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Abstract
The SARS-CoV-2 spike protein has been shown to disrupt blood–brain barrier (BBB) function, but its pathogenic mechanism 
of action is unknown. Whether angiotensin converting enzyme 2 (ACE2), the viral binding site for SARS-CoV-2, contrib-
utes to the spike protein-induced barrier disruption also remains unclear. Here, a 3D-BBB microfluidic model was used to 
interrogate mechanisms by which the spike protein may facilitate barrier dysfunction. The spike protein upregulated the 
expression of ACE2 in response to laminar shear stress. Moreover, interrogating the role of ACE2 showed that knock-down 
affected endothelial barrier properties. These results identify a possible role of ACE2 in barrier homeostasis. Analysis of 
RhoA, a key molecule in regulating endothelial cytoskeleton and tight junction complex dynamics, reveals that the spike 
protein triggers RhoA activation. Inhibition of RhoA with C3 transferase rescues its effect on tight junction disassembly. 
Overall, these results indicate a possible means by which the engagement of SARS-CoV-2 with ACE2 facilitates disruption 
of the BBB via RhoA activation. Understanding how SARS-CoV-2 dysregulates the BBB may lead to strategies to prevent 
the neurological deficits seen in COVID-19 patients.
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Introduction

The emergence of severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2), the virus that causes coronavirus 
disease 2019 (COVID-19), has caused significant morbid-
ity and mortality at a global scale (Nalbandian et al. 2021). 
Although widely considered a respiratory disease, studies 
have reported detrimental effects of the virus on multiple 
organ systems including the central nervous system (CNS) 
(Chaves Filho et al. 2021; Nalbandian et al. 2021; Qin et al. 

2021). Delirium has become a common symptom among 
older adults with COVID-19 infection, presenting in 20–30% 
of patients with rates as high as 70% among severe cases 
(O'Hanlon and Inouye 2020; Chaves Filho et al. 2021). 
Delirium is characterized by sudden onset of dysphoria and 
disturbed attention in patients with no history of neurologi-
cal complications (Acharya et al. 2015; Chaves Filho et al. 
2021). Since previous studies have correlated delirium with 
breakdown of the blood–brain barrier (BBB) (Acharya et al. 
2015), these clinical outcomes suggest that the SARS-CoV-2 
is either directly or indirectly disrupting the BBB.

Cellular infection by SARS-CoV-2 is mediated by its viral 
spike protein binding to angiotensin-converting enzyme 2 
(ACE2), which is expressed throughout the endothelium 
in the body including vascular beds of the kidneys, lungs, 
and heart (Xia and Lazartigues 2008; Chaves Filho et al. 
2021). Studies have also confirmed the presence of ACE2 
in cerebral vasculature, supporting clinical evidence of neu-
roinvasion (Buzhdygan et al. 2020; Reynolds and Mahajan 
2021). ACE2 is a cell surface carboxypeptidase that converts 
angiotensin II (Ang-II) to angiotensin fragment 1–7(Ang 
1–7) as part of the renin-angiotensin system (RAS), promot-
ing vasodilation and decreased hypertension (Santos 2014). 
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Several studies have posited that SARS-Cov-2 exacerbates 
injury in lungs and other tissues by inhibiting or down-
regulating ACE2 (Chaudhry et al. 2020; Ni et al. 2020). 
However, studies have also found that comorbidities of 
COVID-19 including hypertension and diabetes are associ-
ated with increased ACE2 expression in lung tissue (Pinto 
et al. 2020). Furthermore, a previous study found that appli-
cation of shear stress to vascular endothelial cells, which is 
known to augment vascular integrity, transiently increased 
ACE2 expression (Song et al. 2020). Therefore, clarifica-
tion is needed to understand the role of ACE2 expression in 
mediating spike-mediated breakdown of the BBB.

In the present study, a three-dimensional model of the 
BBB (Partyka et al. 2017) was utilized to examine the role of 
ACE2 and SARS-CoV-2 spike protein on BBB homeostasis. 
The model employs human cerebral microvascular endothe-
lial cells (HCMEC/d3) (Weksler et al. 2005) in combination 
with fluid shear stress in a collagen/HA hydrogel matrix in 
order to mimic the human BBB. This platform enables the 
real time assessment of BBB function in response to spike 
protein such as permeability and transendothelial electrical 
resistance (TEER) measurements. Here, evidence suggests 
that barrier breach in response to SARS-CoV-2 spike protein 
is RhoA-mediated and inhibition of RhoA can mitigate BBB 
hyperpermeability.

Methods

In Vitro BBB Models

Three-dimensional models of the BBB (3D BBB) were 
fabricated as described previously (Partyka et al. 2017). 
Hydrogels composed of 5 mg/mL type I collagen, 1 mg/
mL HA(> 1MDa), 1 mg/mL Matrigel were created within 
microfluidic devices. Prior to polymerization, 180-µm nee-
dles were removed to create voids, and HCMEC/D3 (P22-
P23) (provided by the laboratory of Dr. Robert Nagele) were 
injected at a density of 10 million per mL (10 µL per chan-
nel). Following cell seeding, channels were either exposed 
to flow using a linear syringe pump (Kent Scientific) or 
incubated in static conditions in a 6-well plate. For GTPase 
activity assays, a larger diameter (1-mm) model was used to 
generate sufficient protein quantities (Bouhrira et al. 2019). 
For ACE2 protein expression assays, the same hydrogel for-
mulation was polymerized on treated PDMS coated plates, 
and HCMEC/D3 were seeded on the gel at a density of 4 k/
cm2. Monolayers were incubated for 3 days in static cul-
ture to ensure confluency, then exposed to fluid shear stress. 
Fluid shear stress was applied using a 40-mm 1-degree cone 
plate on a rheometer (TA Instruments) for 24-h on a Pel-
tier plate set to 37 °C. The media was supplemented with 

HEPES buffer to a final concentration of 10 mM to maintain 
physiological pH.

Permeability Assessment

After exposure to experimental conditions, channels were 
perfused with 4-kDa dextran-FITC at a flow rate of 5 µL/min 
using a syringe pump for 10 min. This flow rate was selected 
to assure fully developed flow throughout the majority of 
the channel and to maintain consistency with previous work 
(Partyka et al. 2017). Images were taken at 30-s intervals 
for 10 min, and the diffusion coefficients were established 
using the following equation from previous work (Adamson 
et al. 1994). 

Sample numbers of at least n = 3 were used to determine 
the mean and standard deviation for each condition.

Transendothelial Electrical Resistance (TEER) 
Measurements

TEER measurements by impedance spectroscopy were 
obtained using a stingray DS1M12 USB oscilloscope adapter 
(USB Instruments) that measured current across a reference 
resistor for a range of frequencies. Impendence, defined as 
Z = V/I, was measured at 15-Hz, where capacitance of the 
electrodes dominates and 15.6-kHz, where resistance of the 
culture media dominates (Benson et al. 2013); the difference 
between these two values yielded the TEER measurement. 
These values were normalized using the impedance of an 
acellular hydrogel within the microfluidic device.

SARS‑CoV‑2 Subunit S1 Exposure

Following 4 days of perfusion, vessels were exposed to 
EGM-2 supplemented with 50 nM recombinant SARS-
CoV-2 subunit S1 (RayBiotech) for three hours. The S1 
subunit of the spike protein is used because it contains the 
receptor binding domain that interacts with ACE2, in con-
trast with the S2 subunit that mediates membrane fusion of 
the viral particles to the host cells. In some cases Rho Inhibi-
tor I (C3 Transferase) (Cytoskeleton) was added in addition 
to the S1 protein. TEER measurements were taken at 0-h, 
1.5-h, 3-h with dextran permeability measurements taken at 
0-h and 3-h time points.

Immunocytochemistry

Vessels were fixed in 4% paraformaldehyde (Alfa Aesar) 
for 30 min at room temperature. Following fixation, the 
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hydrogel was removed from the device and placed in 0.1% 
Triton X-100 to permeabilize the cell membrane. Gels were 
blocked in 5% normal donkey serum and 3% BSA for 30 min 
at room temperature followed by incubating overnight with 
primary antibodies for either angiotensin converting enzyme 
II (ACE2) (Santa Cruz) or zonula occludin-1 (ZO-1)(CST), 
a tight-junction scaffolding protein (Dejana 2004). Follow-
ing primary incubation, gels were washed with PBS then 
incubated with the appropriate secondary antibody conju-
gated to Alexa 555 (CST) or Dylight 650 (Thermo Scien-
tific). Gels were counter-stained with DAPI to label nuclei 
and FITC-phalloidin for actin. All gels were imaged using a 
Nikon A-1 confocal scanning microscope.

ACE2 Knockdown

SMARTpool siRNA (Horizon Discovery) was used to 
knockdown ACE2 expression in HCMEC/D3 cells. Cells 
were plated in a 6-well plate at 250 k per well. When cells 
reached 60–70% confluency, siRNA was added according 
to the manufacturer’s protocol. Knockdown efficiency was 
verified using western blotting after the cells were cultured 
in a well plate for 96 h, since this period matched the timing 
of permeability testing in the 3D-BBB model.

ELISA‑based Quantification of Small GTPase Activity

Commercial ELISA kits were purchased from Cytoskeleton 
(G-LISA) to quantify RhoA activation (Cytoskeleton). Cell 
lysates were prepared using Cytoskeleton’s protocols. Fol-
lowing exposure to flow with and without S1 peptide (Ray 
Biotech), the hydrogel was removed from the device and 
washed in ice cold 1 × PBS for 30 s. 80 µL of ice-cold cell 
lysis buffer with 1 × protease inhibitor was injected into ves-
sels and collected in a microcentrifuge tube. The cell lysate 
solution was spun at 10,000 g for 1 min at 4 °C to pellet cell 
debris. Prior to measuring GTPase activity, samples were 
thawed in a room temperature water bath and equilibrated 
to 0.5 mg/mL.

ACE2 Expression

Quantification of ACE2 expression was performed using 
lysates extracted from cell monolayers cultured on hydrogels 
exposed to 24 h of fluid shear stress applied by a cone and 
plate rheometer. 50 mM SARS-CoV-1 subunit S1 was added 
during the final 3 h of flow. Cell lysates were separated using 
a tris–glycine gel (Invitrogen) in tris–glycine running buffer 
(Invitrogen). Separated protein was transferred to 0.45-μm 
PVDF membrane (Invitrogen). The membrane was probed 
over night with ACE2 (Santa Cruz Biotech) (1:250) and 
beta-Actin (1:400) (Santa Cruz Biotech) antibodies and 

visualized with anti-mouse HRP conjugated secondary anti-
bodies (1:4000) (Azure).

Statistical Analysis

The open-source statistics package, R, was used to perform 
all statistical calculations. Data sets were tested for normal-
ity with Shapiro–Wilk tests prior to testing for significance. 
One and two-way ANOVA tests followed by Tukey HSD 
post-hoc comparisons were used to evaluate significant dif-
ferences between multiple conditions. All two sample com-
parisons were made using 2-tailed Student’s t-tests. Each 
statistical test used sample numbers greater than or equal to 
3 unless otherwise noted and p < 0.05 was considered signifi-
cant. All error bars indicate standard deviation of the mean.

Results

Fluid Shear Stress and SARS‑CoV‑2 Alter ACE2 Expres‑
sion Previous results have demonstrated that ACE2, the 
main viral binding target of the SARS-CoV-2 spike protein, 
is expressed by endothelial cells in the brain (Buzhdygan 
et al. 2020). In order to demonstrate that the enzyme is 
also expressed by HCMEC/D3 cells in our 3D BBB model, 
microvessels were cultured for 96 h under constant perfusion 
with 0.7 dyn/cm2 shear stress to establish barrier function. 
During the final 3 h, vessels were exposed to three differ-
ent conditions: (i) flow cessation (static conditions) (ii) no 
change in flow (continuation of flow with a shear stress of 
0.7 dyn/cm2) or (iii) continuation of flow with the addition of 
50 nM SARS-CoV-2 spike S1 subunit.  ACE2 staining was 
present in the vessels in all of the conditions (Fig. 1A−C). 
These images show the effect of shear stress and S1 spike 
protein on the morphology of the endothelial cells lining 
the in vitro vessel and localization of ZO-1 to the cell–cell 
junctions. After 4 days of perfusion, vessels exposed to 3 h 
of static conditions  (Fig. 1A) exhibited a substantial amount 
of perinuclear ZO-1 staining, with irregular localization to 
the junctions. In contrast, the vessel exposed to 0.7 dyn/cm2, 
indicated clear localization of ZO-1 to the cell–cell junctions 
without any gaps in the endothelial monolayer (Fig. 1B). 
Addition of the spike protein disrupted the monolayer and 
localization of ZO-1 at the cell–cell junctions in a manner 
similar to static culture (Fig. 1C). Due to the limited num-
ber of cells in the 3D microvessel model, we utilized a 2D 
rheological model for quantification of ACE2 protein levels, 
which maintained the extracellular matrix properties of the 
3D configuration (Fig. 1D). Endothelial cells were exposed 
to 2.1 dyn/cm2 of shear stress in a 2D geometrical configura-
tion for 24-h, after three days of culturing to allow the mon-
olayer to reach confluency. The relative quantity of ACE2 
was normalized to the static condition. Exposure to shear 
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stress significantly decreased the level of ACE2 expression 
in the monolayers compared to static conditions by approxi-
mately 60%. However, addition of the spike protein under 
flow resulted in the upregulated expression of ACE2, so 
that there was no significant difference with static condi-
tions (Fig. 1E). Exposing static cultures to the spike protein 
indicated no significant increase in ACE2 expression com-
pared to controls (Supplemental Fig. 1). Therefore, the spike 
protein does not increase ACE2 expression in endothelial 
cells cultured in static culture, but it does so in the presence 
of fluid shear stress.

ACE2 Expression Contributes to Shear 
Stress‑mediated BBB Formation

Previous studies have shown that SARS-CoV-2 spike  
protein promotes endothelial dysfunction  when bound to 
ACE2 (Kumar et al. 2020). Therefore, ACE2 knockdown 
was conducted to determine whether its expression has 
any observable effect on barrier integrity. siRNA was used 
to achieve 40–50% reduction in protein expression in the 
HCMEC/D3 cells (Fig. 2Ai). Knockdown efficiency was 
measured 5 days after transfection to match the timing of 
the permeability tests in the 3D model (Fig. 2Aii). Analysis  
of permeability containing the knockdown for ACE2 
revealed significantly higher permeability compared to 

the scrambled controls (Fig. 2B). The higher permeability  
may be caused by disassembly of the tight junction  
complex and subsequently increased paracellular transport.  
Immunofluorescence images confirmed altered morphology 
in the presentation of ZO-1 in cells with attenuated ACE2 
expression. Specifically, ZO-1 expression lacked the typical 
membrane-like expression patterned and instead showed a 
more diffused and displaced cytosolic expression (Fig. 2C). 
These results indicate that ACE2 expression contributes to 
the integrity of the tight junction complex in response to 
fluid shear stress. 

SARS‑CoV‑2 Spike Protein Disrupts the Barrier 
through RhoA

Multiple studies have demonstrated that activation of RhoA 
disrupts vascular integrity (Yamamoto et al. 2008; Mikelis  
et al. 2015; DeOre et al. 2020). Therefore, we evaluated 
whether the spike protein could trigger signaling events that 
activate RhoA. Using ELISAs that measure the active form of 
the RhoA-GTPase, endothelial cells were incubated with and 
without the spike S1 subunit. Figure 3A shows that 24 h post-
perfusion with the spike protein significantly increased RhoA 
activity compared to no S1 flow only controls (Fig. 3A).  
Consequently, measurements of dextran permeability 
(Fig. 3B) and TEER (Fig. 3C) show that inhibition of RhoA 

Fig. 1  A−C Fluorescent images 
of 3D vessels stained with 
DAPI (blue), Phalloidin (green), 
ZO-1( red) (isolated in ii) and 
ACE2 (magenta)(isolated in 
iii) for 3 conditions: Static (A), 
Flow (B), (C) Flow + S1 subunit 
exposure for 3 h. D Schematic 
of rheometer setup used to apply 
fluid shear stress to 2D cultures 
for protein expression assays. E 
Western blot of cells exposure 
to static, flow, or flow + S1 
protein (3 h) (i), and ratio of 
ACE2 to beta-actin  normalized 
to a flow sample (ii). * Indicates 
p < 0.05 compared to flow. n = 3 
for all experiments
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with C3 transferase while in the presence of S1 mitigated 
barrier breach. A 3-h period was used for the evaluation of 
permeability and both 1.5-h and 3-h time points were used for 
the TEER measurements. Immunofluorescence verified that 
RhoA inhibition increased compartmentalization of ZO-1 to 
the cell–cell junctions in the presence of the spike protein 
(Fig. 3D). Together these results show that RhoA is activated 
by the SARS-CoV-2 spike protein S1 subunit leading to a 
compromise in barrier integrity.

Discussion

The results presented here provide preliminary insight into 
the mechanisms underlying the effect of the SARS-CoV-2 
spike protein on barrier integrity and identify RhoA as a key 
mediator of spike-induced barrier disruption. We first exam-
ined the main cellular binding target for the spike protein, 
ACE2. Application of fluid shear stress, which is needed 
for barrier formation and constitutes a crucial physiological 
parameter for the maturity of endothelial cells, results in 
lower levels of ACE2 expression compared to static condi-
tions. However, when brain endothelial cells are exposed to 
the S1 subunit of the spike protein in the presence of fluid 
shear stress, expression of ACE2 is upregulated to static 
levels. This result contrasts with a previous finding that fluid 
shear stress transiently increases ACE2 expression, though 
that specific study was performed with non-brain endothelial 

cells on tissue culture plastic (Song et al. 2020). It is nota-
ble that the spike protein only increased ACE2 expression 
in endothelial cells exposed to fluid shear stress, given 
the uncertainty regarding whether ACE2 levels increase 
or decrease during COVID-19 infection (Chaudhry et al. 
2020; Pinto et al. 2020). Further studies are required to 
elucidate the molecular mechanisms underlying the inter-
action between the spike protein and fluid shear stress and 
their combined effects on ACE2 expression. Our results also 
showed for the first time a possible link between homeostatic 
barrier maintenance and the ACE2 protein. Indeed, the tight-
ness of the barrier appears to be greatly impacted in experi-
ments in which the expression of the ACE2 gene is knocked 
down (Fig. 2). This result may help to reconcile observations 
of the protective effects of ACE2-containing exosomes in 
the aftermath of ischemia/reoxygenation injury (Zhang et al. 
2018). Thus, our analysis merits a closer look at a direct role 
for ACE2 in maintaining BBB tightness.

ELISA assays indicated that S1 spike protein significantly 
increased the activation of RhoA, demonstrating that the small 
GTPase influences barrier breakdown in response to SARS-
CoV-2. The activation of RhoA has been shown to induce cell 
contractility and cytoskeleton restructuring, resulting in enhanced 
cell motility and disrupted barrier integrity (Shaw et al. 1998; 
Mikelis et al. 2015). This conclusion is supported by permeability  
and TEER testing showing that the detrimental effects of S1 spike 
protein on the BBB are ablated by inhibiting RhoA activation  
(Fig. 3). Given that RhoA activates the Rho kinase (ROCK), it  

Fig. 2  A Western blot of cells 
treated with DsiRNA targeting  
ACE2 (i), and relative intensity 
of ACE2 in DsiRNA and 
control cells normalized to 
beta-actin (ii). B Permeabil-
ity coefficients measured in 
channels seeded with ACE2-
Knockdown (KD) HCMEC/D3 
cells. *indicates p < 0.05 com-
pared to control. n = 3 for all 
experiments. C−D Fluorescent 
images of vessels stained with 
DAPI (blue), Phalloidin (green), 
ZO-1( magenta) (isolated in ii)
for 3 conditions: siRNA control 
(C), and siRNA ACE2-KD (D)
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is noteworthy that the therapeutic effects of ROCK inhibition 
have already been considered for the treatment of severe COVID-
19 (Abedi et al. 2020b). In fact, preclinical studies have shown 
the benefits of inhibiting the Rho-ROCK pathway to improve 
pulmonary outcomes (Xu et al. 2019; Abedi et al. 2020a). Addi-
tionally, ROCK inhibitors have been shown to protect pulmonary 
tissue during severe respiratory illness (Abedi et al. 2020a, b). 
The effects of ROCK inhibition seems to also confer vascular 
protection by showing improved neurological outcomes fol-
lowing ischemic stroke (Shibuya et al. 2005). Perhaps a similar 
therapeutic approach could be developed to prevent neurological 
deficits associated with COVID-19.

Additional studies are required to further probe the underly-
ing mechanisms of spike protein-mediated increase in ACE2 
expression and RhoA activity. It has been shown previously that 
binding of angiotensin II to its receptor, angiotensin II type 1 
receptor, increases RhoA activity (Kimura and Eguchi 2009). 

Therefore, if ACE2 is inhibited by the spike protein of SARS-
CoV-2, less angiotensin II can be converted to angiotensin frag-
ment 1–7(Ang 1–7) and can potentially accumulate to increase 
RhoA activity. However, in the context of these in vitro studies, 
it is unclear how much angiotensin II is present within the fetal 
bovine serum used to supplement the culture medium used in 
these experiments. Moreover, these studies use only the subunit 
of the spike protein containing the receptor binding domain, so 
it is unclear how interaction between ACE2 and the full virus 
may impact the results. Spike protein binding to ACE2 may 
also directly activate signaling pathways through the cytoplas-
mic tail of ACE2, given that previous studies have found bind-
ing sites in this region for calmodulin, an important mediator 
of cytoskeletal processes (Lambert et al. 2008). Therefore, 
future studies can be conducted in the presence of physiological 
levels of angiotensin II to more completely elucidate how the 
interplay between the SARS-CoV-2 spike protein, ACE2, and 

Fig. 3  A Relative intensity (RQ) 
of RhoA activation in chan-
nels exposed to flow measured 
with ELISA. B Permeability 
measurement of vessels exposed 
to experimental conditions at 
0-h and 3-h time points. *Indi-
cates p < 0.05 compared to all 
conditions. C TEER values of 
vessels exposed to experimental 
conditions at 0-h,1.5 h and 3-h 
time points. * Indicates p < 0.05 
compared to all 0-h and 1.5-h 
time points and ** indicates 
p < 0.05 compared all other 
conditions. n = 3 for all experi-
ments. D Fluorescent images 
of vessels treated with C3 
Transferase and S1 spike protein 
stained with DAPI (blue), Phal-
loidin (green), ACE2 (magenta), 
and ZO-1 ( red) (isolated in ii)
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RhoA activation leads to barrier disruption. Additionally, future 
work in this system can also determine whether variants of the 
SARS-CoV-2 virus alter the RhoA activation observed here.
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