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A B S T R A C T   

Coronavirus disease 19 (COVID-19) is a respiratory illness caused by severe acute respiratory syndrome 
coronavirus-2 (SARS-CoV-2). COVID-19 pathogenesis causes vascular-mediated neurological disorders via 
elusive mechanisms. SARS-CoV-2 infects host cells via the binding of viral Spike (S) protein to transmembrane 
receptor, angiotensin-converting enzyme 2 (ACE2). Although brain pericytes were recently shown to abundantly 
express ACE2 at the neurovascular interface, their response to SARS-CoV-2 S protein is still to be elucidated. 
Using cell-based assays, we found that ACE2 expression in human brain vascular pericytes was increased upon S 
protein exposure. Pericytes exposed to S protein underwent profound phenotypic changes associated with an 
elongated and contracted morphology accompanied with an enhanced expression of contractile and myofibro-
genic proteins, such as α-smooth muscle actin (α-SMA), fibronectin, collagen I, and neurogenic locus notch 
homolog protein-3 (NOTCH3). On the functional level, S protein exposure promoted the acquisition of calcium 
(Ca2+) signature of contractile ensheathing pericytes characterized by highly regular oscillatory Ca2+ fluctua-
tions. Furthermore, S protein induced lipid peroxidation, oxidative and nitrosative stress in pericytes as well as 
triggered an immune reaction translated by activation of nuclear factor-kappa-B (NF-κB) signaling pathway, 
which was potentiated by hypoxia, a condition associated with vascular comorbidities that exacerbate COVID-19 
pathogenesis. S protein exposure combined to hypoxia enhanced the production of pro-inflammatory cytokines 
involved in immune cell activation and trafficking, namely macrophage migration inhibitory factor (MIF). Using 
transgenic mice expressing the human ACE2 that recognizes S protein, we observed that the intranasal infection 
with SARS-CoV-2 rapidly induced hypoxic/ischemic-like pericyte reactivity in the brain of transgenic mice, 
accompanied with an increased vascular expression of ACE2. Moreover, we found that SARS-CoV-2 S protein 
accumulated in the intranasal cavity reached the brain of mice in which the nasal mucosa is deregulated. 
Collectively, these findings suggest that SARS-CoV-2 S protein impairs the vascular and immune regulatory 
functions of brain pericytes, which may account for vascular-mediated brain damage. Our study provides a better 
understanding for the mechanisms underlying cerebrovascular disorders in COVID-19, paving the way to develop 
new therapeutic interventions.   

1. Introduction 

The current COVID-19 pandemic has emerged as a respiratory dis-
ease caused by an infection with a novel coronavirus, SARS-CoV-2 (Zhou 

et al., 2020). COVID-19 is causing an unprecedented worldwide socio-
economic burden and is currently accounting for more than 250 million 
confirmed infection cases and 5 million deaths [https://coronavirus.jhu. 
edu]. Initial clinical observations have reported typical symptoms 
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associated to an infection with respiratory viruses, such as fever and 
cough, as well as some atypical symptoms, including hyposmia, 
anosmia, headache, and diarrhea (Mao et al., 2020; Klok et al., 2020). 
An important proportion of infected individuals develop serious com-
plications, such as severe respiratory distress, pulmonary pneumonia, 
heart injury, and sepsis (Mao et al., 2020; Klok et al., 2020). The clinical 
observations are increasingly reporting unexpected neurological symp-
toms associated to vascular-mediated disorders among which are cere-
brovascular disorders including multifocal cerebral micro-occlusions 
and stroke (Mao et al., 2020; Klok et al., 2020). The clinical and 
epidemiological studies have unveiled an association between the 
presence of comorbid vascular conditions, such as obesity, hypertension 
and diabetes, and the risk to develop life-threatening complications 
(Richardson et al., 2020). The observed neurological disorders are often 
associated to an excessive inflammation, which comprises the “cytokine 
storm”, as well as coagulopathies and multifocal microvascular injuries 
(He et al., 2020). The accurate mechanisms underlying cerebrovascular 
disorders in COVD-19 are now under intensive investigations. 

Infection of respiratory epithelial cells by SARS-CoV-2 is like the one 
observed with other coronaviruses, namely SARS-CoV-1 (Hoffmann 
et al., 2020; Ou et al., 2020). It occurs through the direct binding of viral 
Spike (S) protein to a host cell transmembrane receptor complex that 
facilitates its cleavage and the subsequent fusion of viral and cellular 
membranes, thus allowing viral RNA entry into host cells (Hoffmann 
et al., 2020; Ou et al., 2020). Recently, angiotensin-converting enzyme-2 
(ACE2), an enzyme that plays a critical role in the renin-angiotensin 
system (RAS), has been identified as the main receptor for SARS-CoV- 
2 S protein (Ou et al., 2020; Lovren et al., 2008). Moreover, the trans-
membrane serine protease-2 (TMPRSS2) and cathepsin-B/L (CTSB/L) 
has been identified as the main proteases involved in S protein cleavage 
and processing by host cells (Hoffmann et al., 2020; Ou et al., 2020; 
Lovren et al., 2008). ACE2 high expression levels in respiratory 
epithelial cells accounts for the initial respiratory symptoms observed in 
COVID-19 (Hoffmann et al., 2020; Ou et al., 2020). Nonetheless, accu-
mulating evidence is suggesting that the neurological symptoms related 
to COVID-19 cannot be solely attributed to the primary active respira-
tory infection (Klok et al., 2020; He et al., 2020). It has been previously 
shown that ACE2 is abundantly expressed in platelet-derived growth 
factor receptor (PDGFR)β + perivascular cells, which comprise mainly 
pericytes (He et al., 2020). Its expression was also observed, albeit at 
much lower extent, in other cells present at the neurovascular interface, 
such as endothelial cells, perivascular macrophages, fibroblasts and 
neuroglial cells (He et al., 2020). These findings suggest that SARS-CoV- 
2 infection of pericytes may be implicated in mediating microvascula-
ture injury in COVID-19 (He et al., 2020). Brain pericytes are specialized 
cells that play essential roles in generating critical neurovascular func-
tions that include blood-brain barrier (BBB) maintenance, and neuro-
vascular coupling via cerebral blood flow (CBF) regulation (ElAli et al., 
2014; Kisler et al., 2017; Armulik et al., 2011; Sweeney et al., 2019). 
Furthermore, pericytes were shown to possess immunoregulatory 
properties that include secretion of various inflammatory mediators at 
the neurovascular interface, as well as regulation of immune cell acti-
vation and infiltration into the brain parenchyma (ElAli et al., 2014; 
Török et al., 2021). Moreover, a population of PDGFRβ+ pericytes has 
been shown to contribute to the fibrotic reaction upon brain injuries by 
acquiring myofibroblast-like properties associated with an upregulation 
of stromal markers, including α-smooth muscle actin (α-SMA) and pro-
duction of extracellular matrix proteins (Dias et al., 2021). Calcium 
(Ca)2+ signaling has been shown to play key role in modulating the 
contractile activity of perivascular cells including pericytes, which in 
turn regulate CBF and vasomotion (Burdyga and Borysova, 2014; 
Halaidych et al., 2019; Hartmann et al., 2021). A recent report has 
demonstrated that brain pericytes have distinct signatures of Ca2+ ac-
tivity depending upon localization within the vascular tree and neuronal 
activity (Glück et al., 2021). For instance, ensheathing pericytes, which 
are located at the level of penetrating arterioles and pre-capillaries, have 

been shown to exhibit highly regular oscillatory fluctuations like those 
of smooth muscle cells (SMC) and to possess an important contractile 
potential to regulate the CBF (Glück et al., 2021). On the other hand, 
capillary and venular pericytes, which are less efficient in regulating 
CBF, exhibited irregular Ca2+ signals of different frequencies (Glück 
et al., 2021). Interestingly, deregulation of pericyte function is directly 
implicated in the pathobiology of cerebrovascular disorders (ElAli et al., 
2014; Armulik et al., 2011; Sweeney et al., 2019; Török et al., 2021). 

The emerging findings suggest that PDGFRβ+ pericytes constitute the 
main cell type at the neurovascular interface that could actively respond 
to SARS-CoV-2 infection (He et al., 2020; Wang et al., 2021). Based on 
these findings, an exciting “COVID-19-pericyte hypothesis” has been 
proposed as an attempt to outline the pathological links between SARS- 
CoV-2 infection and vascular-mediated neurological symptoms in 
COVID-19, especially in patients presenting vascular comorbid and risk 
factors (He et al., 2020; Bocci et al., 2021). As such, the mechanisms that 
mediate the effects of SARS-CoV-2 on ACE2+ pericytes is now under 
intensive investigations. Currently, it is proposed that the direct passage 
of SARS-CoV-2 viral particles through a dysfunctional endothelial bar-
rier to actively infect ACE2+ pericytes accounts for microvascular in-
juries in COVID-19 (He et al., 2020). In this regard, recent reports have 
outlined the presence of SARS-CoV-2 viral proteins in the brainstem, 
which was not necessarily associated with the severity of neuropatho-
logical changes (Lee et al., 2021; Thakur et al., 2021; Matschke et al., 
2020). Multifocal microvascular injuries were reported in the brain of 
patients infected with SARS-CoV-2 presenting mild to severe symptoms 
and who died later after viral infection resolution (Lee et al., 2021; 
Thakur et al., 2021; Matschke et al., 2020). The injury was associated to 
punctate hypointensities, corresponding to congested vasculature with 
surrounding areas of fibrinogen leakage, and areas of linear hypo-
intensities, corresponding to microhemorrhages (Lee et al., 2021). In 
line with these evidence, global and focal hypoxic/ischemic zones 
associated to large and small infarcts, accompanied by microglial acti-
vation, were reported as well in the brain of COVID-19 patients who died 
later after hospitalization (Lee et al., 2021; Thakur et al., 2021; 
Matschke et al., 2020). As such, it is becoming critically important to 
better characterize the response of PDGFRβ+ pericytes to SARS-CoV-2, 
which may account for microvascular injuries in COVID-19. SARS- 
CoV-1 S protein, which shares approximately 76% of amino acid identity 
with SARS-CoV-2 S protein, has been previously shown to trigger an 
immune response in human peripheral blood monocytes and macro-
phages (Hoffmann et al., 2020; Dosch et al., 2009). Moreover, SARS- 
CoV-2 S protein has been recently shown to induce phenotypic changes 
in hematopoietic cells (Ropa et al., 2021). To our knowledge, the role of 
SARS-CoV-2 in modulating the function of brain pericytes via S protein 
remains largely explored. The current study aimed to investigate the 
reactivity of brain pericytes in response to SARS-CoV-2 S protein. 
Herein, we provide evidence indicating that SARS-CoV-2 deregulates the 
vascular and immune functions of brain pericytes via S protein, which 
may underlie the pathobiology of cerebrovascular disorders in COVID- 
19. 

2. Materials and methods 

2.1. Primary human cell cultures 

Human vascular pericytes and human vascular smooth muscle cells 
(VSMCs) isolated from the brains of healthy individuals were purchased 
from ScienCell Research Laboratories (Carlsbad, CA, USA). Pericytes 
were maintained in pericyte growth medium (PGM) containing Dul-
becco’s modified eagle medium (DMEM) (Wisent Bioproducts, QC, 
Canada), 1% pericyte growth supplement (PGS) (ScienCell Research 
Laboratories), 2% fetal bovine serum (FBS) (Wisent Bioproducts), and 
1% penicillin/streptomycin (Sigma-Aldrich, ON, Canada). VSMCs were 
maintained in smooth muscle cell medium (SMCM) containing Basal 
medium, 10% FBS, 1% smooth muscle cell growth supplement (SMCGS), 
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and 1% penicillin/streptomycin (ScienCell Research Laboratories). Cells 
were kept in a humidified incubator at 37 ◦C under 5% CO2 and the 
culture medium was changed every 2–3 days. Pericytes were passed 
with 0.25% trypsin-EDTA and cells at passage 4–5 were used in this 
study. Cells were cultured either directly onto the plastic wells of multi- 
well plates for molecular experiments, or on poly-lysine-coated cover-
slips for immunocytochemical experiments. In all experiments, pericytes 
were seeded at a density of 50,000 cells per well. Upon reaching 75% 
confluency, cells were incubated overnight in PGM without FBS, to 
ensure synchronization in G1 phase. Pericytes were next treated after-
wards for 6 or 24 h with the original SARS-CoV-2 S protein active trimer 
[Spike glycoprotein (COVID-19), R683A/R685A, poly-histidine-tagged 
(His-Tag), MALS verified] (ACROBiosystems, DE, USA) diluted in ster-
ile ddH2O at increasing concentrations; 5, 10 and 15 nM, which were 
calculated based on previous reports evaluating the role of SARS-CoV-1 
S protein in activating inflammatory cells (Dosch et al., 2009; Ropa 
et al., 2021). To assess the impact of hypoxia, cells were exposed to 
different hypoxic conditions, as described here below. Finally, to 
investigate the combined effects of hypoxia and S protein, cells were first 
exposed to hypoxic conditions for 48 h followed by an exposure to S 
protein at 10 nM for 24 h. These experimental conditions were chosen to 
ensure optimal stimulation of pericytes in absence of cell toxicity based 
on the dose response experiments. It has been shown that SARS-CoV-2 S 
protein is potently recognized by human ACE2 and not by rodent ACE2, 
therefore, human brain pericytes were used in the study. 

2.2. Hypoxia and oxygen/glucose deprivation induction 

To investigate the response of pericytes to hypoxic/ischemic-like 
conditions, cells were subjected to either hypoxia or oxygen and 
glucose deprivation (OGD), as previously described (Jean LeBlanc et al., 
2018; Jean LeBlanc et al., 2019). Hypoxia was induced by incubating 
cells at 37 ◦C in PGM under reduced oxygenation conditions (1% O2, 5% 
CO2) for different time points using a Modular Incubator Chamber 
(Billups-Rothenberg Inc., CA, USA). OGD was induced by incubating 
cells at 37 ◦C in a DMEM-glucose free medium (Multicell, Wisent, QC, 
Canada) in the presence of 1% oxygen (5% CO2) overnight, as previously 
described. As control, cells obtained from the same passage were incu-
bated at 37 ◦C in PGM under normal oxygenation conditions, i.e. nor-
moxia. Cells were either harvested for protein extraction or fixed at 
room temperature with 2% paraformaldehyde (PFA) for immunocyto-
chemical analysis. 

2.3. Preparation of cell lysates 

Pericytes and VSMCs were routinely grown into 6-well plates. Cells 
were maintained either under normoxic or hypoxic conditions in the 
presence of vehicle or S protein. At each time point, cells were washed 
twice in 1× cold sterile Dulbecco’s phosphate-buffered saline (DPBS; 
Gibco®; 14190144) without Ca2+ and magnesium (Mg2+), and then 
lysated in ice-cold radio-immunoprecipitation assay (RIPA; Cell 
Signaling Technology; 9806) buffer supplemented with 1% protease 
inhibitor cocktail (Sigma-Aldrich) and 1% phosphatase inhibitor cock-
tail (Sigma-Aldrich), as specified before (Jean LeBlanc et al., 2019; 
Menet et al., 2020). Lysates were centrifuged at 14,000 rpm for 10 min 
at 4 ◦C. Supernatants were aliquoted into small Eppendorf tubes and 
snap frozen at − 80 ◦C for further use. For the detection of phospho-NF- 
κB, lysates were prepared without centrifugation. Protein concentra-
tions were determined using the bicinchoninic acid (BCA) assay 
(QuantiPro assay kit; Sigma-Aldrich). 

2.4. Human cytokine and chemokine profiling 

For each experimental condition, pericytes were harvested at 1 × 107 

cells/mL in RIPA lysis buffer. Lysates were gently mixed on a horizontal 
rotator at 2–8 ◦C for 30 min, centrifuged at 14,000 rpm for 5 min, and 

the supernatants transferred to clean test tubes. Protein concentrations 
were assessed using BCA, and 200 μg of proteins were used per condi-
tion. The relative expression profile of 36 human cytokines and che-
mokines were evaluated using the Proteome Profiler Human Cytokine 
Array Kit (R&D Systems, ON, Canada; ARY005B). The experiment was 
performed according to the manufacturer’s protocol, as previously 
described (Jean LeBlanc et al., 2018). Briefly, protein samples were 
mixed with biotinylated detection antibodies and then incubated with 
the array membrane which contains immobilized capture antibodies for 
the detection of a broad set of inflammatory cytokines and chemokines. 
Signals were visualized by streptavidin-HRP and chemiluminescent 
detection. Membranes were revealed and immediately digitized using 
Thermo Scientific myECL Imager (ThermoFisher Scientific, ON, Can-
ada). Digitized blots were densitometrically analyzed with ImageJ 
software by measuring for each data spot the mean pixel intensity cor-
rected for the background signal. Data were analyzed with mean values 
from duplicates and related to the mean of three internal control values 
on each membrane, as previously described (Jean LeBlanc et al., 2018). 

2.5. Western blot analysis 

Protein samples (25 μg) obtained from different experimental con-
ditions were mixed with 2× sodium dodecyl sulfate (SDS)-loading buffer 
and heated for 10 min at 95 ◦C. Samples were subjected to 8%, 10%, or 
12% SDS polyacrylamide gel electrophoresis (SDS-PAGE) using Mini- 
PROTEAN® Tetra Cell (Bio-Rad, CA, USA), as previously described 
(Jean LeBlanc et al., 2018). After migration, resolved protein bands were 
transferred onto Polyvinylidene Fluoride membranes (PVDF, 0.45 μm, 
EMD Millipore, ON, Canada) for 75 min on ice in a transfer buffer 
containing 25 mM Tris, 192 mM glycine, 0.1% SDS and 20% methanol. 
The PVDF membrane was rinsed three times with a 0.1 M Tris-buffered 
saline (TBS) solution containing 0.5% Tween-20 (TBS-Tween; Sigma- 
Aldrich) and blocked in TBS-Tween with 5% (w/v) skim milk for 45 
min at room temperature. The PVDF membrane was then incubated 
overnight at 4 ◦C with different primary antibodies diluted at 1/1000 in 
TBS-T solution. The following primary antibodies were used; rabbit anti- 
ACE2 (Cell Signaling Technology, MA, USA; 4355), rabbit anti-α-SMA 
(Abcam, Cambridge, UK; ab5694), rabbit anti-fibronectin (Abcam; 
ab2413), rabbit anti-NOTCH3 (Abcam; ab23426), rabbit anti-NF-κB 
(p65) (Cell Signaling Technology; 8242), rabbit anti-phospho-NF-κB 
(p65) (Cell Signaling Technology; 3033), and mouse anti-β-actin (EMD 
Millipore; MAB1501). Following incubation with primary antibodies, 
membranes were washed with TBS-T for 3 × 5 min at room temperature, 
and then incubated for 2 h at room temperature in TBS-T containing the 
appropriate horseradish peroxidase (HRP)-conjugated secondary anti-
bodies (Jackson Immunoreasearch, PA, USA) that were diluted 1/5000 
in TBS-T and revealed by enhanced chemiluminescence plus (ECL) so-
lution (Biorad Laboratories, ON, Canada). β-actin was used to ensure 
equal protein loading. Blots were revealed and immediately digitized 
using Thermo Scientific myECL Imager (ThermoFisher Scientific). 
Digitized blots were analyzed with ImageJ software, corrected for pro-
tein loading by means of β-actin, and expressed as relative values. In 
several experiments, the same membranes were used to probe different 
proteins by using different primary antibody; therefore, the same β-actin 
was used for correction and illustration. 

2.6. F-actin staining 

Brain pericytes were plated onto poly-lysine coated coverslips at 
different conditions, as mentioned previously. Cells were washed with 
1× DPBS and fixed with 2% PFA for 5 min at room temperature. Cells 
were then rinsed once with 1× DPBS and permeabilized with 0.3% 
Triton X-100 in 1× DPBS for 10 min at room temperature. Next, cells 
were incubated with Alexa Fluor® 546 phalloidin diluted at 1/1000 in 
0.1% Triton X-100 for 30 min at room temperature, as previously 
described (Jean LeBlanc et al., 2018). Stained cells were incubated with 
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DAPI (Thermofisher Scientific) diluted at 1/20000 for few seconds at 
room temperature, and then mounted onto Superfrost® micro-slides 
with Fluoromount® anti-fade medium (Electron Microscopy Science, 
PA, USA). Epifluorescence images were taken using Axio Observer mi-
croscope equipped with Apotome.2 module, and Axiocam 503 mono-
chrome camera, and were processed using ZEN Imaging Software (Carl 
Zeiss Canada, ON, Canada). 

2.7. Immunocytochemical analysis 

Pericytes were plated onto poly-lysine coated coverslips at different 
conditions, as mentioned previously (Menet et al., 2020). Cells were 
washed with 1× DPBS and fixed with 2% PFA for 5 min at room tem-
perature, and then incubated for 1 h in a permeabilization/blocking 
solution containing 10% normal goat serum (NGS), 1% bovine serum 
albumin (BSA), 0.3% Triton X-100 in PBS. Next, cells were incubated 
over night at 4 ◦C with different primary antibodies diluted in 1% BSA, 
0.2% Triton X-100 in 0.1 M PBS. The following primary antibodies were 
used; mouse anti-α-SMA Cy3-conjugated (Sigma-Aldrich; C6198; 1/ 
250), rabbit anti-fibronectin (Abcam; ab18723; 1/250), rabbit anti- 
NOTCH3 (Abcam; ab23426; 1/250), rabbit anti-collagen I (Abcam; 
ab34710; 1/200), and mouse anti-ACE2 (Cell Signaling Technology; 
15,983; 1/200). Afterwards, cells were rinsed in 0.1 M PBS, followed by 
a 2-h incubation with the appropriate secondary antibodies; Cy3 Affi-
niPure goat anti-mouse IgG (H + L) (Jackson Immunoreasearch), or Cy5 
AffiniPure goat anti-rabbit IgG (H + L) (Jackson Immunoreasearch). 
Immunolabelled cells were incubated with DAPI (Thermofisher Scien-
tific) diluted at 1/20000 for few seconds at room temperature, and then 
mounted onto Superfrost® micro-slides with Fluoromount® anti-fade 
medium (Electron Microscopy Science). Epifluorescence images were 
taken using Axio Observer microscope equipped with Apotome.2 mod-
ule, and Axiocam 503 monochrome camera, and were processed using 
ZEN Imaging Software (Carl Zeiss Canada). 

2.8. Cell shape and morphology analysis 

Cell circularity constitutes a morphological parameter that allows 
assessment of cell spreading, which is indicative whether cells are 
relaxed or contracted (Alisson-Silva et al., 2013; Padhi et al., 2020). A 
circularity index was computed using ImageJ software by applying the 
following formula: 4π(A)/(P)2, where A = area and P = perimeter. A 
circularity index from 0 at 1, where a value = 0 is related to elongated 
shape and value = 1 to a circular morphology. Cell perimeter is a 
morphology parameter that depends upon the size and shape of cells 
during spreading. It increases when small cells become large and round, 
and when round cells change shape without increasing their surface 
area. Cell body size parameter reflects the size of cell soma, which is 
reduced in contracted cells. Living cells without staining were used to 
avoid altering cell structure and representative images were captured 
using Axio Observer microscope equipped with a live imaging module 
(Carl Zeiss Canada). Analysis was achieved by delineating the outermost 
profile of cells to measure the average of contour and area in randomly 
acquired images. The analysis of each morphological parameter was 
performed in randomly selected 10 to 12 vehicle- and S protein-treated 
cells per image for a total of 3 images per well representing each of the 
experimental conditions. 

2.9. Intracellular Ca2+ imaging and analysis 

To assess spontaneous Ca2+ activity in human brain vascular peri-
cytes, cells were treated with either S protein at 10 nM or vehicle for 4 h, 
were further incubated at the last hour with 2 μM of Cal-590™ AM (AAT 
Bioquest, CA, USA) in a humidified incubator at 37 ◦C under 5% CO2. 
Cal-590™ AM is a membrane-permeable organic dye that allows 
detection of intracellular Ca2+ fluctuations (Tischbirek et al., 2017). 
After incubation, the culture dish was transferred on the stage of a laser 

scan confocal microscope (LSM 700, Carl Zeiss Canada) equipped with 
an incubation chamber allowing to maintain the temperature at 37 ◦C 
and CO2 at 5%. Images were acquired every 10 s for 20 min and the 
recorded videos were analyzed using a custom-written script (Ropa 
et al., 2021) in MATLAB (MathWorks). Briefly, regions of interests (ROI) 
s were traced around the cell bodies and the fluorescence intensity in 
each ROI and for each time point was extracted. Ca2+ activity was 
calculated as relative changes in the percentage of ΔF/F = (F-Fback)/ 
Fback, where F is the Cal-590™ AM intensity in the ROI and Fback is the 
background signal taken in a “cell-free” region of the imaging field. 
Analysis of spontaneous Ca2+ activity was performed used a multiple 
threshold algorithm (Gengatharan et al., 2021; Malvaut et al., 2017). 
Briefly, mean standard deviation (SD) of Ca2+ trace for each cell was first 
calculated, and all peaks with an amplitude greater than 1.5 times the 
SD were measured. These peaks were then removed from the Ca2+

traces, and the mean SD of Ca2+ trace was re-calculated to depict events 
greater than 1.5 times the new SD. This procedure allowed us to depict 
all Ca2+ events regardless of their amplitudes. Ca2+ frequency was 
calculated as the number of peaks over video duration, whereas syn-
chronization was calculated as the average number of cells per each time 
point showing simultaneous Ca2+ fluctuations. The statistical analysis 
was performed in a total number of 7 videos collected from 4 wells for 
371 cells in total in vehicle-treated pericytes, and 6 videos collected 
from 4 wells for 382 cells in total in S protein-treated pericytes. 

2.10. XTT cell viability assay 

The viability of pericytes and VSMCs was assessed using the 2,3-bis- 
(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide 
(XTT) assay according to the manufacturer’s procedure (Cell Signaling 
Technology; 9095). Cells were plated at the appropriate concentration 
in 96-well plates under different experimental conditions. One hundred 
μL of cell culture medium was incubated with 50 μL of XTT detection 
solution for 3 h at 37 ◦C. Cell viability was determined by reading 
absorbance at 450 nm using a microtiter plate reader (SpectraMax 
340PC, Molecular Devices, CA, USA), and analyzed using SOFTmax 
Pro3.1.1 software, as previously described (Jean LeBlanc et al., 2018). 

2.11. TBARS assay 

Oxidative stress leads to lipid peroxidation resulting in the formation 
of malondialdehyde (MDA), which can be measured as thiobarbituric 
acid reactive substances (TBARS). As such, TBARS assay (R&D Systems; 
KGE013) was used to assess oxidative stress in pericytes under different 
experimental conditions, as previously described (Doeppner et al., 
2012). Cells were plated in 6-well plates (BD Falcon®, BD, ON, Canada). 
Upon treatments, cells were resuspended at 1 × 106 cells/mL in RIPA 
buffer, with a gentle agitation for 30 min at 4 ◦C. Cell lysates were stored 
at − 20 ◦C without centrifugation prior to use. The experiment was 
performed according to the manufacturer’s protocol. Briefly, TBARS 
generated in the assay which is proportional to cell peroxidation and 
oxidation in the sample is quantified by measuring the absorbance at 
wavelength 532 nm using a microtiter plate reader (SpectraMax 340PC, 
Molecular Devices), and analyzed using SOFTmax Pro3.1.1 software. 

2.12. Cellular ROS/RNS assay 

Real time reactive oxygen and/or nitrogen species (ROS/RNS) pro-
duction was monitored in pericytes exposed to various experimental 
conditions by using the cellular ROS/RNS assay (Abcam, ab139473). 
The assay was conducted following manufacturer’s recommendation. 
Briefly, cells were incubated with mixture of three different fluorescent 
dye reagents that allow the simultaneous detection of nitric oxide (NO), 
total ROS, and superoxide. Standard green (Ex/Em = 490/525 nm), 
orange (Ex/Em = 550/620 nm), and red (Ex/Em = 650/670 nm) fluo-
rescence was detected using Axio Observer microscope equipped 
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Apotome.2 module, and Axiocam 503 monochrome camera, and were 
processed using ZEN Imaging Software (Carl Zeiss Canada). Analysis of 
fluorescence intensity was performed using ImageJ software. Fluores-
cence images were separately acquired for each of the fluorophore to 
eliminate the crosstalk between the different fluorophores used. For 
each experimental condition, at least 14 to 15 cells per well of 12-well 
plates were randomly selected. Nuclear (total ROS and superoxide) 
and cytoplasmic (NO) structures were delineated and the fluorescence 
intensity in each structure was quantified to generate mean values that 
were analyzed. 

2.13. Animal experiments 

All animal experiments were performed under biosafety level 3 (BSL) 
confinement and according to the Canadian Council on Animal Care 
guidelines, as administered by the Université Laval Animal Welfare 
Committee. Mice were housed and acclimated to standard laboratory 
conditions (12-h light/dark cycle, lights on at 7:00 AM and off at 7:00 
PM) with free access to chow and water. For SARS-CoV-2 infection ex-
periments, adult female heterozygous K18-hACE2 transgenic mice (B6. 
Cg-Tg(K18-ACE2)2Prlmn/J) expressing the human ACE2 were used. 
These humanized hACE2 transgenic mice have been shown to recapit-
ulate non-severe and severe COVID-19 pathogenies in response to in-
fectious dose of SARS-CoV-2 (Winkler et al., 2020; Oladunni et al., 
2020). The heterozygous mice were obtained by crossbreeding homo-
zygous K18 ACE2 mice with C57BL6/J mice. Mice were infected 
through the intranasal delivery of 25 μL of 0.9% NaCl solution con-
taining 4.5 × 104 TCID50 of SARS-CoV-2. Mice were euthanized 4 days 
post infection via sedation with ketamine/xylazine (100/10mg/kg) and 
transcardiac perfusion with 0.1 M PBS. Brains were removed and a 
portion of the frontal lobe was used for RNA extraction to confirm SARS- 
CoV-2 viral presence by RT-qPCR. The remaining brains were post-fixed 
for 24 h in 4% PFA. For ischemic stroke experiments, adult male and 
female C57BL6/J mice were subjected to transient middle cerebral ar-
tery occlusion (MCAo) using the intraluminal filament technique as 
described (Jean LeBlanc et al., 2018). Briefly, mice were anaesthetized 
under 1.5% isoflurane (95% O2) and body temperature was maintained 
between 36 ◦C and 37 ◦C using a feedback-controlled heating system 
(Harvard Apparatus, QC, Canada) throughout surgery. After a midline 
neck incision, the left common and external carotid arteries were iso-
lated under a microscope and ligated. A microvascular clip was placed 
on the internal carotid artery and a 7–0 silicon-coated nylon mono-
filament (Doccol Corporation, MA, USA) was directed through the in-
ternal carotid artery until the origin of MCA. The monofilament was left 
in place for 30 min and then withdrawn. During the experiment, laser 
Doppler flow (LDF) was monitored using a flexible fiber-optic probe 
(OMEGAFLO, OMEGAWAVE INC., Tokyo, Japan) attached to the skull 
overlying the core of the MCA territory. Mice were euthanized 3 days 
after MCAo via sedation with ketamine/xylazine and transcardiac 
perfusion with 0.1 M PBS. Brains were removed and post-fixed for 24 h 
in 4% PFA. 

2.14. His-tag protein ELISA 

We used in our experiments the original active trimer of SARS-CoV-2 
S protein, which is poly-histidine-tagged (His-Tag). In sub-group of 
wildtype mice, a total of 4 μg of S protein diluted in 12 μL sterile ddH2O 
containing hyaluronidase (100 UI; Sigma-Aldrich) were infused into the 
intranasal cavity of mice, which were euthanized 24 h after infusion. 
Brains were removed, dissected and then different regions homogenized 
to quantify S protein, which is poly-histidine-tagged (His-Tag). The 
levels of S protein in different brain regions upon its intranasal infusion 
were measured using His-Tag protein ELISA kit that allows detection 
and quantification of poly-histidine-tagged proteins in a biological 
sample (Cell Biolabs Inc., CA, USA). The experimental procedure was 
performed as recommended by the manufacturer’s instructions. 

Absorbance was obtained using a microtiter plate reader (SpectraMax 
340PC, Molecular Devices), and analyzed using SOFTmax Pro3.1.1 
software (Molecular Devices). 

2.15. Immunohistochemical analysis 

Mice were sacrificed via a transcardiac perfusion with ice-cold 0.9% 
NaCl solution followed by post-fixation with 4% PFA (Jean LeBlanc 
et al., 2018; Jean LeBlanc et al., 2019; Menet et al., 2020). Brains were 
next cut on microtome into 25 μm coronal sections that were kept in an 
anti-freeze solution (30% glycerol, 30% ethylene glycol in 0.9% NaCl, 
phosphate buffer (PB)) at − 20 ◦C for further use. Free floating brain 
sections were rinsed with potassium phosphate-buffered saline (KPBS) 
(Sigma-Aldrich) and blocked for 45 min at room temperature in a per-
meabilization/blocking solution containing 4% NGS, 1% BSA (Sigma- 
Aldrich), and 1% triton X-100 in KPBS. Brain sections were then incu-
bated with overnight at 4 ◦C with different primary antibodies at various 
dilution conditions in the permeabilization/blocking solution. The 
following primary antibodies were used; rabbit anti-PDGFRβ (Abcam; 
ab32570; 1/250), goat anti-ACE2 (R&D systems; AF3437; 1/200), rab-
bit anti-fibronectin (Abcam; ab18723; 1/250), and rabbit anti-desmin 
(Abcam; ab15200; 1/500). The next day, brain sections were washed 
with KPBS and then incubated for 2 h at room temperature in the dark 
with either a secondary antibody donkey anti-goat Alexa Fluor 647® 
(Jackson Immunoresearch) or donkey anti-rabbit Alexa Fluor 488® 
(Jackson Immunoresearch) diluted 1/1000 in KPBS. Free-floating brain 
sections were mounted onto SuperFrost slides (Fisher Scientific) and 
coverslipped with Fluoromount® anti-fade medium (Electron Micro-
scopy Science). Image acquisition was performed using a Zeiss LSM800 
confocal microscope supported by ZEN Imaging Software (Carl Zeiss 
Canada). 

2.16. Statistical analysis 

Results are expressed as mean ± standard error of the mean (SEM). 
For comparisons between two groups, unpaired two-tailed Student’s t- 
test was used. For multiple comparisons, one-way analysis of variance 
(ANOVA) followed by Bonferroni’s post-hoc test was used. For in vivo 
experiments, a violin plot outlining frequency distribution was used. 
Data normality distribution was assessed using Shapiro-Wilk test. P- 
values <0.05 were considered significant. All statistical analyses were 
performed using GraphPad Prism Version 9 for Mac (GraphPad Soft-
ware, CA, USA). 

3. Results 

3.1. ACE2 expression in brain pericytes dynamically respond to S protein 
exposure 

It has been recently demonstrated that within the neurovascular 
interface, pericytes specifically express ACE2 (He et al., 2020; Bocci 
et al., 2021), outlining their potential susceptibility to SARS-CoV-2 
infection. However, the dynamics of ACE2 expression in pericytes 
upon exposure to S protein remains unknown. Here we show that S 
protein dose dependently increased ACE2 expression in brain pericytes 
as early as 6 h upon stimulation (Fig. 1A), peaking at 24 h after stimu-
lation at the concentration of 10 nM, (Fig. 1B). Our data indicate that at 
higher concentrations (15 nM), S protein affected cell viability as early 
as 6 h after stimulation, assessed by XTT absorbance, which indicates 
that cells are metabolically active (Fig. 1C). This effect was maintained 
up to 24 h after stimulation (Fig. 1D). These results indicate that S 
protein increases ACE2 expression in brain pericytes, and thereby 
potentially affects cell responsiveness. 
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3.2. S protein induces pericyte contractile and myofibrogenic transition 

Brain pericytes have been shown to acquire contractile and 
myofibroblast-like phenotypes under various pathological conditions, 
impairing brain perfusion and tissue regeneration (Dias et al., 2021; 
Yemisci et al., 2009; Fernández-Klett et al., 2013). The impact of S 
protein exposure on the expression of key contractile and fibrotic 
markers in brain pericytes remains to be elucidated. Here we demon-
strated that S protein dose-dependently promoted the formation of 
highly dense actin filaments 6 h after stimulation and the adoption of 
contracted cell soma with increased protrusions and ramifications 24 h 
later (Fig. 2A). Next, we demonstrated that S protein at 10 nM induced 
the expression of α-SMA, a contractile protein implicated in pericyte- 
mediated vascular constriction (Yemisci et al., 2009), as early as 6 h 
after stimulation (Fig. 2B), which was further transiently increased 24 h 
after stimulation at 10 and 15 nM (Fig. 2C, D). Similarly, S protein at 10 

nM triggered the expression of fibronectin, a major extracellular protein 
involved in the fibrotic response (Fernández-Klett et al., 2013; Laredo 
et al., 2019), as early as 6 h after stimulation (Fig. 3A), which was 
potentiated at 10 and 15 nM 24 h after stimulation (Fig. 3B, C). Addi-
tionally, we found that S protein stimulation for 6 h had little effects on 
the expression of NOTCH3, is involved in vascular degeneration via 
accumulation of its extracellular domain (ECD) in perivascular cells 
(Ghosh et al., 2015) (Fig. 3D), whereas its expression significantly 
increased following a stimulation for 24 h at 10 and 15 nM (Fig. 3E, F). 
The results suggest that S protein stimulates the pathological contractile 
and myofibrogenic potential of brain pericytes. 

3.3. Pericytes adopt traits of contracted cells upon S protein exposure 

Cell shape and morphology are associated with the phenotypic 
changes. Indeed, it was demonstrated that changes in cell morphology 

Fig. 1. S protein increases ACE2 
expression in pericytes in a dose- 
and time-dependent manner. A) 
Western blot analysis shows that 
ACE2 expression in human brain 
vascular pericytes rapidly increases 6 
h after exposure to 5 nM of S protein, 
reaching a peak at 15 nM. B) Western 
blot analysis shows that ACE2 
expression in brain pericytes remains 
elevated 24 h after exposure to 10 nM 
of S protein compared to vehicle. C) 
XTT cell viability assay shows that 
exposure to 15 nM of S protein for 6 h 
attenuates the survival of brain peri-
cytes. D) XTT cell viability assay 
shows that prolonged exposure to S 
protein for 24 h further attenuates the 
survival of brain pericytes. Data are 
mean ± SEM (n = 3 independent ex-
periments/ condition; XTT cell 
viability assay n = 12 wells/ condi-
tion). *P < 0.05/ **P < 0.01 
compared with vehicle-treated peri-
cytes (two-tailed unpaired t-test). 
Vehicle, ddH2O; 6H, 6  hours; 24H, 
24  hours; XTT, 2/3-bis-(2-methoxy-4- 
nitro-5-sulfophenyl)-2H-tetrazolium- 
5-carboxanilide.   
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correlated with changes in cell circularity, motility, and contraction of 
various cell types (Alisson-Silva et al., 2013; Padhi et al., 2020). To 
assess the putative effect of S protein on cell morphology parameters, 
brain pericytes were exposed for 24 h to different increasing S protein 
doses of 5 nM, 10 nM and 15 nM, and brightfield images were collected 
from living cells without fixation (Fig. 4A). S protein reduced cell cir-
culatory index of brain pericytes in a dose-dependent manner (Fig. 4B, 
C), indicative of the acquisition of an elongated shape. Moreover, 
exposure of brain pericytes to S protein decreased cell perimeter 
(Fig. 4D) as well as reduced cell body size (Fig. 4E) in a dose-dependent 
manner, which is reflected by a narrow cell soma. These results suggest 
that the prolonged exposure to S protein promote the transition of brain 
pericytes from a circular-like morphology associated to relaxed cells, 

towards an elongated morphology associated to contractile cells. 

3.4. VSMCs are minimally affected by S protein exposure 

Brain VSMCs are located at brain arteries, possess higher contrac-
tility rate, and have been shown to respectively express PDGFRβ and 
ACE2 (He et al., 2020). Nonetheless, SARS-CoV-2 S protein impact on 
VSMCs in response to S protein exposure remains unknown. As such, we 
assessed here the response of VSMCs to the prolonged exposure of S 
protein at different increasing doses of 5 nM, 10 nM and 15 nM. We 
found out that the protein expression of ACE2 (Fig. 5A, B) and α-SMA 
(Fig. 5A, C) remained unchanged in VSMCs 24 h after S protein expo-
sure. Furthermore, analysis of cell shape and morphology (Fig. 5D) 

Fig. 2. Pericytes exhibit contractile phenotype upon S protein exposure. A) Representative images of F-actin staining using Alexa Fluor®546 phalloidin shows 
that the morphology of human brain vascular pericytes is disrupted (white arrowheads) upon exposure to S protein for 6 h and 24 h. B) Western blot analysis shows 
that expression of the contractile protein α-SMA increases in brain pericytes after exposure to 10 nM of S protein for 6 h. C) Western blot analysis shows that α-SMA 
expression in brain pericytes remains increased 24 h after exposure to 10 and 15 nM of S protein. D) Representative images of immunofluorescence staining that 
illustrate the expression pattern of α-SMA in brain pericytes in a dose-dependent manner upon exposure to S protein for 24 h. Data are mean ± SEM (n = 3 in-
dependent experiments/ condition). *P < 0.05 compared with vehicle-treated pericytes (two-tailed unpaired t-test). Vehicle, ddH2O; 6H, 6 hours; 24H, 24  hours. 
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indicated that S protein exposure increased the cell circularity index 
(Fig. 5E), indicative of the presence of a large non-elongated shape. On 
the other hand, S protein exposure decreased the cell perimeter (Fig. 5F) 
and reduced the cell body shape (Fig. 5G) only at the higher concen-
tration of 15 nM. The XTT assay indicated that S protein prolonged 
exposure did not affect cell viability (Fig. 5H) at any of the 

concentrations assessed. These results suggest that S protein did not 
affect brain VSMCs despite their expression for ACE2, outlining higher 
resistance or resilience of the cells when compared to pericytes. 

Fig. 3. S protein induces the expression of myofibrogenic markers in pericytes. A) Western blot analysis shows that expression of the pro-fibrotic protein 
fibronectin in human brain vascular pericytes is induced upon S protein exposure at 10 nM for 6 h. B) Western blot analysis shows that fibronectin expression in brain 
pericytes continues to increase after S protein exposure at 15 nM for 24 h. C) Representative images of immunofluorescence staining that illustrate the expression 
pattern of fibronectin in brain pericytes in a dose-dependent manner upon exposure to S protein for 24 h. D) Western blot analysis shows that expression of the 
fibrogenic protein NOTCH3 in brain pericytes remains unchanged after S protein exposure for 6 h, despite slight statistically non-significant increase at 5 and 10 nM. 
E) Western blot analysis shows that NOTCH3 expression in brain pericytes increases upon exposure to 10 and 15 nM S protein for 24 h. F) Representative images of 
staining that illustrates NOTCH3 expression pattern in brain pericytes in a dose-dependent manner upon exposure to S protein for 24 h, outlining a possible ag-
gregation at the cell membrane in response to an elevated dose of S protein at 15 nM (white arrowheads). Data are mean ± SEM (n = 3 independent experiments/ 
condition). *P < 0.05 compared with vehicle-treated pericytes (two-tailed unpaired t-test). Vehicle, ddH2O; 6H, 6  hours; 24H, 24  hours. 
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3.5. S protein modulates Ca2+ signaling in brain pericytes 

It has been recently shown that brain pericytes have distinct 
Ca2+signatures, which reflects specific contractile properties of different 
populations of pericytes depending upon their localization at the 
vascular tree (Glück et al., 2021). It remains however unknown whether 
protein S affects Ca2+ signaling dynamics in brain pericytes. To address 
this issue, we incubated human brain vascular pericytes with S protein 
for 4 h with a Ca2+-sensitive organic indicator Cal-590™ AM and per-
formed time-lapse Ca2+ imaging (Fig. 6A; Supplementary video 1 
[vehicle-treated pericytes]; Supplementary video 2 [S protein-treated 
pericytes]). Based on Ca2+ signature (Oladunni et al., 2020), we 
observed the presence of 4 distinct brain pericyte populations, which 
included ensheathing pericytes, capillary pericytes, venule pericytes, 
and an undetermined pericyte population (Fig. 6B). Interestingly, S 
protein exposure induced a Ca2+ oscillatory activity specific to 
ensheathing pericytes. Indeed, S protein exposure induced a major shift 
towards the Ca2+ signature of ensheathing pericytes that possess high 
contractility potential with highly regular oscillatory Ca2+ fluctuations 
(Fig. 6B), and disappearance of venular pericytes, which do not possess a 
contractile potential (Fig. 6C). Analysis of overall Ca2+ signals indicated 
that S protein induced an oscillatory activity in brain pericytes without 
affecting the amplitude of Ca2+ events (11.6 for control vs 11.9 for S 

protein) (Fig. 6D). Importantly, S protein induced a 2-fold increase in 
the frequency (3.1 mHz and 6.7 mHz for control and S protein, respec-
tively) (Figs. 6E) and the oscillatory Ca2+ activity resulted in an 
increased synchronized activity (Figs. 6F). These results indicate that S 
protein potently modulate Ca2+ signaling potentially associated to a 
transition towards a contractile phenotype of ensheathing pericytes. 

3.6. ACE2 expression in brain pericyte is modulated by hypoxic 
conditions 

Vascular comorbidities and risk factors have been shown to exacer-
bate COVID-19 pathogenesis (Fraiman et al., 2020; Ellul et al., 2020). 
These conditions are often associated to tissue hypoxia/ischemia caused 
by vascular dysfunction (Kisler et al., 2017). Yet, ACE2 regulation under 
reduced oxygenation conditions remain elusive. To elucidate this aspect, 
brain pericytes were exposed to hypoxia as well as hypoxia/ischemia in 
vitro. Here we show that ACE2 expression significantly increased upon 
exposure to hypoxic and ischemic-like conditions (Fig. 7A). As hypoxia 
constitutes a pathological condition that persists in time within the tis-
sues in various vascular-mediated brain disorders (Kisler et al., 2017), 
we evaluated the temporal expression profile of ACE2 in pericytes under 
normoxic and prolonged hypoxic conditions. We found that ACE2 pro-
tein expression remained significantly elevated 48 h, 72 h under hypoxic 

Fig. 4. Pericytes adopt an elongated and contracted shape upon S protein exposure. A) Representative brightfield images of living cells shows that human brain 
vascular pericytes exhibit an elongated morphology (white arrowheads) upon exposure to S protein for 24 h. B) A scheme illustrating the correlation between cell 
circularity index and contraction, where a reduced circularity index translates the acquisition of an elongated and contracted cellular morphology. Morphological 
analysis shows that the C) cell circularity index, D) cell perimeter, and E) cell body size (soma) decreases in brain pericytes exposed to S protein for 24 h in a dose- 
dependent manner. Data are mean ± SEM (n = randomly selected 10 to 12 vehicle- and S protein-treated cells per image for a total of 3 images per experimental 
condition). *P < 0.05/ ***P < 0.001/****P < 0.0001 compared with vehicle-treated pericytes (two-tailed unpaired t-test). Vehicle, ddH2O. 
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conditions (Fig. 7B). Next, we assessed whether hypoxia modulates S 
protein mediated ACE2 expression in pericytes. Our data indicate that 
ACE2 expression significantly increased following S protein stimulation 
for 24 h in pericytes exposed to hypoxia for 48 h (Fig. 7C). Immuno-
fluorescence analysis indicated that ACE2 increased expression upon S 
protein exposure was accompanied by an enhanced localization to the 
cellular membrane, which was potentiated under hypoxic conditions 
(Fig. 7D). These results demonstrate that ACE2 expression in human 
brain pericytes is dynamic and is potently induced following exposure to 
S protein as well as under conditions in which oxygen levels are low. 

3.7. Hypoxia modulates S protein mediated pericyte phenotypic transition 

The vascular-mediated symptoms associated to COVID-19 patho-
genesis are associated to impaired cerebral blood perfusion as well as 
pro-fibrotic responses (Lee et al., 2021; Thakur et al., 2021; Matschke 
et al., 2020; Fraiman et al., 2020; Ellul et al., 2020). However, the 
impact of hypoxia combined to S protein exposure on pericyte con-
tractile and myofibrogenic phenotype remains totally unknown. Inter-
estingly, we showed that hypoxia for 48 h increased α-SMA expression, 
which was further induced upon S protein exposure for 24 h (Fig. 8A). 
On the other hand, our data indicate that hypoxia did not affect S 
protein-induced expression of fibronectin, while it stimulated its 

Fig. 5. S protein exposure does not influence the dynamics of VSMCs. A) Western blot analysis shows that B) ACE2 expression as well as C) α-SMA expression in 
human brain VSMCs remains unchanged 24 h after exposure to S protein. D) Brightfield images of living cells shows that the morphology of human VSMCs remains 
intact upon exposure to S protein for 24 h. E) Morphological analysis shows that cell circularity index slightly increases upon exposure of VSMCs to 10 nM and 15 nM 
S protein for 24 h. F) Cell perimeter slightly decreases only upon exposure to 15 nM S protein for 24 h. G) Cell body size slightly decreases only upon exposure to 15 
nM S protein for 24 h. H) XTT cell viability assay shows that exposure to S protein for 24 h does not affect the survival of VSMCs. Data are mean ± SEM (n = 3 
independent experiments/ condition; Cell morphology analysis, n = randomly selected 10 to 12 vehicle- and S protein-treated cells per image for a total of 3 images 
per experimental condition; XTT cell viability assay, n = 12 wells/ condition). *P < 0.05/ **P < 0.01/***P < 0.001/****P < 0.0001 compared with vehicle-treated 
pericytes (two-tailed unpaired t-test). Vehicle, ddH2O; XTT, 2/3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide. 
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Fig. 6. S protein exposure modulates intracellular Ca2þ dynamics in pericytes. >A) Time-lapse imaging of Ca2+ dynamics in human brain vascular pericytes 
cultures using laser scanning confocal microscopy revealed that exposure to 10 nM S protein increases Ca2+ activity (white arrowheads). B) Representative traces of 
Ca2+ oscillatory activity showing that upon S protein exposure, pericytes adopt a distinct signature associated with the phenotype of ensheathing brain pericytes. 
Ca2+ events are marked by red arrowheads and blackline indicate the basal Ca2+ level. Note, distinct Ca2+ signatures in different types of human brain vascular 
pericytes, with the ensheathing phenotype associated with highly regular oscillatory Ca2+ events. C) Analysis of Ca2+ oscillatory activity indicates that S protein 
promoted an ensheathing pericyte phenotype. D) The amplitude of Ca2+ events remains unchanged in brain pericytes after exposure to S protein. E) Sharp increase in 
the frequency of Ca2+ events in brain pericytes upon exposure to S protein. F) Analysis of synchronized activity of Ca2+ events showing a strong increase in the level 
of synchronization in brain pericytes upon S protein exposure. Data are mean ± SEM (n = 7 videos from 4 wells for 371 cells in vehicle-treated brain pericytes / n = 6 
videos from 4 wells for 382 cells in S protein-treated cells). ***P < 0.001 compared with vehicle-treated pericytes (two-tailed unpaired t-test). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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expression at a similar level under normoxic and hypoxic conditions 
(Fig. 8B). Our data suggest that hypoxia increased NOTCH3 expression 
in brain pericytes, which was slightly augmented upon exposure to S 
protein (Fig. 8C). Additionally, we found that hypoxia for 48 h potently 
increased collagen I expression, which was induced in pericytes after 24 
h of stimulation with S protein (Fig. 8D, E), which has been shown to 
play major role in various tissue fibrosis (Fernández-Klett et al., 2013; 
Dias and Göritz, 2018). The results suggest that hypoxia exacerbates S 
protein-mediated pericyte transition towards a contractile and myofi-
brogenic phenotype. 

3.8. Exposure to S protein triggers oxidative stress in brain pericytes 

COVID-19 pathogenesis is associated to cerebrovascular dysfunction 
and coagulopathies (Klok et al., 2020; Richardson et al., 2020; Thakur 
et al., 2021; Fraiman et al., 2020; Ellul et al., 2020), including the for-
mation of ischemic and hypoxic lesions. Hypoxia/ischemia-induced 
oxidative and nitrosative stress have been shown to induce pericytes 
sustained pathological contraction (Yemisci et al., 2009). Yet, the 
impact of S protein on oxidative stress in pericytes remains totally un-
known. Here we found that stimulation with S protein at 10 nM for 24 h 
under hypoxic conditions compromised pericyte viability, which was 
assessed using XTT assay (Fig. 9A). S protein exposure for 24 h, inde-
pendently of hypoxia, induced lipid peroxidation associated to oxidative 
stress in pericytes (Fig. 9B). Additionally, our data indicate that hypoxia 
exacerbated the S protein-mediated generation of ROS and RNS in brain 
pericytes (Fig. 9C). Hypoxia exacerbated total ROS generation upon 

exposure of brain pericytes to S protein (Fig. 9D). However, S protein did 
not affect superoxide generation in brain pericytes, whereas hypoxia did 
(Fig. 9E). Finally, NO production in brain pericytes upon S protein 
exposure was induced by hypoxia (Fig. 9F). The results thus demon-
strate that S protein triggers oxidative and nitrosative stress in pericytes, 
a response that is exacerbated under hypoxic conditions. 

3.9. S protein combined to hypoxia trigger an immune response in brain 
pericytes 

As mentioned, pericytes have been shown to possess immune func-
tions at the neurovascular interface (ElAli et al., 2014; Kisler et al., 2017; 
Török et al., 2021). It has been recently proposed that pericyte 
dysfunction upon infection with SARS-CoV-2 causes microvasculature 
inflammation and injury (He et al., 2020; Bocci et al., 2021). However, 
whether S protein is capable of eliciting pericyte immunoreactivity, 
which in turn mediate microvascular injury remains elusive. Here we 
show that S protein at 15 nM increased the ratio of p65-NF-κB phos-
phorylation, as early as 6 h after stimulation (Fig. 10A), which remained 
elevated 24 h later (Fig. 10B). Importantly, our data indicate that hyp-
oxia for 48 h significantly increased the ratio of p65-NF-κB phosphory-
lation, which further augmented upon S protein stimulation for 24 h 
(Fig. 10C). Next, we profiled the expression pattern of cytokines and 
chemokines and found out that brain pericyte ubiquitously express 
various molecules implicated in modulating the immune response, 
namely stromal cell-derived factor (SDF)-1, intercellular adhesion 
molecule (ICAM), interleukin (IL)18, MIF, and plasminogen activator 

Fig. 7. Hypoxic/ischemic conditions modulate ACE2 expression pattern in pericytes. A) Western blot analysis shows that ACE2 expression in human brain 
vascular pericytes increases 24 h after exposure to hypoxic (hypoxia) or ischemic-like (OGD) conditions. B) Western blot analysis shows that ACE2 expression in brain 
pericytes continues to increase under prolonged hypoxic conditions to reach a peak at 1 week. C) Western blot analysis shows that ACE2 expression in response to 10 
nM S protein exposure for 24 h is exacerbated in brain pericytes pre-exposed to hypoxic conditions. D) Representative images of immunofluorescence staining that 
illustrate ACE2 expression pattern in response to S protein exposure for 24 h in brain pericytes pre-exposed to hypoxic conditions, outlining a possible redistribution 
at the cell membrane (white arrowheads). Data are mean ± SEM (n = 3 independent experiments/ condition; XTT cell viability assay n = 9–12 wells/ condition). *P 
< 0.05/ **P < 0.01 compared with normoxia vehicle-treated pericytes, and #P < 0.05 compared with hypoxia vehicle-treated pericytes (one-way analysis of variance 
(ANOVA) followed by Bonferroni’s multiple comparison post-hoc test). Vehicle, ddH2O; OGD, oxygen and glucose deprivation; 48H, 48  hours; 72H, 72  hours; 1 W, 
1 week; XTT, 2/3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide. 

R. Khaddaj-Mallat et al.                                                                                                                                                                                                                       



Neurobiology of Disease 161 (2021) 105561

13

inhibitor (PAI)-1 (Fig. 10D). Importantly, our data suggest that among 
these molecules, MIF expression was potently increased in brain peri-
cytes in response to hypoxia associated to 24 h exposure to S protein 
(Fig. 10E). The results suggest that S protein in presence of hypoxic 
conditions mediates pericyte immunoreactivity leading the production 
of cytokine and chemokines involved in immune cell trafficking within 
the vasculature. 

3.10. Intranasal SARS-CoV-2 infection induces acute ischemic-like 
pericyte reactivity 

As mentioned, COVID-19 pathogenesis is often accompanied by 
neurovascular complications, including focal and multifocal ischemic 
lesions (Lee et al., 2021; Thakur et al., 2021; Fraiman et al., 2020; Ellul 
et al., 2020). Moreover, our cell-based experiments have revealed that 
hypoxia upregulates ACE2 expression, which was further exacerbated 
upon S protein exposure. However, murine ACE2 does not recognize 
SARS-CoV-2 S protein, that is why K18-hACE2 transgenic mice 
expressing human ACE2 were used. We first verified the basal distri-
bution of ACE2 in the brain of healthy C57BL6/J mice and found out 
that it is abundantly expressed in brain pericytes expressing desmin 
(Fig. 11A). We next assessed whether the SARS-CoV-2 intranasal infec-
tion could affect pericyte dynamics in the brain of mice like S protein 
effects in vitro. For this purpose, we compared the dynamics of PDGFRβ+

pericytes in the brain of C57BL6/J wildtype mice after ischemic stroke 
and in the brain of K18-hACE2 after SARS-CoV-2 intranasal infection. 
Our data indicate that pericytes were reactive in the brain of K18-hACE2 
mice at 4 days after SARS-CoV-2 infection, translated by an increased 

expression of PDGFRβ, and exhibited close reactivity pattern to pericytes 
located at the ischemic brain of C57BL6/J wildtype mice (Fig. 11B). 
Moreover, we observed an increased ACE2 vascular expression in the 
brain of K18-hACE2 mice infected with SARS-CoV-2, which was com-
parable to its expression pattren in the ischemic brain of C57BL6/J 
wildtype mice (Fig. 11C). Moreover, we found out that S protein reached 
the brain of C57BL6/J wildtype mice 24 h after intranasal infusion, upon 
permeabilization of the nasal mucosa (Fig. 11D). Together, the results 
suggest that intranasal SARS-CoV-2 infection triggers an ischemic-like 
reactivity of ACE2+ PDGFRβ+ pericytes, presumably via S protein, 
thus potentially contributing to the pathobiology of cerebrovascular 
disorders observed in COVID-19. 

4. Discussion 

Infection of respiratory and gastrointestinal ACE2+ epithelial cells 
with SARS-CoV-2 accounts for the common typical symptoms in COVID- 
19 patients (Mao et al., 2020; Klok et al., 2020). Nonetheless, COVID-19 
pathogenesis is often accompanied by neurological manifestations that 
are essentially linked to neurovascular complications, such as stroke and 
microangiopathies (Klok et al., 2020; Richardson et al., 2020; Thakur 
et al., 2021; Fraiman et al., 2020; Ellul et al., 2020). Accumulating ev-
idence is suggesting that PDGFRβ+ pericytes constitute the main cell 
type at the neurovascular interface that abundantly expresses ACE2 (He 
et al., 2020; Bocci et al., 2021; Alisson-Silva et al., 2013). Recently, a 
“COVID-19-pericyte hypothesis” was proposed as an attempt to under-
stand the neurological manifestations associated with SARS-CoV-2 
infection (He et al., 2020). It postulates that the passage of blood- 

Fig. 8. S protein-mediated phenotypic changes in pericytes are modulated by hypoxia. A) Western blot analysis shows that α-SMA expression increases in brain 
pericytes pre-exposed to hypoxic conditions and is further induced upon exposure to S protein at 10 nM for 24 h. B) Western blot analysis shows that fibronectin 
expression increases in brain pericytes 24 h after exposure to S protein, independently of the hypoxic conditions. C) Western blot analysis shows that NOTCH3 
expression increases upon exposure to S protein for 24 h and hypoxia, which does not influence S protein-mediated effects. D) Analysis of immunofluorescence 
intensity shows that expression of the pro-fibrotic protein collagen I increases following S protein exposure for 24 h in brain pericytes pre-exposed to hypoxic 
conditions. E) Representative images of immunofluorescence staining that illustrates the expression pattern of collagen I in brain pericytes pre-exposed to hypoxic 
conditions and exposed for 24 h to S protein. Data are mean ± SEM (n = 3 independent experiments/ condition). *P < 0.05/ **P < 0.01/ ***P < 0.001/ ****P <
0.0001 compared with normoxia vehicle-treated pericytes, and #P < 0.05/ ###P < 0.001 compared with hypoxia vehicle-treated pericytes (one-way analysis of 
variance (ANOVA) followed by Bonferroni’s multiple comparison post-hoc test). Vehicle, ddH2O. 
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derived SARS-CoV-2 across a permeable BBB infects perivascular peri-
cytes, thus leading to microvasculature inflammation (He et al., 2020). 
Indeed, it has been shown that the virus could possibly reach the ol-
factory bulb and the brainstem, causing microvascular injuries (Lee 
et al., 2021; Thakur et al., 2021). Yet, it remains unclear whether a 
productive SARS-CoV-2 infection inside the brain is required to mediate 
the observed effects. 

In this report, we unravelled previously undescribed effects of SARS- 
CoV-2 S protein in deregulating the vascular and immune functions of 
brain pericytes, which may account for vascular injuries underlying 
cerebrovascular events in COVID-19. Furthermore, we highlighted the 
role of hypoxia associated to vascular comorbidities, which aggravate 
COVID-19 pathogenesis, in exacerbating S protein-mediated effects on 
brain pericytes. More precisely, we have demonstrated that S protein 
increased ACE2 expression in human brain vascular pericytes in a dose- 
dependent manner. Moreover, S protein exposure induced the expres-
sion of contractile and myofibrogenic markers, namely α-SMA, fibro-
nectin, NOTCH3, and collagen I, which was potentiated by hypoxia. 
These effects were accompanied by adoption of S protein-exposed brain 
pericytes to an elongated and contracted morphology. Moreover, we 
found that S protein exposure promoted a Ca2+ signature that is asso-
ciated to contractile ensheathing pericytes, accompanied by highly 
regular oscillatory Ca2+ fluctuations. Moreover, S protein exposure 
induced lipid peroxidation, oxidative and nitrosative stress in pericytes, 
and activated the master regulator of inflammation, NF-κB, via p65 
phosphorylation. Importantly, S protein exposure accompanied by 
hypoxia increased the expression of MIF, a pro-inflammatory cytokine 
that plays a major role in modulating the immune response within the 

vasculature (Stark et al., 2013). In K18-hACE2 transgenic mice, we 
found out that the intranasal infection with SARS-CoV-2 induced peri-
cyte reactivity by increasing PDGFRβ expression similarly as ischemic 
stroke. Moreover, SARS-CoV-2 intranasal infection potently induced 
ACE2 expression at the brain vasculature of K18-hACE2 transgenic mice, 
similarly as ischemic stroke. Finally, we observed that S protein released 
in the intranasal cavity could reach the brain of normal C57BL6/J mice 
following nasal mucosa permeabilization. Collectively, our results sug-
gest that SARS-CoV-2 triggers via S protein the pathological reactivity of 
pericytes at the neurovascular interface (Fig. 12). This knowledge is 
critical to understand the mechanisms underlying the pathobiology of 
cerebrovascular disorders associated to COVID-19, and thereby to 
develop efficient therapies aiming to attenuate the neurovascular 
complications. 

Although it is now well established that brain pericytes abundantly 
express ACE2, the dynamics of its expression following the exposure to 
SARS-CoV-2 S protein remains elusive. Here we show that ACE2 
expression in brain human pericytes increases upon exposure to SARS- 
CoV-2 S protein, suggesting the presence of a positive regulatory 
mechanism that increases pericyte responsiveness to S protein. It has 
been shown that pericyte contraction induced by oxidative and nitro-
sative stress impairs brain perfusion via constriction of the brain 
microvasculature (Yemisci et al., 2009). Pericyte contraction was asso-
ciated to elevated levels of cytoplasmic α-SMA implicated in cell 
contraction (Yemisci et al., 2009). Here we show that S protein exposure 
dose dependently induced profound morphological changes character-
ized by the emergence of a contracted profile in pericytes, as well as 
induced the expression of α-SMA, which was accompanied by an 

Fig. 9. S protein exposure causes oxidative and nitrosative stress in pericytes. A) XTT cell viability assay shows that pre-exposure to hypoxic conditions does 
not affect the survival of human brain vascular pericytes following exposure to 10 nM S protein for 24 h. B) TBARS assay shows that exposure of brain pericytes to S 
protein for 24 h increases lipid peroxidation independently upon the hypoxic conditions. C) Representative fluorescence images of ROS/RNS assay, which probes real 
time reactive oxygen and nitrogen species production by brain pericytes. D) Analysis of the fluorescence intensity shows that S protein exposure for 24 h induces total 
ROS generation in brain pericytes, a response that is exacerbated under hypoxic conditions. E) Analysis of the fluorescence intensity shows that hypoxia increases 
superoxide production in brain pericytes independently upon S protein. F) Analysis of the fluorescence intensity shows that S protein exposure for 24 h associated to 
hypoxia increases NO generation in brain pericytes. Data are mean ± SEM (n = 3 independent experiments/ condition; ROS/RNS assay, n = randomely selected 14 to 
15 cells per well of 12-well plates). *P < 0.05/ **P < 0.01/ ****P < 0.0001 compared with normoxia vehicle-treated pericytes, and #P < 0.05 compared with hypoxia 
vehicle-treated pericytes (one-way analysis of variance (ANOVA) followed by Bonferroni’s multiple comparison post-hoc test). Vehicle, ddH2O; XTT, 2/3-bis-(2- 
methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide; ROS/RNS, reactive oxygen/nitrogen species. 
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increased expression of extracellular matrix proteins associated to 
fibrosis, namely fibronectin and collagen I. The pericyte-myofibroblast 
transition constitutes a critical pathological feature in tissue fibrosis in 
various pathologies (Di Carlo and Peduto, 2018). Under hypoxic and 
ischemic conditions, reactive pericytes are suggested to contribute to 
fibrotic scar formation, presumably via trans-differentiation into 
myofibroblast-like cells (Fernández-Klett et al., 2013). As such, our 
findings suggest that S protein exposure may facilitate the transition of 
pericytes towards a contractile and myofibrogenic phenotype, which 
may impair neurovascular functions. NOTCH3 plays an important role 
in brain vascular integrity, mainly by regulating pericyte survival and 
vascular coverage (Wang et al., 2014). NOTCH3 signaling impairment, 
such as aggregation of its ECD in brain pericytes wrapping brain 
vasculature caused by genetic mutations, has been shown to be directly 
involved in the pathobiology of cerebral autosomal dominant arterio-
pathy with subcortical infarcts and leukoencephalopathy (CADASIL) 
(Ghosh et al., 2015). Notwithstanding the above, the impact of S protein 
exposure on NOTCH3 regulation in human pericytes remains to be 
addressed. Here we show that S protein exposure increased NOTCH3 
expression and protein aggregation in brain pericytes. More in-
vestigations are required to fully elucidate NOTCH3 dynamic upon S 
protein. However, our data suggest that S protein exposure may alter 
pericyte function via impairing NOTCH3 signaling by at least promoting 
protein pathological aggregation. Moreover, S protein exposure reduced 
the cell circularity index, outlining the acquisition of an elongated and 
contracted morphology. Interestingly, these effects were not observed in 
VSMCs exposed to S protein despite ACE2 expression. These results 
suggest that VSMCs better resist the S protein-mediated effects 

presumably since they are highly differentiated in comparison to peri-
cytes. Ca2+ signaling plays a major role in regulating brain pericyte 
contractile function (Halaidych et al., 2019; Hartmann et al., 2021). 
PDGFRβ+ brain pericyte populations, which are present at specific lo-
cations within the vascular network, exhibit distinct and specific Ca2+

signatures (Glück et al., 2021). Ensheathing pericytes located at the level 
of penetrating arterioles and pre-capillaries, exhibited a SMC-like Ca2+

dynamics, and were characterized by an important contractile potential 
and capacity to regulate the CBF (Glück et al., 2021). Here, we found 
that the induced expression of contractile and myofibrogenic markers 
upon S protein exposure strongly correlated with the increased fre-
quency and synchronicity of intracellular Ca2+ in pericytes. Importantly, 
S protein exposure potently promoted the acquisition of an ensheathing 
pericyte Ca2+ signature. This in line with recent reports indicating that 
SARS-CoV-2 binding to ACE2 triggered pericyte-mediated angiotensin- 
evoked cerebral capillary constriction (Hirunpattarasilp et al., 2021). 
Furthermore, it has been reported that the gliovascular cells displayed a 
significant increase in Ca2+ during and after epileptic seizures, causing 
neurovascular dysfunction translated by a sustained constriction of the 
cerebral vasculature (Yemisci et al., 2009). Taken together, our results 
suggest that S protein mediates a phenotypic switch in pericytes by 
promoting the contractile and myofibrogenic properties associated with 
a modulation of Ca2+ signaling. Future studies are warranted to eluci-
date the mechanisms underlying S protein mediated Ca2+ signaling in 
pericytes. 

Brain pericytes are key regulators of the immune responses at the 
neurovascular interface by relaying signals from the periphery to the 
brain (ElAli et al., 2014; Kisler et al., 2017; Armulik et al., 2011). 

Fig. 10. S protein exposure induces a strong immune reaction in pericytes. A) Western blot analysis shows that the ratio of phosphorylated p65-NF-κB over total 
NF-κB (i.e pathway activation) increases in human brain vascular pericytes upon exposure to 15 nM S protein for 6 h. B) Western blot analysis shows that the ratio of 
phosphorylated p65-NF-κB over total NF-κB remains elevated upon exposure of brain pericytes to S protein for 24 h, without statistical significance. C) Western blot 
analysis shows that the ratio of phosphorylated p65-NF-κB over total NF-κB increases upon stimulation of brain pericytes pre-exposed to hypoxic conditions with S 
protein for 24 h. D) Representative images of the Proteome Profiler Human Cytokine Array membranes showing that brain pericytes ubiquitously express various 
immune mediators, including stromal cell-derived factor (SDF)-1, intercellular adhesion molecule (ICAM), interleukin (IL)18, MIF, and plasminogen activator in-
hibitor (PAI)-1. E) Analysis of the cytokine and chemokine array shows that MIF expression is increased in response to S protein exposure for 24 h in brain pericytes 
pre-exposed to hypoxic conditions. Data are mean ± SEM (n = 3 independent experiments/ condition; Proteome Profiler Human Cytokine Array, n = 3 pooled 
independent experiments/ condition). (A-B) *P < 0.05 compared with vehicle or S-protein-treated pericytes (two-tailed unpaired t-test); (C) **P < 0.01/ ****P <
0.0001 compared with normoxia vehicle-treated pericytes, and ##P < 0.01 compared with hypoxia vehicle-treated pericytes (one-way analysis of variance (ANOVA) 
followed by Bonferroni’s multiple comparison post-hoc test); (D) *P < 0.05 compared with vehicle-treated pericytes (two-tailed unpaired t-test). Vehicle, ddH2O. 
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Pericytes contribute to neuroimmunomodulation via secretion of 
immune-active molecules, adoption of macrophage-like activity, pre-
sentation of antigens, and regulation of leukocyte trafficking across the 
cerebral vasculature (ElAli et al., 2014; Török et al., 2021). Brain peri-
cytes express basal levels of several cytokines and chemokines (Stark 
et al., 2013). Under inflammatory conditions, pericytes respond to the 

immune challenge by increasing the expression of inflammatory medi-
ators, including ROS and NO (Kovac et al., 2011). Moreover, α-SMA+

pericytes were demonstrated to detect danger signals, triggering pro- 
inflammatory profile, which was associated to an increased expression 
of MIF (Stark et al., 2013). Importantly, MIF production promoted the 
survival and migration of leukocytes within the vascularized tissue 

Fig. 11. SARS-CoV-2 intranasal infection induces pericyte reactivity in the brain. A) Representative images of immunofluorescence staining show that ACE2 
(red) is co-localized with vascular pericytes labelled with desmin (green) in the brain of wildtype mice. B) Analysis of immunofluorescence intensity indicates that 
PDGFRβ expression is induced in the brain of K18-hACE2 transgenic mice 4 days following intranasal infection with SARS-CoV-2, as well as in the ischemic ipsilateral 
hemisphere of C57BL6/J wildtype mice 3 days after cerebral ischemia induction via middle cerebral artery occlusion (MCAo). C) Analysis of immunofluorescence 
intensity indicates that ACE2 expression increases in the brain vasculature of K18-hACE2 transgenic mice 4 days following intranasal infection with SARS-CoV-2 as 
well as in the ischemic ipsilateral hemisphere of C57BL6/J wildtype mice 3 days after ischemic stroke. D) His-Tag ELISA analysis shows that the poly-histidine-tagged 
S protein is present in different brain regions 24 h after intranasal infusion. Data are mean ± SEM (n = 3 animals/ condition). **P < 0.01 compared with contralateral 
hemisphere (one-way analysis of variance (ANOVA) followed by Bonferroni’s multiple comparison post-hoc test). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Fig. 12. Scheme illustrating the effects of 
S protein on brain pericytes in absence of 
productive viral infection. Exposure of 
ACE2+ human brain vascular pericytes to 
SARS-CoV-2 S protein active trimer induces 
NF-κB signaling pathway and modulates 
intracellular Ca2+ activity. The intracellular 
signaling changes in brain pericytes upon S 
protein exposure are accompanied by an 
increased expression of contractile and 
myofibrogenic markers as well as secretion 
of inflammatory cytokines and chemokines. 
S protein effects are potentiated under hyp-
oxic conditions, which are associated to 
vascular comorbidities that have been 

demonstrated to exacerbate COVID-19 pathogenesis. We postulate that SARS-CoV-2 could impair neurovascular functions by deregulating the functions of ACE2+

pericytes via S protein active trimer.   
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(Stark et al., 2013). Previous findings indicated that activation of NF-κB 
signaling pathway, a master regulator of inflammation, is crucially 
implicated in regulating the immune responses of brain pericytes (Gui-
jarro-Muñoz et al., 2014; Rustenhoven et al., 2016). Interestingly, here 
we show that S protein exposure activated NF-κB signaling pathway, 
which was accompanied by an enhanced expression of MIF. Our data 
indicate that S protein-mediated pericyte immunoreactivity may be 
implicated in exacerbating microvascular inflammation in COVID-19. 
The presence of vascular comorbid and risk factors, such as diabetes, 
hypertension, and obesity, in patients is now well established as an 
aggravating condition for COVID-19 pathogenesis (Richardson et al., 
2020; He et al., 2020). These factors predispose for vascular injuries 
associated to pericyte dysfunction (ElAli et al., 2014; Armulik et al., 
2011), which jointly contribute to the formation of local hypoxic and 
ischemic conditions. As such, we evaluated the impact of hypoxia on S 
protein effects on brain pericytes. Our findings indicate that ACE2 
expression as well as S protein mediated effects on pericyte contractile 
and myofibrogenic transition were potently exacerbated under hypoxic 
conditions. Moreover, hypoxia significantly increased S protein- 
mediated NF-κB signaling pathway activation as well as the expression 
of immune mediators. Our data suggest that the impact of hypoxia in 
individuals with vascular risk factors may aggravate the vascular- 
mediated neurological conditions associated to COVID-19. 

Finally, we were interested in evaluating the dynamics of brain 
pericytes in response to SARS-CoV-2 infection. Interestingly, hypoxic, 
and hemorrhagic lesions were detected in the post-mortem brain of 
patients following SARS-CoV-2 infection (Lee et al., 2021; Thakur et al., 
2021; Matschke et al., 2020). Hypoxia associated to ischemic stroke 
triggers a pathological reactivity and prolonged contraction of pericytes, 
leading to vascular constriction and CBF impairment, thus worsening 
injury (Yemisci et al., 2009). Here we show that SARS-CoV-2 intranasal 
infection induced an ischemic-like PDGFRβ+ pericyte reactivity in the 
brain of K18-hACE2 transgenic mice. Moreover, ACE2 vascular expres-
sion significantly increased in the brain of hACE2 mice intranasally 
infected with SARS-CoV-2, replicating the effects of ischemic insult. It 
has been previously shown that K18-hACE2 mice infected with SARS- 
CoV-2 exhibited encephalitis associated with inflamed meningeal ves-
sels, extravasation of immune cells into the brain parenchyma, and 
microglial activation (Winkler et al., 2020). Our study indicates that 
SARS-CoV-2 infection induces the reactivity of PDGFRβ+ pericytes in the 
brain of these mice. It is noteworthy to mention that S protein infused in 
the intranasal cavity of normal C57BL6/J wildtype mice reached the 
brain when the nasal mucosal barrier was permeabilized using hyal-
uronidase. In this regard, pathogens, such as viruses, can disrupt the 
nasal epithelium barrier via the secretion of several proteases that 
degrade the extracellular matrix proteins (Zhang et al., 2016). SARS- 
CoV-2 infection has been shown to deregulate the structure of the 
nasal mucosal barrier (Gallo et al., 2021). Taken together, these obser-
vations indicate that deregulation of nasal mucosa ACE2+ cells upon 
SARS-CoV-2 infection might allow the entry of S protein accumulated in 
the intranasal cavity into the brain, possibility acting on ACE2+ peri-
cytes. However, more investigations are required to characterize the 
neuropathological consequences of SARS-CoV-2 S protein mediated 
brain pericyte reactivity in vivo. 

5. Conclusion 

Our study indicates that SARS-CoV-2 S protein deregulates the 
vascular and immune functions of brain pericytes, thus providing new 
mechanistic insights into the pathobiology of cerebrovascular disorders 
associated to COVID-19. Moreover, our findings suggest that deregula-
tion of pericytes upon SARS-CoV-2 infection through S protein could act 
upstream on the cascade of events leading to microangiopathies. It is 
important to mention here that our reported observations do not reflect 
or translate in any way the impact of S protein-based mRNA vaccines on 
brain pericytes, which have been proven to be safe. Indeed, S protein is 

locally produced in the muscle cells upon mRNA translation within the 
injection site, and mRNA is rapidly cleared. Besides, our cell-based as-
says translate an exaggerated and prolonged exposure to S protein, thus 
better reflecting a severe nasopharyngeal infection with SARS-CoV-2. 
Our study suggests that targeting S protein interaction with brain peri-
cytes may allow alleviating some of the vascular-mediated neurological 
conditions in COVID-19. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.nbd.2021.105561. 
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