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To the Editor,

Emerging clinical data suggests that ~40% of COVID-19
patients develop neurological symptoms attributed to viral
encephalitis, resulting in neuro-inflammation, neuronal dam-
age and severe hypoxia (Wu et al. 2020; Najjar et al. 2020;
Muccioli et al. 2020; Mao et al. 2020). SARS-COV-2 infects
the host using the widely expressed angiotensin converting
enzyme 2 (ACE2) receptor (Bourgonje et al. 2020), however,
no there are no reports on ACE2 receptor expression by hu-
man brain microvascular endothelial cells (BMVEC) and nor-
mal human astrocytes (NHA) which constitute the Blood
Brain Barrier (BBB). We posit that SARS-CoV-2 enters the
central nervous system (CNS) via ACE2 receptors present on
BMVEC and NHA, alters tight junction (TJ) proteins leading
to disruption in BBB integrity which leads to neuro-invasion
of microglia. Overall, SARS-COV-2 exacerbates neuro-in-
flammation, increases oxidative stress and consequently con-
tributes to neuronal cell death.

Expression of ACE2 Receptor by hBMVEC Primary hBMVEC
(Cat# ACBRI-376; Cell Systems, Kirkland, WA, USA) basal
expression levels of ACE2 receptor and SARS-COV-2 in-
duced expression was examined by immunofluorescence
staining using an ACE2 receptor primary antibody (1:1000
dilution; Cat# NR-52481, BEI Resources Inc) followed by
staining with an Alexa Fluor 647 labelled secondary anti-
mouse antibody (1:2000, Cat #A 28181; ThermoFisher
Scientific) and nuclear stain DAPI. Receptor expression was
measured using an EVOS® FL Cell Imaging System,
Invitrogen, and quantitated using ImagelJ software. Figure 1a
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shows basal ACE2 receptor expression in BMVEC which was
significantly increased following SARS-COV-2 spike protein
treatment. We are the first to report that primary human
BMVEC express ACE2 receptor which is increased by
SARS-COV-2 spike protein exposure.

SARS-COV- 2 Affects BBB Integrity A well validated in-vitro
2D BBB co-culture system trans-well model that closely
mimics and accurately reflects in vivo characteristics and
functional properties was used (Mahajan et al. 2008;
Reynolds and Mahajan 2020). Trans-endothelial electrical re-
sistance (TEER) across the in vitro BBB was measured using
an ohm meter Millicell ERS system (Millipore, Bedford, MA
Cat#MERS 000 01). To determine the effect of SARS-COV-
2 on BBB integrity, we treated the BBB with recombinant
SARS-COV-2 spike protein (0.5 pg/ml) and/or heat
inactivated SARS-COV-2 (5 pl/ml media), for 24 h followed
by TEER measurement across the BBB. Figure 1b shows a
significant decrease in TEER in BBB treated with SARS-
COV?2 spike protein (29% decrease; p < 0.05) and/or heat
inactivated SAR-COV 2 (30% decrease; p < 0.05) treatment
as compared to the untreated control. These data suggesting
that exposure to SARS-COV-2 alters BBB integrity thus en-
abling neuro-invasion.

Effect of SARS —COV-2 on Tight Junction Modulation The
properties of the BBB are primarily determined by junctional
complexes between the cerebral endothelial cells, comprised of
tight, adherens and gap junctions which when disrupted leads to
increased BBB permeability particularly through the paracellular
route (Luissint et al. 2012). Human BMVEC were treated with
recombinant SARS-COV-2 spike protein or heat inactivated
SARS-COV-2 spike protein for 24 h., followed by RNA extrac-
tion from BMVECs using the TriZol Method followed by re-
verse transcription. Real time quantitative PCR (Q-PCR) was
used to evaluate Tight Junction proteins (TJP’s) ZO-1, ZO-2,
Claudin-5 and junction adhesion molecule 2 (JAM-2) gene ex-
pression. The relative abundance of each mRNA species was
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Fig. 1 Our experimental paradigm included treating primary human
BMVEC (Cat# ACBRI-376) with 5 ul (0.5 pg/ml) media (0.1 pg/ul
stock) recombinant Spike protein from SARS-Related Coronavirus 2,
Wuhan-Hu-1 (Cat # NR-52308; Lot: 70034410 BEI resources Inc) or
5 ul of Heat Inactivated SARS-Coronavirus 2, Isolate USA-WA1/2020,
(Cat # NR-52286, Lot: 70033548; Pre-Inactivation Titer by TCID50

quantitated by normalizing the expression levels of each mRNA
to the endogenous [-actin levels. Q-PCR was done using vali-
dated specific primers and the Brilliant SYBR green Q-PCR
master mix (Stratagene Inc., La Jolla, CA). All samples and
controls were run in triplicate on a Stratagene MX3000P real-
time PCR system. Relative expression of mRNA species was
calculated using the comparative threshold cycle number (Cr)
method and expressed as Transcript Accumulation Index
(TAD) =2 24, assuming that all PCR reactions are working
with >95% efficiency (Schmittgen and Livak 2008). We ob-
served a significant decrease in the gene expression levels of
TIPs ZO-1 (52%; p <0.05), ZO-2 (92%; p <0.001), Claudin-5
(97%; p <0.001) and JAM-2 (45%; p < 0.05) in BMVEC treated
with recombinant SARS-COV-2 spike protein as compared to
the untreated controls. Additionally, we also observed a signifi-
cant decrease in the gene expression levels of ZO-1 (69%;
p<0.01), ZO-2 (86%; p<0.001), Claudin-5 (95%; p <0.001)
and JAM-2 (85%; p<0.001) in BMVEC treated with heat
inactivated SARS-COV-2 spike protein as compared to the un-
treated controls. These data suggest that SARS-COV-2 induced
changes in TJP gene expression levels and/or post-translational
modifications modulate junctional protein function which direct-
ly affects BBB integrity and function.

SARS-COV-2 Generates a Cytokine Storm Supernatant from
BMVEC cell cultures treated with SARS-CoV-2 spike protein

Assay in Vero E6 Cells=1.6 x 10° TCID50 per mL, BEI resources Inc)
for 24-48 h, followed by examining ACE2 receptor expression, BBB
integrity, TJ protein gene expression levels and levels of pro-
inflammatory cytokines. a Immunofluorescent staining of ACE-2 recep-
tor on BMVEC; b Measurement of TEER; ¢-f ZO-1, ZO-2, Claudin-5
and JAM-2 gene expression data as analyzed by QPCR

virus were quantitated for cytokines using BioLegend’s
LEGENDplex™ bead-based immunoassay. Table 1 shows
the levels of all cytokines measured. Results show a signifi-
cant increase in TNF-x (p<0.01), IL-6 (p <0.0001), IL-10
(p<0.05), IL-23 (p<0.05) and IL-33 (p<0.01) release as
compared to the untreated controls, suggesting a significant
increase in pro-inflammatory cytokines. Increased levels of
pro-inflammatory cytokines IL-6, TNF- «, IL-8, IL-10, were
reported among fatal COVID-19 cases, suggesting that
hypercytokinemia, may underlie neuroinflammation that is
typical in COVID —19 associated encephalopathy (Muccioli
et al. 2020; Mao et al. 2020).

These data suggests that the SARS-COV-2 viral proteins
via the ACE2 receptor on BMVEC cells can induce endothe-
lial inflammation and alter BBB integrity which may facilitate
neuro-invasion of SARS-COV-2. SARS-COV-2 may trans-
verse the BBB by spike protein-ACE2 interactions or through
nonspecific endocytosis, and this could drive neuro-
inflammatory responses associated with neuro-pathology.
Recent report suggests that SARS-COV-2 may also drive
neuro-inflammatory responses in the absence of functional
entry into the target cell cytoplasm, as viral degradation in
the endosome or lysosome can trigger the activation of
pathogen-associated molecular patterns (PAMPs), and / or
danger-associated molecular patterns (DAMPs) to that may
modulate immune response (Al-Harthi et al. 2020).
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Table 1 Effect of SARS-COV?2 treatment on levels of cytokines in BMVEC

Human BMVEC IL- INF- INF- TNF- MCP-1 IL-6 IL-10 IL-12p70 IL- IL-18 IL-23  IL-33
B3 o2 Y o4 17A

Concentration units ~ pg/ml  pg/ml pgml  pg/ml pg/ml pg/ml pg/ml  pg/ml pg/ml pg/ml pg/ml pg/ml

uT 11.98  3.61 0.84 3.15 1381.43 16227 7.12 429 0.41 537 2.89 26.04

Reco-SARS-COV2  10.68  2.95 0.94 8.31 1024.64  58,880.65 11.15 6.29 0.69 5.44 5.83 35.61

However, we believe, that SARS-COV-2 associated endothe-
lial cell dysfunction preludes the neuropathology associated
with SARS-COV-2 that is observed in COVID-19 infected
patients. Thus, anti-cytokine based therapeutics or therapies
that prevent BBB damage may be effective in treating patients
with COVID-19 associated neurological disease. Additional
studies that investigate molecular mechanisms that underlie
SARS- COV-2 associated neuropathology are warranted.
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