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Abstract

BACKGROUND AND PURPOSE: 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 3D-printed vascular model of the middle cerebral artery. Gene 

expression levels were measured by qPCR 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 mRNA levels were low in human brain and monolayer endothelial cell culture. 

Within the 3D-printed vascular model, ACE2 gene expression and protein levels were 

progressively increased by vessel size and flow rates. Sars-CoV-2 S-protein containing liposomes 
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were detected in HUVECs and HBMECs in 3D-MCA 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 up-regulation 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.

Graphical Abstract

Keywords

cerebral blood flow; vascular endothelium; vascular response; virus; experimental models; Sars-
CoV-2; Ischemic Stroke; Cerebrovascular Disease/Stroke; Blood-brain Barrier

INTRODUCTION:

Infection with Sars-CoV-2 is associated with an increased rate of cerebrovascular events 

including ischemic stroke and intracerebral hemorrhage 1–3. Comparisons of ischemic rates 

in Sars-CoV-2 infected individuals with historical averages of ischemic stroke rates combine 

with case series of atypical stroke patients to support an estimated seven-fold increase of 

stroke in Sars-CoV-2 infection 4, 5. The mechanisms underlying this cerebrovascular risk are 

unknown. With infection initiated in the nasopharynx and lung, widespread inflammation 
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activated by this novel coronavirus may trigger a systemic pro-thrombotic state and 

circulating cytokines may act on blood-brain-barrier permeability 6, thereby increasing the 

risk of ischemic and/or 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 localized phenomena including thrombosis and 

cellular permeability. 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 

complications associated with Sars-CoV-2 and lessen the burden of stroke associated with 

this global pandemic.

In the lung, the cellular tropism of Sars-CoV-2 is mediated by viral S-protein binding to the 

human angiotensin converting enzyme-2 (ACE-2), followed by S-protein cleavage by the 

transmembrane protease, serine 2 (TMPRSS2) allowing viral entry 7. ACE-2 expression is 

reported in both murine cerebral endothelia and pericytes 8–10 but there are important 

molecular differences in murine and human ACE-2 that limit the value of this observation. 

ACE-2 expression has been reported in human brain and Sars-CoV-2 RNA can be detected 

in post-mortem brain specimens 11. However, the primary data supporting ACE-2 expression 

and Sars-CoV-2 susceptibility by the cerebral endothelia remain limited. Similarly, the 

important viral entry co-factor, TMPRSS2, is generally absent from human brain 10, making 

the true mechanisms of viral susceptibility unknown.

Here, we utilized a novel 3D-printed endothelialized model system to identify the factors 

that modulate human cerebrovascular expression of ACE2, how these factors drive 

susceptibility of brain endothelium to Sars-CoV-2 infection, and the effect of S-protein 

binding to the cerebral vasculature. We compared expression of ACE-2 and TMPRSS2 in 

human brain microvascular cells with that of human umbilical vein endothelial cells under 

conditions of shear stress in a 3D-printed model of the human middle cerebral artery. 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.

MATERIALS AND METHODS:

The authors declare that all supporting data are available within the article and its online 

supplementary files.

Patient samples:

We obtained fresh human brain tissue samples from children and adolescents (5–19 years 

old) undergoing brain surgeries (temporal or frontal lobe craniotomy) under an approved 

University of California, Los Angeles (UCLA) Institutional Review Board (IRB) protocol. 

The resected tissue consisted of small sections of healthy cortex or white matter, and were 

considered normal according to MRI, and electroencephalogram studies. Samples were 

collected immediately following surgery.
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Magnetic activated cell sorting (MACS) for cell type enrichment:

We performed MACS using anti-CD31 Dynabeads (ThermoFisher scientific) according to 

manufacturer’s protocol to enrich for normal vascular endothelial cells. 300–700mg of 

unsorted portions of normal brain white matter was used as controls. RNA extraction was 

performed immediately followed enzymatic dissociation or cell type isolation using Qiagen 

RNeasy Microkit. Total RNA integrity was examined using the Agilent Bioanalyzer 2000 

(Agilent, Santa Clara, CA) and quantified with NanoDrop® (Thermo-Fischer, Waltham, 

MA).

RNA sequencing and analysis:

100ng of cDNA was used for library preparation using Ovation® Ultralow Library Systems. 

All samples were multiplexed into a single pool and sequenced with 50bp paired-end to get 

~45 million reads per sample using Illumina HiSeq 2000 sequencer (Illumina, San Diego, 

CA). Quality control and alignment to the H. sapiens (Hg38) refSeq and gene annotation 

was performed 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 quantification of gene expression. FPKM values were reported as measure of 

relative expression units.

Modeling—A human-specific intracranial artery stenosis model was created by modifying 

a prior method to build a brain aneurysm model.12, 13 Digital Imaging and Communication 

in Medicine (DICOM) data acquired from CT angiography were exported, and the 3D vessel 

image was converted to a stereolithography 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, Minnesota, 

USA). The vascular molds made of acrylonitrile butadiene styrene (ABS) were soaked in 

ABS solvent and chemically smoothed to remove the stair-like layers of the printed objects.
13 After drying, degassed polydimethylsiloxanes (PDMS) were coated and cured on the cast, 

and hollow stenosis models acquired by removing the mold.

Cell culture, endothelialization, and perfusion culture—Cell culture: Human 

umbilical vein endothelial cells (HUVECs) and human brain microvascular endothelial cells 

were cultured in Endothelial Cell Growth Medium 2, (PromoCell) and Complete Classic 

Medium With Serum and CultureBoost (Cell Cystems), respectively with gentamicin/

amphotericin in an CO2 incubator at 37°C, and used between passages 6 and 10. To enhance 

cell adhesion to silicone, silicone tubing and created vascular models were soaked in 10% 

(3-aminopropyl) trimethoxysilane in 100% ethanol overnight for hydrophiliazation, and in 

0.1mM sulfosuccinimidyl-6-(4′-azido-2′-ni- trophenylamino)-hexanoate (sulfo-SANPAH) 

in water with the aid of UV activation (10min x two treatments; 365nm, 36 W, at a distance 

of 5cm) for cross-linking.13 The models were washed with phosphate-buffered saline (PBS), 

and coated with fibronectin in PBS at 40 μg/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 two 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 
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viscosity similar to human blood (3.9 cP by dextran), was perfused for 24 hours in a CO2 

incubator.

qPCR—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. qPCR performed using TaqMan Gene Expression Assays (hACE2 #4331182; 

TMPRSS2 #4331182; GAPDH #4453320) and relative expression determined using ΔΔCt 

method and results compared by two-way ANOVA (p<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 (Acrobiosystem #S1N-C82E8) in a 1:2 ratio and excess S1 protein 

dialyzed out from the liposome prep. 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 HEK293T cells. Liposome 

preparations were diluted to 1:500 prior to use, added to cultures or perfusion culture media 

for 24 hrs. Additional details available in Supplemental Material.

Immunocytochemistry—Endothelial cells were rinsed with PBS, fixed with 2% 

paraformaldehyde and multi-stained with target proteins and DAPI (nucleus). To observe the 

ECs on the curved PDMS surface, z stacks were taken every 10 μm to approximately 800 

μm thickness and 2D maximum intensity projection images were rendered. Mean levels 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 μg/mL of recombinant Sars-CoV-2 Spike (Active Trimer) His Protein (R&D 

Systems #10549-CV) for 24 hrs. Cells were lysed, RNA collected as above, and 100 ng of 

total RNA was hybridized with probes and run on the nCounter preparation station for 

removal of excess probes per manufacturer protocol. The number of the target mRNA 

transcripts was directly counted by digital analyzer. The data was 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 

numbers by geometric mean and calculate the fold change and statistical significance, with 

p<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-seq (n=2). ACE2 levels were below the 

threshold of detection in both isolated endothelial cells and whole brain white matter 

indicating low transcriptional expression (Fig. 1A). Similarly, recognized Sars-CoV-2 viral 

entry co-factor, TMPRSS2, demonstrated very low transcript detection in isolated CD31+ 

endothelial cells. Other Sars-CoV-2 viral entry co-factors including plasminogen (PLG) and 

furin were differentially detected with furin robustly expressed in CD31+ isolated 
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endothelial cells. Existing databases of cultured endothelial cell gene expression 

demonstrate low levels of ACE2 14.

To determine the effect of vessel size and flow on ACE2 expression, we created a series of 

3D vessel models of varying diameter (2–4 mm), endothelialized the luminal surface with 

human umbilical vein endothelial cells (HUVECs) and subjected these to 24 hr of perfusion 

culture (3.9 cP/15 dynes/cm2). Compared to monolayer HUVECs, vessel size drove a 

significant increase in ACE2 gene expression (p<0.0001, F=55.79, one-way ANOVA, Fig. 

1B). Shear stress in addition to 3D rotational culture further increased ACE2 mRNA levels. 

To identify the differential effect of shear stress on ACE2 expression, we used a 4 mm vessel 

endothelialized with HUVECs or human brain microvascular endothelial cells (HBMECs) 

and subjected these models to normal (15 dynes/cm2) and high (22.5 dynes/cm2) shear stress 

for 24 hrs. Compared to monolayer cells, shear stress induced ACE2 gene expression in both 

HUVECs and HBMECs (p<0.0001, F=153.6, two-way ANOVA, Fig. 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 demonstrated low levels of ACE2 

protein expression in cytoplasmic and perinuclear space by immunocytochemistry (Fig. 1D). 

As in the 3D model system, stimulation of monolayer HUVECs and HBMECs with 

horizontal shear stress increased ACE2 protein expression by western blot (Supplemental 

Fig. I). Consistent with human brain RNA-seq, expression of TMPRSS2 could not 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 CTA image of a partially stenosed middle cerebral artery to 3D-print a 

vessel replica and create a silicone model with the luminal surface lined with HBMECs (Fig. 

2A). Immunocytochemistry for ACE2 was performed in proximal, stenotic, and distal 

segments of the MCA model corresponding to regions of normal (~15 dynes/cm2), high 

(~30 dynes/cm2), and low (<4 dynes/cm2) wall shear stress determined by computational 

fluid dynamics (Fig. 2B). Normalized levels of ACE2 protein expression were determined 

and found to be significantly increased in the 3D model compared to monolayer cells 

(p=0.043, F=7.27, one-way ANOVA). ACE2 expression levels within the stenotic portion of 

the MCA model were notably higher when compared to monolayer cells (adjusted p=0.046; 

Fig. 2C).

The spike protein (S-protein) of Sars-CoV-2 binds directly to ACE2 and mediates viral 

attachment and cellular entry. To determine cerebral endothelial susceptibility to Sars-CoV-2 

infection, we prepared S-protein coated liposomes containing fluorescent rhodamine 

measuring approximately 100 nm in size (Supplemental Fig. II & III). S-protein liposomes 

bind to hACE2 and can be detected by rhodamine liposome signal in an ACE2 ELISA (Fig. 

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 (Fig. 3B). Forty-eight hours after endothelialization, we exposed 3D MCA models 

to 24 hrs of flow culture with control 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 (Fig. 3C).
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To determine the brain endothelial-specific response of S-protein binding, we used a direct 

RNA hybridization assay measuring mRNA expression levels of pre-specified 785 host 

response genes involved in pathways of homeostasis, adaptive immune response, host 

susceptibility, and interferon response. HBMEC exposure to recombinant S-protein trimer 

for 24 hrs resulted in differential expression of 24 genes (14 up-; 10 down-regulated) (Fig. 

4A), while the response to recombinant S-protein in HUVECs was less robust (17 genes: 4 

up-; 13 down-regulated) (Supplemental Data). After normalizing across cell types, a distinct 

brain endothelial specific gene expression profile was identified containing 80 genes (12 up-; 

68 down-regulated) (Fig. 4B). Selected genes (C3, CTSW) differentially expressed in 

HBMECs were confirmed as up-regulated after both S-protein and liposome exposure by 

qPCR (Supplemental Fig. IV). The key up-regulated genes by human brain endothelial cells 

and their association with Sars-CoV-2 infection are presented in Table 1 15–19.

DISCUSSION:

This study establishes two critical observations about the potential relationship between 

Sars-CoV-2 and cerebrovascular susceptibility to infection and the brain endothelia-specific 

response triggered by infection. First, we show that normal ACE2 gene expression by 

endothelial cells in human brain is very 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. Secondly, 

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 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 cerebrovascular pathologies associated with severe Sars-CoV-2 infection including 

ischemic stroke affecting large and small caliber vessels, microhemorrhages, and 

hemorrhagic encephalitis 1, 5, 20–24, there is an urgent need to identify the mechanisms that 

may mediate this increased risk of cerebrovascular events 25265. A key discriminating 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 ACE2 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 physiology 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 cerebrovascular complications.

Similar to other coronaviruses, Sars-CoV-2 appears to use the human ACE2 protein to gain 

entry to cells 7. In the lung, this viral internalization process also requires the enzymatic 

activity of TMPRSS2 to cleave the viral spike protein enabling viral entry 7. Using human 

post-mortem tissue expression and antibody binding, a single previous study has suggested 

that ACE2 is expressed in human endothelial cells including those in brain 11; 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 databases from mouse and 

human provide conflicting data on ACE2 expression but do suggest vascular or perivascular 
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cell expression of ACE2, making the brain endothelia a likely target of circulating virus. In 

contrast, no data exist on TMPRSS2 expression in vascular endothelium. Variable 

expression of ACE2 in cerebrovascular endothelia may be one key factor driving the 

association of Sars-CoV-2 infection and stroke. Here, we show that in MACS isolated 

endothelial cells from normal human brain, moderate depth RNA-sequencing did not 

identify robust gene expression of ACE2 nor TMPRSS2. Alternative viral co-factors 

including furin appear enriched in brain endothelia. Using qPCR 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 cultured 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 co-

entry to those utilized by Sars-CoV-2 in the lung must be present 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 endothelial 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 27. 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, over-expression of ACE2 is associated with a reduction in atherogenic 

processes and a reduction in the progression of atherosclerotic plaque thickness 28, 29. In 

part, this may be due to the local metabolism of angiotensin-II by ACE2 generating 

Angiotensin-1,7 which exerts action on the Mas receptor to inhibit NF-κB inflammatory 

cascades 30. 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 31 but data are lacking to support direct viral invasion 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 monolayer 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 vessels. Using immunocytochemistry, we could not reliably distinguish ACE2 levels 

between liposome positive cells as opposed to those without liposome binding, however this 

deserves additional study. While not precisely comparable 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, 

aneurysms, etc) can increase or decrease viral-endothelial interactions and can provide a 

moderate through-put platform for therapeutic testing. In addition, we anticipate being able 

to use this system to determine the enzymatic co-factors needed for viral entry that appear 

unique in brain endothelia in contrast with other organs.
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After establishing the flow-dependency of S-protein binding to brain endothelia, we sought 

to identify the differential response of brain endothelia to Sars-CoV-2 infection. Viral 

infection with Sars-CoV-2 has been associated with a marked cytokine surge that can 

potentially increase local and distant thrombotic events 32. Here, we show that simple 

engagement of ACE2 by recombinant S-protein can regulate distinct gene expression 

patterns in brain endothelia. While this study pre-specified a number of immune regulatory 

genes, S-protein exposure triggers up-regulation of a number of genes already implicated in 

Sars-CoV-2 infection including IL-4 and IL-10 signaling 33–35. S-protein binding also 

appears to down-regulate several important pathways in brain endothelia including the 

inflammasome and apoptotic pathways, potentially facilitating infected cell survival and 

viral replication. Identification of a brain endothelia-specific gene expression profile in 

response to Sars-CoV-2 S-protein exposure is critical to understanding the response of the 

cerebral vasculature to viral infection. This brain endothelial-specific profile includes several 

important up-regulated pathways. Notably, the most significant up-regulated gene by 

HBMECs compared to 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 cellular surfaces in combination with other complement factors 

can lead to cellular destruction. This signal for complement activation already has direct 

relevance to stroke with C3-null mice demonstrating reduced neuroinflammation in response 

to infection36, infarct volumes37, post-stroke inflammation38, and human subject evidence 

for plasma exosomes enriched with C3b as a biomarker of cerebrovascular disease 39. IL-27 

is induced after intracerebral hemorrhage and hones neutrophil signaling to promote brain 

repair 40. Up-regulation of EBI3, a component of functional IL-27, suggests this 

neuroprotective signaling cascade is activated by S-protein binding. Circulating levels of 

CCL8 are increased in the ferret model of Sars-CoV-2 infection and persist after the viral 

infection resolves15. IL-15 is an immunoregulatory cytokine with strong anti-viral 

properties41, for which anti-IL-15 superagonists are currently in clinical trial in Sars-CoV-2 

infected individuals (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 interaction that go beyond activation of the renin-angiotensin system. 

Secondly, because many of these differentially regulated genes are likely secreted by brain 

endothelial cells, it may allow for identification of Sars-CoV-2 infected 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 generally fit with 

the current understanding of how brain endothelial 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.
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This study has several important limitations. Firstly, binding of S-protein liposomes to the 

vessel wall in our 3D model could be driven by mechanisms other than S-protein:ACE2 

interactions. While this is the primary molecular mechanism for cellular entry of Sars-

CoV-2, other 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. Proposed 

alternative mechanisms including basigin/CD147 have not been convincingly shown to 

mediate viral:cell interactions 42. Despite this, other molecular mechanisms may mediate the 

interaction between Sars-CoV-2 and brain endothelia. This could be clarified by specific S-

protein binding experiments targeting the brain endothelia. Secondly, 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 vessel modeling comparing flow vs. no flow paradigms may create a more 

biologically meaningful system for the study of Sars-CoV-2:ACE2 interactions in 

endothelial 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 to endothelia in other organs, we 

were able to identify a distinct gene expression 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.

SUMMARY/CONCLUSIONS:

The Sars-CoV-2 cellular receptor ACE2 is poorly expressed by human brain endothelia but 

can be triggered 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 co-factors for viral entry. Binding of viral S protein triggers a 

unique gene expression profile in brain endothelia.
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Non-standard Abbreviations and Acronyms

ACE2 Angiotensin converting enzyme-2

GAPDH Glyceraldehyde 3-phosphate dehydrogenase

HBMEC Human brain microvascular endothelial cells

HUVEC Human umbilical vein endothelial cells

TMPRSS2 Transmembrane protease, serine 2

MACS Magnetic activated cell sorting

MCA Middle cerebral artery
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Figure 1. Flow-dependent ACE2 expression in cerebral endothelial cells.
Average 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 qPCR for human ACE2 (hACE2) relative to GAPDH in HUVEC cells by 

vessel size and shear stress (15 dynes/cm2) (p<0.0001 by ANOVA; B). Fold-expression 

levels of HUVECs and HBMECs low shear stress vs. high shear stress perfusion culture 

(p<0.0001 by two-way ANOVA; adjusted p-values provided Tukey’s post-hoc; C). 

Immunocytochemistry for ACE2 in monolayer HBMECs and HUVECs (D). Error bars 

represent S.D. Scale bars = 100 μm.
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Figure 2. Regional variation in ACE2 levels using a 3D-printed MCA model.
Workflow to generate 3D-printed MCA stenosis model (A). Representative 

immunocytochemistry for ACE2 in monolayer HBMECs 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 one-way ANOVA; adjusted p=0.046 by Tukey’s 

post-hoc comparison of 2D vs. 3D culture; C). Scale bars = 100 μm.
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Figure 3. Flow-dependent susceptibility of brain endothelia to Sars-CoV-2 Spike Protein 
liposomes.
Liposomes coated with S-protein were created as described, incubated with soluble hACE2 

(0–5 μg) and S-protein:ACE2 binding detected by ACE2:S-protein sandwich ELISA (left) 

and intrinsic rhodamine signal (right). Monolayer HBMECs were exposed to control (upper) 

or S-protein coated liposomes (lower) (1:100) for 24 hrs followed by immunocytochemistry 

for hACE2 (purple), phalloidin (green) and liposome bound rhodamine (white) (B). 

Maximum intensity projection of 3D MCA stenosis model endothelialized with HBMECs 

after 24 hr exposure to control (upper) or S-protein coated liposomes (lower) (1:500; 0.2 μg) 

during perfusion culture. Bound S-protein liposomes were detected within multiple luminal 

HBMECs (arrow, C). Scale bars = 100 μm.
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Figure 4. Brain endothelial-specific differential gene expression triggered by recombinant Sars-
CoV-2 Spike Protein exposure.
Normalized differential gene expression measured by direct RNA hybridization after 24 hr 

exposure of HBMECs to 5 μg/mL Sars-CoV-2 Spike Protein trimer (S-protein) (A). 

Differential gene expression in HBMEC after S-protein exposure normalized to expression 

levels in HUVECs (B). Dashed line represents -log adjusted p-value. LogFC = log fold 

change.
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