modified ELISA and in ACE2-transfected human embryonic
kidney 293 cells. Liposome preparations were diluted to 1:500
before use, added to cultures or perfusion culture media for 24
hours. Additional details are available in the Data Supplement.
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Immunocytochemistry

Endothelial cells were rinsed with PBS, fixed with 2% para-
formaldehyde, and multistained with target proteins and
4’,6-diamidino-2-phenylindole (nucleus). To observe the ECs
on the curved polydimethylsiloxane surface, z stacks were
taken every 10 um to =800 pm thickness and 2-dimensional
maximum intensity projection images were rendered. Mean lev-
els of ACE2 immunostaining in a 1x1-mm field of view (n=2)
were measured and normalized to phalloidin signal.

Nanostring nCounter Assay

Monolayer cultures of HBMECs and HUVECs were treated with
5 pg/mL of recombinant SARS-CoV-2 Spike (Active Trimer)
His Protein (R&D Systems; No. 10549-CV) for 24 hours. Cells
were lysed, RNA collected as above, and 100 ng of total RNA
was hybridized with probes and run on the nCounter prepara-
tion station for removal of excess probes per manufacturer pro-
tocol. The number of the target mRNA transcripts was directly
counted by digital analyzer. The data were normalized to the
geometric means of spiked-in positive controls and spiked-in
negative controls and the housekeeping genes. The nSolver
software from NanoString was used to normalize count num-
bers by geometric mean and calculate the fold change and sta-
tistical significance, with A<0.05 considered significant. Data
were visualized using R.

RESULTS

While ACE2 expression has been reported in the human
brain, the cell-specific expression pattern of ACE2 is
unknown. We isolated CD31+ human endothelial cells
from normal brain tissue resected during surgery and
performed RNA sequencing (n=2). ACE2 levels were
below the threshold of detection in both isolated endo-
thelial cells and whole brain white matter indicating low
transcriptional expression (Figure 1A). Similarly, recog-
nized SARS-CoV-2 viral entry cofactor, TMPRSS2, dem-
onstrated extremely low transcript detection in isolated
CD31+ endothelial cells. Other SARS-CoV-2 viral entry
cofactors including PLG (plasminogen) and furin were
differentially detected with furin robustly expressed in
CD31+ isolated endothelial cells. Existing databases of
cultured endothelial cell gene expression demonstrate
low levels of ACE2.'*

To determine the effect of vessel size and flow on ACE2
expression, we created a series of 3D vessel models of vary-
ing diameter (2—4 mm), endothelialized the luminal surface
with HUVECs, and subjected these to 24 hours of perfusion
culture (39 cP/15 dynes/cm?). Compared with monolayer
HUVECSs, vessel size drove a significant increase in ACE2
gene expression (A<0.0001, F=b5.79, 1-way ANOVA,; Fig-
ure 1B). Shear stress in addition to 3D rotational culture
further increased ACE2 mRNA levels. To identify the differ-
ential effect of shear stress on ACE2 expression, we used a
4-mm vessel endothelialized with HUVECs or HBMECs and
subjected these models to normal (15 dynes/cm?) and high
(22.5 dynes/cm?) shear stress for 24 hours. Compared with

Stroke. 2021;52:260-270. DOI: 10.1161/STROKEAHA.120.032764
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Figure 1. Flow-dependent ACE2 (angiotensin-converting enzyme-2) expression in cerebral endothelial cells.

Average fragments per kilobase per million (FPKM) of gene expression derived from RNA sequencing of normal white matter (NWM; gray) and
normal CD31+ endothelial cells (NEC; orange; n=2; A). Fold expression by quantitative polymerase chain reaction (qPCR) for hACE2 (human
ACE2) relative to GAPDH in human umbilical vein endothelial cells (HUVECs) by vessel size and shear stress (15 dynes/cm?; P<0.0001 by
ANOVA; B). Fold expression levels of HUVECs and human brain microvascular endothelial cells (HBMECs) low shear stress vs high shear stress
perfusion culture (P<0.0001 by 2-way ANOVA; adjusted P provided Tukey post hoc; €). Immunocytochemistry for ACE2 in monolayer HBMECs
and HUVECs (D). Error bars represent SD. Scale bars=100 ym. PLG indicates plasminogen; and TMPRSS2, transmembrane protease, serine 2.

monolayer cells, shear stress induced ACE2 gene expres-
sion in both HUVECs and HBMECs (A<0.0001, F=153.6,
2-way ANOVA; Figure 1C). The application of any shear
stress triggered ACE2 expression in HUVECS (adjusted
P<0.0001), while in HBMECs, the effect of higher shear
stress significantly increased ACE2 expression (adjusted
P=0.012). Both monolayer HUVECs and HBMECs dem-
onstrated low levels of ACE2 protein expression in cyto-
plasmic and perinuclear space by immunocytochemistry
(Figure 1D). As in the 3D model system, stimulation of
monolayer HUVECs and HBMECs with horizontal shear
stress increased ACE2 protein expression by Western blot
(Figure | in the Data Supplement). Consistent with human
brain RNA sequencing, expression of TMPRSS2 could not

Stroke. 2021;52:260-270. DOI: 10.1161/STROKEAHA.120.032764

be reliably detected at the RNA or protein level in HBMECs
across multiple experiments.

Based on the observation that ACE2 expression is
triggered by vessel structure and shear stress, we used
a computed tomography angiography image of a par-
tially stenosed MCA to 3D print a vessel replica and cre-
ate a silicone model with the luminal surface lined with
HBMECs (Figure 2A). Immunocytochemistry for ACE2
was performed in proximal, stenotic, and distal segments
of the MCA model corresponding to regions of normal
(=15 dynes/cm?), high (%30 dynes/cm?), and low (<4
dynes/cm?) wall shear stress determined by computa-
tional fluid dynamics (Figure 2B). Normalized levels of
ACE2 protein expression were determined and found
to be significantly increased in the 3D model compared
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Figure 2. Regional variation in ACE2 (angiotensin-converting enzyme-2) levels using a 3-dimensional (3D) printed middle

cerebral artery (MCA) model.

Workflow to generate 3D-printed MCA stenosis model (A). Representative immunocytochemistry for ACE2 in monolayer human brain
microvascular endothelial cells, as well as proximal, stenotic, and distal segments of a human brain microvascular endothelialized middle cerebral
artery 3D model with computational fluid dynamic modeling of wall shear stress (WSS) across the stenotic model (B). Normalized ACE2

levels (ACE2/phalloidin ratio) in monolayer and segments of MCA 3D model (P=0.043 by 1-way ANOVA; adjusted P=0.046 by Tukey post
hoc comparison of 2-dimensional vs 3D culture; C). Scale bars=100 pm. CTA indicates computed tomography angiography; hACE2, human

angiotensin-converting enzyme-2; and.stl, stereolithography format.

with monolayer cells (F=0.043, F=7.27, 1-way ANOVA).
ACE2 expression levels within the stenotic portion of the
MCA model were notably higher when compared with
monolayer cells (adjusted P=0.046; Figure 2C).

The spike protein (S protein) of SARS-CoV-2 binds
directly to ACE2 and mediates viral attachment and cellu-
lar entry. To determine cerebral endothelial susceptibility
to SARS-CoV-2 infection, we prepared S protein—coated
liposomes containing fluorescent rhodamine measuring
~100 nm in size (Figures Il and Il in the Data Supple-
ment). S-protein liposomes bind to hACE2 and can be
detected by rhodamine liposome signal in an ACE2
ELISA (Figure 3A). Control and S-protein liposomes
were added to monolayer cultures of HUVECs and
HBMECs. We observed no measurable cellular detection
of S-protein liposomes in either cell type (Figure 3B).
Forty-eight hours after endothelialization, we exposed
3D MCA models to 24 hours of flow culture with con-
trol and S-protein liposome. Primarily within the stenotic
portion of the 3D MCA model, S-protein liposomes were
found bound to HBMECs while flow culture with control
liposomes were not detected (Figure 3C).

To determine the brain endothelial-specific response
of S-protein binding, we used a direct RNA hybridization

264  January 2021

assay measuring mMRNA expression levels of prespeci-
fied 785 host response genes involved in pathways of
homeostasis, adaptive immune response, host suscep-
tibility, and interferon response. HBMEC exposure to
recombinant S-protein trimer for 24 hours resulted in
differential expression of 24 genes (14 upregulated
and 10 downregulated; Figure 4A), while the response
to recombinant S protein in HUVECs was less robust
(17 genes: 4 upregulated and 13 downregulated; Data
Supplement). After normalizing across cell types, a dis-
tinct brain endothelial-specific gene expression profile
was identified containing 80 genes (12 upregulated and
68 downregulated; Figure 4B). Selected genes (C3 and
CTSW) differentially expressed in HBMECs were con-
firmed as upregulated after both S-protein and liposome
exposure by gPCR (Figure IV in the Data Supplement).
The key upregulated genes by human brain endothelial
cells and their association with SARS-CoV-2 infection
are presented in the Table.'s'®

DISCUSSION

This study establishes 2 critical observations about
the potential relationship between SARS-CoV-2 and

Stroke. 2021;52:260-270. DOI: 10.1161/STROKEAHA.120.032764
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Figure 3. Flow-dependent susceptibility of brain endothelia to severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2)

spike protein liposomes.

Liposomes coated with S protein were created as described, incubated with soluble hACE2 (human ACE2 [angiotensin-converting enzyme-2]; 0-5
Hg) and S-protein:ACE2 binding detected by ACE2:S-protein sandwich ELISA (left) and intrinsic rhodamine signal (right; A). Monolayer human
brain microvascular endothelial cells (HBMECs) were exposed to control (top) or S-protein—coated liposomes (bottom; 1:100) for 24 h followed by
immunocytochemistry for hRACE2 (purple), phalloidin (green), and liposome bound rhodamine (white; B). Maximum intensity projection of 3D middle
cerebral artery stenosis model endothelialized with HBMECs after 24-h exposure to control (top) or S-protein—coated liposomes (bottom; 1:500;
0.2 ug) during perfusion culture. Bound S-protein liposomes were detected within multiple luminal HBMECs (arrow; €). Scale bars=100 pm.

cerebrovascular susceptibility to infection and the brain
endothelia-specific response triggered by infection. First,
we show that normal ACE2 gene expression by endo-
thelial cells in human brain is low. In a related fashion, we
show that ACE2 expression is increased by shear stress
and that this flow-mediated increase in ACE2 facilitates
susceptibility to SARS-CoV-2 spike protein binding to
brain endothelia. Second, we identified a unique gene
expression profile within brain endothelia in response
to spike protein binding. While prior work has sought
to use gene and protein expression levels of ACE2 in

Stroke. 2021;52:260-270. DOI: 10.1161/STROKEAHA.120.032764

mouse and human vascular cell types as a surrogate
for viral susceptibility, they have not utilized a dynamic
flow-dependent model to directly demonstrate viral-
endothelial interactions, which we achieved using a novel
S protein—coated liposome. With a multiplicity of cere-
brovascular pathologies associated with severe SARS-
CoV-2 infection including ischemic stroke affecting large
and small caliber vessels, microhemorrhages, and hem-
orrhagic encephalitis,'®?724 there is an urgent need to
identify the mechanisms that may mediate this increased
risk of cerebrovascular events.**?® A key discriminating
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Figure 4. Brain endothelial-specific differential gene expression triggered by recombinant severe acute respiratory syndrome

coronavirus-2 (SARS-CoV-2) spike protein exposure.

Normalized differential gene expression measured by direct RNA hybridization after 24-h exposure of human brain microvascular endothelial
cells (HBMECs) to 5 pg/mL SARS-CoV-2 spike protein trimer (S protein; A). Differential gene expression in HBMEC after S-protein
exposure normalized to expression levels in human umbilical vein endothelial cells (HUVECs; B). Dashed line represents —log adjusted P.

LogFC indicates log fold change.

factor in these distinct pathologies are differences in
arterial pulsatile or venous steady flow in the brain that
may play critical roles in driving viral susceptibility. Thus,
because ACEZ2 levels are relatively low in the brain, we
hypothesized that viral susceptibility in the brain may
be dependent on additional factors such as fluid shear
stress that are difficult to equilibrate with human physiol-
ogy in monolayer cell culture and even in animal models.
Furthermore, we anticipated that brain endothelia may
harbor a distinct response to SARS-CoV-2 infection that
may be useful in determining individual risk for cerebro-
vascular complications.

Similar to other coronaviruses, SARS-CoV-2 appears
to use the hACE2 protein to gain entry to cells” In the
lung, this viral internalization process also requires the
enzymatic activity of TMPRSS2 to cleave the viral spike
protein enabling viral entry.” Using human postmortem
tissue expression and antibody binding, a single previous
study has suggested that ACE2 is expressed in human
endothelial cells including those in brain''; however,
this study lacked specific images demonstrating ACE2
expression in the brain nor did it specify the vessel size
or pattern of ACE2 expression. Gene expression data-
bases from mouse and human provide conflicting data
on ACE2 expression but do suggest vascular or perivas-
cular cell expression of ACE2, making the brain endothe-
lia a likely target of circulating virus. In contrast, no data
exist on TMPRSS2 expression in vascular endothelium.
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Variable expression of ACE2 in cerebrovascular endo-
thelia may be one key factor driving the association of
SARS-CoV-2 infection and stroke. Here, we show that
in magnetic-activated cell sorting isolated endothelial
cells from normal human brain, moderate depth RNA
sequencing did not identify robust gene expression of
ACE2 or TMPRSSZ. Alternative viral cofactors including
furin appear enriched in brain endothelia. Using gPCR
from cultured brain endothelial cells, ACE2 mRNA was
detectable, though at low levels, and TMPRSS2 was not
detected. At the protein level, ACE2 is detectable in cul-
tured brain endothelial cells while TMPRSS2 is absent.
Together, these findings suggest that the basal gene
expression of ACE2 in the human brain vasculature is
low and that alternative mechanisms for viral coentry to
those utilized by SARS-CoV-2 in the lung must be pres-
ent in the brain.

Critically, using a 3D-printed vessel replica system,
we demonstrate that ACE2 gene expression is regulated
by fluid shear stress in both undifferentiated endothe-
lial cells and brain microvascular endothelia. A recent
report observed that pulsatile shear stress in vascular
endothelial cells promotes ACE2 expression and can
reduce vascular inflammatory pathways.?” The present
findings are consistent with this prior observation and
demonstrate that this response is conserved in brain
endothelia. In animal models of systemic atherosclerosis,
overexpression of ACE2 is associated with a reduction
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Table. Key Upregulated Genes Triggered by SARS-CoV-2 S-Protein Binding in Brain Endothelial Cells

Gene Signaling Association with SARS-CoV-2

c3 Complement system; myeloid activation C3 knockout mice had better prognosis and less inflammation
in SARS-CoV-1'¢

CD163 Myeloid inflammation HLA-DR° CD 163" monocytes (cluster 2) were present mainly
early in severe COVID-19 disease'’

CCL8 Chemokine signaling; mononuclear cell migration CCLS8 levels increased after viral infection in ferrets infected
with SARS-CoV-2 and persisted even after viral load
decreased'®

APOBEC3G RNA sensing APOBECs may be involved in viral genome editing
(cytosine—uracil hypermutations in virus RNA)'®

ITGAL Lymphocyte trafficking; myeloid activation; NK activity Unknown

EBI3 Other interleukin signaling (IL-27) Upregulated during acute encephalomyelitis caused by mouse
hepatitis virus and inflammation and promotes viral clearance®

TNFRSF17 NF-kB signaling Unknown

OSM IL-6 signaling; JAK-STAT signaling Unknown

IL9 IL-2 signaling; JAK-STAT signaling; TH9 differentiation Unknown

CXcLs Chemokine signaling; myeloid activation; NF-kB signaling; Significant increase in circulating serum levels of CXCL8 in

NLR signaling; RNA sensing; tissue stress; TLR signaling patients with COVID-19'¢
IL15 IL-2 signaling; JAK-STAT signaling; myeloid activation; TNF | Clinical trial studying the effects of IL-15 superagonists in
signaling removing SARS-CoV-2 virus particles and infected cells
(NCT04324996)
CCL24 Chemokine signaling; mononuclear cell migration; NF-xB Unknown
signaling

APOBEC:s indicates apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like; CCL8, chemokine ligand 8; COVID-19, coronavirus disease
2019; CXCL8, chemokine (C-X-C motif) ligand 8; IL, interleukin; JAK-STAT, janus kinase-signal transducer and activator of transcription proteins;
NF-xB, nuclear factor-kappa B; NK, natural killer; NLR, nucleotide-binding oligomerization domain-like receptor; SARS-CoV-2, severe acute respiratory
syndrome coronavirus-2; TH9, T helper type 9; TLR, toll-like receptor; and TNF, tumor necrosis factor.

in atherogenic processes and a reduction in the progres-
sion of atherosclerotic plaque thickness.?®% In part, this
may be due to the local metabolism of angiotensin-Il by
ACEZ2 generating angiotensin-1,7 which exerts action on
the Mas receptor to inhibit NF-kB (nuclear factor-kappa
B) inflammatory cascades.®® Our findings of pulsatile
shear stress triggering an increase in ACE2 expression
by brain endothelia suggest that local increases in ACE2
levels as a result of high blood pressure or intracranial
atherosclerosis may increase the susceptibility to SARS-
CoV-2 infection of brain endothelia.

Direct viral infection of the endothelium has been
reported in multiple organs in SARS-CoV-2-infected
patients,®' but data are lacking to support direct viral inva-
sion in the cerebral endothelium. Using the 3D-printed
vessel replica model, we demonstrated that S protein—
containing liposomes designed to be approximately the
size of viral particles (100 nm) and demonstrated to
bind to ACE2 can interact with brain endothelia during
pulsatile flow. This interaction was not present in mono-
layer endothelial cells for either HUVECs or HBMECs
despite low but detectable levels of ACE2. This suggests
that viral-endothelial interactions are at least partially
regulated by the dynamic process of blood flow perhaps
through a threshold level of ACE2 expression, which we
showed is increased in stenotic regions of blood ves-
sels. Using immunocytochemistry, we could not reliably
distinguish ACE2 levels between liposome-positive cells

Stroke. 2021;52:260-270. DOI: 10.1161/STROKEAHA.120.032764

as opposed to those without liposome binding; however,
this deserves additional study. While not precisely com-
parable to in vivo viral-cell interactions, because this ex
vivo model uses patient-derived imaging sequences to
replicate vessel segments, it is a useful tool to determine
what variant cerebrovascular anatomies (stenosis, aneu-
rysms, etc) can increase or decrease viral-endothelial
interactions and can provide a moderate throughput
platform for therapeutic testing. In addition, we anticipate
being able to use this system to determine the enzymatic
cofactors needed for viral entry that appear unique in
brain endothelia in contrast with other organs.

After establishing the flow dependency of S-protein
binding to brain endothelia, we sought to identify the differ-
ential response of brain endothelia to SARS-CoV-2 infec-
tion. Viral infection with SARS-CoV-2 has been associated
with a marked cytokine surge that can potentially increase
local and distant thrombotic events.3® Here, we show that
simple engagement of ACE2 by recombinant S protein can
regulate distinct gene expression patterns in brain endo-
thelia. While this study prespecified a number of immune
regulatory genes, S-protein exposure triggers upregulation
of a number of genes already implicated in SARS-CoV-2
infection including IL-4 and IL-10 signaling.23-%® S-protein
binding also appears to downregulate several important
pathways in brain endothelia including the inflammasome
and apoptotic pathways, potentially facilitating infected
cell survival and viral replication. Identification of a brain
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endothelia-specific gene expression profile in response
to SARS-CoV-2 S-protein exposure is critical to under-
standing the response of the cerebral vasculature to viral
infection. This brain endothelial-specific profile includes
several important upregulated pathways. Notably, the
most significant upregulated gene by HBMECs compared
with HUVECs is C3. The C3 factor plays a central role in
the complement cascade, involved in both alternative and
classical pathways. When C3 is cleaved into C3a and C3b,
the C3a moiety serves as a potent cytokine amplifying the
inflammatory signaling, while the binding of C3b to cellu-
lar surfaces in combination with other complement factors
can lead to cellular destruction. This signal for comple-
ment activation already has direct relevance to stroke with
C3-null mice demonstrating reduced neuroinflammation
in response to infection® infarct volumes®” poststroke
inflammation,*® and human subject evidence for plasma
exosomes enriched with C3b as a biomarker of cerebro-
vascular disease® IL-27 is induced after intracerebral
hemorrhage and hones neutrophil signaling to promote
brain repair.*® Upregulation of EBI3—a component of func-
tional IL-27—suggests this neuroprotective signaling cas-
cade is activated by S-protein binding. Circulating levels of
CCLS8 are increased in the ferret model of SARS-CoV-2
infection and persist after the viral infection resolves.'®
IL-15 is an immunoregulatory cytokine with strong anti-
viral properties,*' for which anti-IL-15 superagonists are
currently in clinical trial in SARS-CoV-2—infected individu-
als (NCT04324996). That viral S protein alone can trigger
a brain endothelial-specific response is significant in that
it implies unique properties of the S protein:ACE2 inter-
action that go beyond activation of the renin-angiotensin
system. Second, because many of these differentially
regulated genes are likely secreted by brain endothelial
cells, it may allow for identification of SARS-CoV-2-in-
fected individuals at risk for cerebrovascular complications
through serum/plasma monitoring.

Overall, a small number of genes were differentially
regulated in response to S-protein exposure. This may be
a result of a relatively short incubation period, the use of a
targeted gene expression array, and the relatively low basal
expression of ACE2 in monolayer HBMECs. Despite this,
gene expression differences were detectable and gener-
ally fit with the current understanding of how brain endo-
thelial cells respond to other viral infections. Presumably,
cellular infection by encapsulated SARS-CoV-2 virus in
the presence of shear stress would trigger a more robust
gene expression profile that may further identify brain-
specific pathways activated by SARS-CoV-2 that can
inform our understanding of the cerebrovascular tropism
and response to this novel and unique virus.

This study has several important limitations. First,
binding of S-protein liposomes to the vessel wall in our
3D model could be driven by mechanisms other than S
protein:ACEZ2 interactions. While this is the primary molec-
ular mechanism for cellular entry of SARS-CoV-2, other
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mechanisms may mediate cellular binding under shear
stress. Though the S-protein liposomes we generated
for this study have high affinity for ACE2 by ELISA, we
did not definitively demonstrate that S-protein liposomes
require ACE2 for binding in the 3D MCA model, as might
be demonstrated by ACE2 knockdown or blocking. Pro-
posed alternative mechanisms including basigin/CD 147
have not been convincingly shown to mediate viral:cell
interactions.*? Despite this, other molecular mechanisms
may mediate the interaction between SARS-CoV-2 and
brain endothelia. This could be clarified by specific S-pro-
tein binding experiments targeting the brain endothelia.
Second, ACE2 expression is increased by culturing in 3D
using fibronectin as a binding agent even in the absence
of flow. While we used monolayer endothelial cultures
for comparison in many of these studies, realistic ves-
sel modeling comparing flow versus no flow paradigms
may create a more biologically meaningful system for
the study of SARS-CoV-2:ACE2 interactions in endo-
thelial cells. Nonetheless, our work highlights the need
to appropriately model the organ-specific complications
of SARS-CoV-2 infection. In the context of stroke, the
effects of blood flow on brain endothelia are significant
and functionally alter biologic properties including the
susceptibility to SARS-CoV-2 infection. Recognizing
this along with the known unique biologic properties
of brain endothelia compared with endothelia in other
organs, we were able to identify a distinct gene expres-
sion profile in brain endothelia that may be useful in
determining individualized risk for stroke and other
cerebrovascular complications increasingly common
during the SARS-CoV-2 pandemic.

CONCLUSIONS

The SARS-CoV-2 cellular receptor ACE2 is poorly
expressed by human brain endothelia but can be trig-
gered in a flow-dependent manner. Because of flow-
dependent ACE2 expression, cerebral vessels are
susceptible to SARS-CoV-2 infection and bind viral
S protein under shear stress but likely require unique
cofactors for viral entry. Binding of viral S protein triggers
a unique gene expression profile in brain endothelia.
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