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SARS-CoV-2 disrupts the integrity of a human blood-brain barrier
model in the absence of infection
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Abstract

Neurological symptoms are recognized in patients with COVID-19, and include anosmia, ageusia, cognitive impairments as
well as more severe complications including encephalitis and ischemic strokes. Furthermore, persistent cognitive impairment
including ‘brain fog’ is recognised as part of the long COVID syndrome. While SARS-CoV-2 has been shown to infect cells
of the central nervous system (CNS) in vitro and in vivo, it is unclear whether direct infection of the CNS or indirect mecha-
nisms including activation of the coagulation cascade or immune activation are the key drivers of COVID-19 neuropathol-
ogy. We investigated whether inactivated SARS-CoV-2, or spike protein, can disrupt the integrity of the blood-brain barrier
(BBB) and characterised neuroinflammation in the absence of infection. Using an in vitro model of the BBB composed of
primary human microvascular endothelial cells, astrocytes, pericytes and microglia, we observed BBB disruption following
exposure of the model to SARS-CoV-2 or spike protein. Importantly, loss of BBB integrity was observed in response to
luminal (mimicking ‘blood side’) or abluminal (‘brain side’) exposure to inactivated virus or spike protein. Transcriptional
upregulation of a range of chemokines, inflammatory cytokines and adhesion factors, and release of inflammatory cytokines
from BBB models was also observed in response to luminal or abluminal SARS-CoV-2 or spike protein exposure. These data
indicate that BBB disruption and immune activation in vitro occurs in response to SARS-CoV-2 in the absence of infection,
highlighting the importance of the host immune system in BBB disruption during SARS-CoV-2 infection.
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Introduction tissue from patients with COVID-19, indicating that SARS-

CoV-2 can infect the central nervous system (Ramani et al.

Multiple clinical reports have highlighted the association
between SARS-CoV-2 infection and central nervous sys-
tem (CNS) disorders with varying degrees of severity rang-
ing from headache to more severe complications including
encephalitis, ischemic strokes, and vascular events (Helms
et al. 2020; Mao et al. 2020; Nuzzo et al. 2021). The pres-
ence of SARS-CoV-2 in the CNS has been demonstrated
through the detection of SARS-CoV-2 RNA in the cerebro-
spinal fluid of infected patients, and in post-mortem brain
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2020; Song et al. 2021; Wang et al. 2020). The route by
which SARS-CoV-2 enters the CNS is incompletely under-
stood. Initially, it was reported that SARS-CoV-2 travels
along the olfactory nerves (or other nerve tracts) to the brain
(Aragao et al. 2020; Briguglio et al. 2020; Meinhardt et al.
2021) but subsequent studies have suggested that SARS-
CoV-2 invasion of the CNS also occurs via the hematog-
enous pathway after overcoming the blood-cerebrospinal
fluid barrier (Fuchs et al. 2021; Pellegrini et al. 2020; Yang
et al. 2021) or the blood-brain barrier (BBB) (Krasemann et
al. 2022; Rodriguez-Morales et al. 2022; Zhang et al. 2021).
Furthermore, indirect mechanisms via virus-induced acti-
vation of the immune response or endothelial damage via
activation of the coagulation cascade or a ‘cytokine storm’
have been proposed as the cause of neurological symptoms
in COVID-19 patients, and it is possible that either or com-
bined mechanisms may play a role in the pathogenesis of
SARS-CoV-2 neurological disease (Pang et al. 2024).
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The BBB is a component of the neurovascular unit
(NVU) and acts as the blood-brain interface, mediating
communication between the CNS and the periphery (Rhea
and Banks 2019). In addition, the BBB is a major barrier
that restricts the passage of pathogens, including viruses or
virus-infected cells, into the brain parenchyma. The BBB is
formed by brain microvascular endothelial cells (BMECs),
supported by pericytes, astrocytes, microglia, basement
membrane, and neurons (Naranjo et al. 2022). A core prop-
erty of BMEC is the strict regulation of paracellular permea-
bility due to junctional complexes (tight [TJ], adherens [AJ],
and gap junctions [GJ]) between endothelial cells that limit
passive diffusion (Pong et al. 2020). However, many patho-
gens can circumvent the BBB and enter the brain, includ-
ing human immunodeficiency virus (Osborne et al. 2020)
and flaviviruses including West Nile virus (Roe et al. 2012,
2014). BBB disruption and dysfunction prompts the leak-
age of blood constituents into the CNS, infiltration of various
cells, abnormal transfer and clearance of ions and molecules
responsible for reduction and dysregulation of cerebral
blood flow causing various neurological disorders (Alajangi
et al. 2022). Several studies have investigated the interaction
between SARS-CoV-2 and the BBB using in vitro models
or BBB organoids (Constant et al. 2021; Krasemann et al.
2022; Nascimento Conde et al. 2020; Wenzel et al. 2021;
Yang et al. 2021; Zhang et al. 2021). However, many ques-
tions remain unanswered regarding our understanding of the
interaction between SARS-CoV-2 and the BBB. The ability
of SARS-CoV-2 to directly infect the BBB, the effect of viral
infection on BBB integrity, the mechanism by which SARS-
CoV-2 may cross the BBB, and the role of the inflammatory
response in BBB disruption, is incompletely understood.

In the present study, we investigated the effect of SARS-
CoV-2 to disrupt the BBB, and characterized the inflam-
matory response to spike protein or full-length virus, in the
absence of infection. We generated an in vitro BBB model
composed of a quadruple co-culture of primary human
BMECs, astrocytes, pericytes, and microglia that recapitu-
lates many features of the BBB. Using recombinant SARS-
CoV-2 spike protein or heat inactivated SARS-CoV-2, we
investigated the ability of SARS-CoV-2 to disrupt BBB
integrity and induce proinflammatory responses at the BBB.

Methods

Cells and viruses

Primary human brain microvascular endothelial cells
(BMEC)(Cell Systems ACBRI-376), primary astrocytes

(ScienCell #1800), human brain vascular pericytes (Scien-
Cell #1200), and microglia (ScienCell #1900) were grown in
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specialized medium (endothelial cell medium (Cell Systems
470-500); astrocyte medium (ScienCell #1801), pericyte
medium (ScienCell #1201), and microglia medium (Scien-
Cell #1901), respectively, according to the manufacturers’
instructions. To promote cell adherence, flasks were pre-
coated with attachment factor (Cell Systems, 4Z0-210) for
BMEC, poly-L-Lysine (Sigma-Aldrich, P4832) for astrocytes
and pericytes, and type I bovine collagen (Corning, 354231)
for microglia. SARS-CoV-2 (2019-nCoV/Italy-INMI1 strain
from EVA Global) was propagated in VeroE6 cells as previ-
ously described (Haverty et al. 2024). Briefly, VeroE6 cells
(ATCC), cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% foetal bovine serum (FBS),
were used for virus amplification and titration by TCID50
assay. All virus used in this study was at passage 3. Cells were
inoculated with an MOI of 0.01 for 2 h, washed with phos-
phate buffered saline (PBS), and the medium replaced with
DMEM containing 2% FBS. When cultures exhibited greater
than 90% cytopathic effect (CPE), flasks were freeze-thawed
three times and supernatants collected and clarified at 3500
r.p.m. for 30 min at 4 °C. Virus-containing supernatant was
aliquoted and stored at —80 °C. TCID50 was determined in
VeroE6 cells in quadruplicate and infectious titre was deter-
mined using the Reed-Muench method prior to heat inactiva-
tion by incubation at 56 °C for 30 min. Complete inactivation
of virus was confirmed by TCID50 assay.

Establishment of in vitro human BBB model

The quadruple cell in vitro BBB model was established
as described (Stone et al. 2019) with minor modifications.
Transwell inserts (Corning, Catalogue number 3460) were
inverted and the basolateral side was coated with poly-L-
lysine for 1 h. Primary human astrocytes (3 x 10° cells) were
seeded on the basolateral side of the inserts and allowed to
adhere for 1 h at 37 °C, then the inserts were inverted into a
12-well plate and incubated overnight in astrocyte medium.
The following day, pericytes (6.25x 10* cells) were added
to the astrocyte cell layer on the basolateral side of the
inserts and incubated at 37 °C. After 2 hours, excess peri-
cyte medium was aspirated from the basolateral side of the
inserts, inserts were inverted and placed in a 12-well plate,
and a 1:1 mixture of astrocyte and pericyte medium was
added to the apical and basolateral compartments. Once
astrocytes and pericytes reached confluency (assessed using
visual inspection by light microscopy), medium in the apical
compartment was aspirated, the membrane was coated with
attachment factor (Cell Systems) and BMEC (7.5 x 10* cells)
were seeded on the apical compartment of the inserts. On
the same day, microglia were separately plated in 12-well
plates coated with type I bovine collagen, at a density of
2.5x10* cells/well and allowed to reach confluence for 4
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days. Transwell inserts containing BMEC, astrocyte and
pericyte co-cultures were then transferred to 12 well plates
containing microglia. Fresh BMEC medium was applied to
the apical compartment and a mixture of pericyte, astrocyte
and microglial medium (1:1:2) was added to the basolateral
compartment. Two days later, the integrity of the BBB mod-
els was assessed by measurement of Transendothelial Elec-
trical Resistance (TEER) using STX2 chopstick electrodes
connected to an EVOM2 voltmeter (World Precision Instru-
ments). TEER was expressed as Q.cm?, with a correction
applied to the values obtained from the EVOM2 voltmeter
to account for the surface area of the Transwell inserts (1.2
cm?). The BBB models were used for experiments when they
exhibited a TEER value of >45 Q.cm? greater than Tran-
swell inserts alone (Stone et al. 2019). Alternatively, BBB
tight junction integrity was quantified by determination of
the permeability of the BBB models to 40 KDa FITC-conju-
gated dextran (Sigma, FD40S) as previously described, with
minor modifications (Harati et al. 2022). Briefly, FD40 was
added to the apical chamber of the models at a concentra-
tion of 0.25 mg in 500ul of phenol red-free DMEM supple-
mented with 2% FBS and incubated for 3 h at 37 °C with 5%
CO2. Accumulation of FD40 in the basolateral chamber was
quantified by measurement of fluorescence intensity using a
fluorescence plate reader (Molecular Devices, SpectraMAX
Gemini, excitation: 490 nm, emission: 525 nm). Percent
permeability was calculated as the relative fluorescence of
medium from treated vs. untreated BBB models.

Treatment of BBB models with heat-inactivated
SARS-CoV-2 or spike protein

To determine the effect of SARS-CoV-2 on BBB integrity
in the absence of viral replication, BBB models were treated
via the apical compartment with heat-inactivated SARS-
CoV-2 at an equivalent MOI of 1. In addition, different BBB
constructs were treated with full-length SARS-CoV-2 spike
protein (Sigma, AGX819) at concentrations ranging from
0.5 to 5 ng. A combination of recombinant human IFN-g
and TNF-a (100ng each; PeproTech) was used as a positive
control for BBB disruption. BBB models mock-inoculated
with spent VeroE6 media from uninfected cultures were
used as negative controls. At various times post-treatment,
ranging from 24 to 72 h, BBB integrity was evaluated by
TEER measurement and FD40 permeability assays. We
chose 72 h as the optimal timepoint to measure tight junc-
tion integrity based on our initial observations that maximal
BBB disruption was detected 72 h post exposure to spike
and SARS-CoV-2. However, as acute proinflammatory
responses to antigen stimuli are rapid (Megha et al. 2021)
we chose to quantify responses to spike and SARS-CoV-2
at a shorter time post exposure (24 h).

Quantitative PCR

Following treatment with SARS-CoV-2 spike protein
(0.5-5 pg), BMEC RNA was extracted according to the
method of Chomczynski and Sacchi (Chomczynski and
Sacchi 2006) using TRIzol® reagent (Thermo Fisher Sci-
entific, MA, USA). ¢cDNA was generated from 1 ug of
RNA using a high-capacity cDNA reverse transcription kit
(Thermo Fisher Scientific, MA, USA). cDNA concentration
was determined using a NanoDrop One Spectrophotometer
(Thermo Fisher Scientific, MA, USA). Amplification of tar-
get cDNA sequences using gene-specific primers (Table 1)
was performed by qPCR using a Roche LightCycler® 96
Instrument (Roche Diagnostics, IN, USA). PCR reaction
mixtures (25 ul) were as follows: 12.5 ul of FastStart Uni-
versal SYBR Green/Rox Mastermix (Roche Diagnostics,
IN, USA), 8.5 ul of RNAse/DNAse-free water, 2 ul of
cDNA, 1 ul of both 10 um forward and reverse primer. PCR
reaction conditions were as follows: denaturation at 95 °C
for 5 min, followed by 40 cycles of (i) denaturation at 95 °C
for 15 s, (ii) annealing at 59 °C for 30 s, and (iii) extension at
72 °C for 15 s. Each cDNA sample was assayed in triplicate
and results were prepared using the AACq method. Glyc-
eraldehyde phosphate dehydrogenase (GAPDH) was used
for normalisation purposes following validation of multiple
housekeeping genes across different human brain cell types
in vitro. This was previously published using the Primer
Design geNorm kit with 12 housekeeping genes. All primer
pairs were compliant with MIQE guidelines.

Protein harvesting and western blot

Following treatment with SARS-CoV-2 spike protein (0.5-5
ug), BMEC lysates were washed with ice cold phosphate-
buffered saline (PBS) before being lysed with the addition
of RIPA-SDS lysis buffer supplemented with 1x protease/
phosphatase inhibitor cocktail. Lysates were transferred
into a pre-chilled microfuge tube and rotated for 1 h at 4 °C.

Table 1 Primer sequences used for quantitative PCR

Gene Primer Sequence

Claudin-5 Forward gaggcgtgctctacctgttt
Reverse agtacttcacggggaagetg

Z0-1 Forward gaacgaggcatcatccctaa

Reverse ccagcttctcgaagaaccac
Forward cagcccaaagtgtgtgagaa
Reverse cggtcaaactgeccaactt

VE-Cadherin

Occludin Forward ccttcacccccatctgacta
Reverse gcaggtgctctttttgaagg

JAM-A Forward accaccagactcgtttgcta
Reverse cttgaccttgacctccecat

GAPDH Forward gagtcaacggatttggtcgt

Reverse ttgattttggagggatctcg
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The lysate was clarified of insoluble material by centrifuga-
tion at 13,000 RPM for 20 min at 4 °C and the superna-
tant aliquoted and stored at -80 °C. Protein concentration
was determined by bicinchoninic acid (BCA) assay (Pierce,
Cramlington, UK) with bovine serum albumin (BSA) used
to generate the standard curve.

Following experimental treatments, BMEC lysates were
profiled for proteins of the intercellular junction by West-
ern blotting according to the method of Guinan (Guinan et
al. 2013) with minor modifications. Briefly, lysates were
resolved by SDS-PAGE under reducing conditions using a
Mini-PROTEAN® Tetra Cell and Mini Trans-Blot® Module
(Bio-Rad, CA, USA) before the proteins were electroblot-
ted to PVDF membrane overnight at 50 V. Membranes were
blocked for 60 min in tris-buffered saline (TBS) containing
5% BSA and 0.1% Tween before being incubated overnight
in primary antibody with gentle agitation at 4 °C. Primary
antibodies were prepared in TBS containing 1% BSA and
0.1% Tween: 1/1000 anti-Claudin 5 mouse monoclonal IgG
(clone 4C3C2, Thermo Fisher Scientific, MA, USA), 1/1000
anti-JAM-A rabbit polyclonal I1gG (Thermo Fisher Scien-
tific, MA, USA), 1/1000 anti-Occludin mouse monoclonal
IgG (clone OC-3F10, Thermo Fisher Scientific, MA, USA),
1/1000 anti-VE Cadherin rabbit polyclonal IgG (Cell Signal-
ling Technology, MA, USA), 1/1000 anti-ZO-1 rabbit mono-
clonal IgG (clone D6LI1E, Cell Signalling Technology, MA,
USA), 1/1000 anti-GAPDH rabbit monoclonal IgG (clone
14C10, Cell Signalling Technology, MA, USA). Membranes
were then washed three times in TBS containing 0.1% Tween
(TBST) before being incubated for 2 h in secondary antibody
with gentle agitation at room temperature. Secondary anti-
bodies (Cell Signalling Technology, MA, USA) were pre-
pared in TBST (with 1% BSA): 1:2000 HRP-conjugated goat
anti-rabbit (7074 S), or 1:2000 HRP-conjugated horse anti-
mouse (7076 S). Membranes were developed using Immobi-
lon Forte Western HRP substrate (Merck Millipore Ltd.,
Cork, Ireland) followed by chemiluminescent imaging using
a G: BOX CHEMI XRQ Multi Fluorescence and Chemilumi-
nescence Imaging System (Synoptics, Cambridge, UK).

RT2 profiler PCR array

Cells from the BBB model (BMECs, astrocytes/pericytes,
and microglia) were harvested by manual removal from
inserts or culture plates using a cell scraper, and total RNA
was extracted with an RNEasy MiniKit (Qiagen) according
to the manufacturer’s instructions. 200ng of RNA was used
for cDNA synthesis using the QuantiTect Reverse Tran-
scription Kit (Qiagen). The expression of genes involved
in the anti-viral immune response, cell death, adhesion and
tight junction proteins expression and angiogenesis was
determined by custom RT? Profiler PCR Array kit (Qiagen).
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Results were analyzed on Qiagen’s web based GeneGlobe
design and analysis hub (https://geneglobe.qiagen.com/us/a
nalyze). Gene expression was normalized to the expression
of the housekeeping gene GAPDH, according to the manu-
facturer’s instructions.

Quantification of inflammatory cytokines by ELISA

Quantification of cytokines in cell culture medium collected
from the apical and the basolateral compartments of the in
vitro BBBs was performed using commercial ELISA kits
according to the manufacturer’s instructions. We determined
the concentration of pro-inflammatory cytokines TNF-a
(Invitrogen, KHC3011), IL-1f (Invitrogen, KACI1211),
IFN-a (Invitrogen, BMS216) and the chemokines CXCL10
(Invitrogen, KAC2361) and MCP1 (Invitrogen, BMS281).

Statistical analysis

Statistical analyses were performed with GraphPad Prism
7 (GraphPad Software, La Jolla, CA, USA). Two-tailed
Student’s t-test or ANOVA Tukey’s test were used to con-
trol test groups to control group or for multiple comparison
respectively. Statistical significance was defined by P-values
less than 0.05. P-value<0.05: *, < 0.01: **, < 0.001: *** <
0.0001: ****,

Results

SARS-CoV-2 and recombinant spike protein
compromise BBB integrity

The integrity of the BBB models was assessed at different
timepoints post-treatment with SARS-CoV-2 or spike pro-
tein by measuring the TEER and permeability to FD40.
inoculation with heat-inactivated virus or SARS-CoV-2
spike protein resulted in a reduction of TEER values in a
dose and time-dependent manner. TEER values decreased
from 50 Q.cm?” at the time of inoculation to 26.5 Q.cm?
72 h post-treatment with 5 pg of spike protein (Fig. 1B and
C). As expected, treatment with IFN-y and TNF-a led to a
significant decrease in TEER values whereas no significant
change in mock-inoculated BBB constructs was observed
(Fig. 1B). Similarly, TEER values decreased over time post-
inoculation with inactivated virus, especially when virus was
inoculated on the apical side of the BBB constructs. TEER
values decreased from a mean value of 80.88 Q.cm? at the
time of inoculation to 39.44 Q.cm? at 72 h post-inoculation
(Fig. 1D). Inoculation with heat-inactivated virus at an equiv-
alent MOI of 1 did not result in a decrease in BBB integrity,
however treatment with the inflammatory cytokines TNF-a
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Fig. 1 Figure 1. SARS-CoV-2 and spike protein compromises in vitro
BBB integrity. (A) Illustration of the in vitro BBB model and the
assays carried out to assess BBB integrity. Astrocytes were seeded on
the abluminal side of Transwell inserts (1), followed by pericytes (2),
brain endothelial cells (3) and inserts were then transferred into cul-
ture plates containing microglia (4). (B) TEER values recorded from
heat-inactivated SARS-CoV-2 or cytokine (TNF-a+IFN-y) treated
BBB models. (C) TEER values recorded for BBB models treated with

and IFN-y significantly increased permeability to FD40 in
comparison to mock-treated BBB constructs (Fig. 1E). In
addition to TEER measurement, similar increases in per-
meability to FD-40 were observed, with 5 ng spike protein
causing significant disruption to the BBB models, but no
significant effect of 1-2 pg spike protein on BBB integrity
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for BBB models inoculated with heat-inactivated SARS-CoV-2. (E)
BBB permeability to FITC-dextran 40 kDa (FD40) following treat-
ment with heat-inactivated SARS-CoV-2 or cytokines (TNF-o+IFN-
v). (F) BBB permeability to FD40 following treatment with SARS-
CoV-2 spike protein. Data are presented as mean +/- standard deviation
(n=3 independent replicates). P: < 0.05: *, < 0.01: ** < (0.001: ***,
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measured by FD-40 permeability assays (Fig. 1F). We con-
firmed that there was no effect of mixing the various cul-
ture medias used for the different cell types or application of
attachment factors to Transwell inserts on cell viability using
the CellTiter 96 AQueous One Solution Cell Proliferation
MTS Assay (Catalogue G3582, Promega, USA) according
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to the manufacturer’s instructions. No significant effect on
cell viability was observed in any cell type due to the appli-
cation of attachment factors or mixing of the different cell
culture medias used in the final BBB model. Furthermore,
visual inspection via light microscopy was performed daily
during BBB setup and no visual signs of cell death or altered
morphology was observed (data not shown).

SARS-CoV-2 spike protein reduces BMEC tight
junction protein expression

Tight junction protein expression in BMEC at the transcrip-
tional and the proteomic level was investigated following
treatment with SARS-CoV-2 spike protein. Transcript
levels of tight junction proteins were reduced following
treatment with spike protein in a concentration and time-
dependent manner. The lowest mRNA levels were observed
for claudin-5, followed by ZO-1, with a decrease of more
than 50% of gene expression 72 h post-treatment with 5 pug
of spike protein added to the luminal side of the BBB mod-
els. To a lesser extent, the expression of occludin, VECAD,
and JAM-1 genes were downregulated following spike pro-
tein treatment, especially when cells were treated from the
luminal side (Fig. 2A, B). To confirm the results obtained
by qPCR, we quantified tight junction protein expression
by Western blot and the results were in agreement with
the qPCR data. A concentration-dependent effect of spike
protein treatment was observed for all tight junction pro-
tein expression levels, which was particularly evident for
Z0-1, and less importantly for the other tight junction pro-
teins, with a reduction in its expression by more than 50%
(Fig. 2A, B, C and D). Inoculation of BMECs with spike
protein via the luminal side resulted in a more significant
decrease in the expression of tight junction proteins than
via the basolateral side (Fig. 2A, B, C and D).

Inoculation with SARS-CoV-2 induces transcriptional
upregulation of inflammatory cytokines,
proteinases, and adhesion molecules in cells of the
BBB

To characterize the immune response following viral treat-
ment of the BBB model, and its potential involvement in
SARS-CoV-2 neuropathogenesis, we studied the expres-
sion of a set of genes coding for cytokines, chemokines,
cell death markers, proteinases, and adhesion molecules in
the different components of the neurovascular unit, namely
BMEC, microglia, and co-cultured astrocytes and pericytes.
24 h post-inoculation with infectious SARS-CoV-2 from
either the luminal or the abluminal side of the BBB con-
structs, gene expression was assessed by custom RT? Pro-
filer PCR Array and normalized to the gene expression of
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mock-inoculated cells. In BMECs, inoculation with SARS-
CoV-2, either from the luminal or the abluminal side of the
BBB, resulted in a significant increase in chemokine gene
expression, particularly the chemokine CXCL10 (over
10,000 fold) and CCLS5 (over 100 fold). Viral inoculation
also significantly induced the expression of the inflamma-
tory transcription factor NF-kB along with pro-inflamma-
tory cytokines such as IL-1p, IL-6, and TNFa. BMEC also
had increased expression of the cell adhesion molecule
ICAM-1 while PECAM-1 and ITGA-4 expression was
downregulated following viral inoculation. Interestingly,
we observed a significant increase in the gene expression
of MMP-9, which degrades extracellular matrix proteins
including tight junction proteins. However, inoculation of
our BBB constructs with SARS-CoV-2 led to a decrease in
the transcripts of ANGP-1, which plays a role in vascular
development and angiogenesis (Fig. 3A, B, E and F).
Following inoculation of the BBB models with SARS-
CoV-2 via the luminal or abluminal side, a similar gene
expression profile to BMEC was observed in microglia, with
increased gene expression of chemokines (CXCL10 and
CCL2), cytokines (IL-1p, IL-6, and TNF-a), factors imple-
mented in the inflammatory response such as NF-kB and
inflammasome forming proteins NLRP3 and NLRC3 and the
adhesion molecule ICAM-1 observed. However, there was
no increase in [FN-a gene expression (Fig. 3D and H). A sim-
ilar expression profile was observed in astrocytes and peri-
cytes compared with microglia following exposure to virus
from the apical or the basolateral side of BBB constructs. A
large increase in CXCL-10 transcripts and to a lesser extent
the chemokines CCL5 and CCL2 and the cytokines TNF-a
and IL-1B was observed. The expression of genes involved
in the inflammatory response such as the transcription fac-
tor NF-kB and the interferon-stimulated genes OAS2 and
MYD88 was also induced by viral inoculation along with
the proteinase MMP-9 and the adhesion molecule ICAM-1
(Fig. 3C and G). Of note, the inoculation of BBB constructs
from the apical side stimulated a greater increase in genes
involved in the inflammatory immune response (Fig. 3).

Inoculation with SARS-CoV-2 or spike protein
stimulates a pro-inflammatory response in the BBB
in vitro

Supernatants were collected from the apical and the baso-
lateral side of BBB models, that had been inoculated with
SARS-CoV-2 or spike protein (5 pg) via the luminal (A) or
the abluminal (B) side, were used to quantify the chemokines
MCP-1 and IP-10 and cytokines TNFo, [FNo, and IL-1B at
the protein level, to investigate whether viral inoculation trig-
gers an acute inflammatory response that causes BBB disrup-
tion. When inoculated from the apical side with inactivated
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{ Fig. 3 Inoculation with SARS-CoV-2 induces the expression of
inflammatory mediators, adhesion molecules, and proteinases in the
BBB model. A. Heatmap of gene expression in BMEC cells in dif-
ferent experimental conditions (Mock, virus-inoculated, and cytokine-
treated cells from the luminal side). B, C, and D. Summary plot of
significantly regulated genes in BMECs, co-cultured astrocytes and
pericytes, and microglia, respectively, 24h post-inoculation with virus
from the apical side of the BBB models. E. Heatmap of gene expres-
sion in BMECs in different experimental conditions (Mock, virus-
inoculated, and cytokine-treated cells from the abluminal side of the
BBB constructs). F, G, and H. Summary plot of significantly regu-
lated genes in BMEC cells, co-cultured astrocytes and pericytes, and
microglia respectively 24h post-inoculation with the virus from the
basolateral side of the BBB models. Data represent the mean values
from three independent experiments. Ordinary one-way ANOVA was
used to compare treatment groups (SARS-CoV-2 and cytokine-treated
BBB models) to the control group (mock-treated BBB models). P: <
0.05: *,<0.01: **,<0.001: ***, <0.0001: ****

SARS-CoV-2 or spike protein, a significant increase in the
chemokines MCP-1 and IP-10 was observed, particularly in
the luminal compartment, compared to mock-inoculated BBB
models (Fig. 4A i and ii). This was also observed for MCP-1
following inoculation with SARS-CoV-2 from the abluminal
side which mimics the role of the microglial immune response
in BBB disruption following treatment with non-infectious
SARS-CoV-2 (Fig. 4B i). IP-10 was not detected following
either spike or inactivated SARS-CoV-2 treatment via the
basolateral compartment (data not shown). In addition to the
chemokines MCP-1 and IP-10, elevated amounts of the major
pro-inflammatory cytokine IL-1p was primarily released into
the apical compartment following luminal inoculation, and
into the basolateral compartment following abluminal inocu-
lation with SARS-CoV-2 (Fig. 4A iii and 4B ii). However, the
production of IFN-a did not significantly increase following
apical inoculation (Fig. 4A iv) whereas basolateral inoculation
caused a significant increase of IFN-a in the apical compart-
ment of the BBB model following SARS-CoV-2 inoculation
but not recombinant spike treatment (Fig. 4B iii).

Discussion

Neurological manifestations are common in patients with
COVID-19, and include encephalitis, meningitis, dizziness,
seizures, ageusia, anosmia and altered consciousness (Aragao
et al. 2020; Ermis et al. 2021; Kumar et al. 2020; Mao et al.
2020). These manifestations may also affect other organs, for
example SARS-CoV-2 may damage the medullary cardiore-
spiratory center, which may, in turn, affect respiratory func-
tion (Haidar et al. 2022). COVID-19 can also have long-term
sequelae such as chronic fatigue, lack of concentration, head-
ache, and depression. Furthermore, it has been suggested that
COVID-19 can have a role in of the worsening of neurode-
generative diseases including parkinsonism and Alzheimer’s
disease (Cavallieri et al. 2022; Reiken et al. 2022). However,

the mechanisms by which SARS-CoV-2 causes neuropathol-
ogy in the CNS are still unclear. Multiple studies have dem-
onstrated that SARS-CoV-2 is capable of infecting cells of
the CNS in vitro, including cells of the BBB (Cappelletti et
al. 2025; Crunfli et al. 2022; Haverty et al. 2024; Jagst et al.
2024; Proust et al. 2023) and choroid plexus (Pellegrini et al.
2020) as well as animal models (Sia et al. 2020) and humans
(Song et al. 2021). Neuropathology has also been proposed
to occur following peripheral or central inflammation fol-
lowing SARS-CoV-2 infection (Popa et al. 2025) as well as
BBB disruption (Krasemann et al. 2022; Rubin et al. 2025).
Viraemia during SARS-CoV-2 is short-lived, however virus
may persist in the CNS and exert its effects from the brain
side of the BBB. In addition, SARS-CoV-2 endothelial injury
and activation, including at the BBB, is associated with a pro-
thrombotic state due to activation of the coagulation cascade
and a ‘cytokine storm’ (de Maistre et al. 2023). However, it
remains unclear whether viral infection of the CNS is neces-
sary for COVID-19 associated neurological disease to occur,
or if neurological symptoms are driven by inflammatory
mechanisms in response to viral antigens.

In the present study, using a multi-cell model composed
of primary human brain cells to recapitulate the complex
structure of the BBB, we investigated whether BBB disrup-
tion and neuroinflammation can occur in the absence of viral
replication. Treatment with heat-inactivated SARS-CoV-2
or recombinant spike protein disrupted BBB integrity of
the BBB models. Our results are consistent with the major-
ity of published studies that demonstrated the deleterious
effect of SARS-CoV-2 on BBB integrity (Buzhdygan et al.
2020; DeOre et al. 2021; Krasemann et al. 2022; Motta et al.
2023; Nascimento Conde et al. 2020; Samudyata et al., 2022;
Suprewicz et al. 2022; Yang et al. 2022; Zhang et al. 2021).
This observation has been reported by other groups but our
study further extended and confirmed these results using a
BBB model consisting of primary, differentiated human cells
cultured as a multi-cell, physiologically relevant BBB model.
Some previous studies have used iPS or organoid models, or
cell lines, to investigate SARS-CoV-2 neurological disease in
vitro, and in vivo studies using human tissues or human sub-
jects are extremely challenging. We investigated the effects of
SARS-CoV-2 on a BBB model composed entirely of primary,
differentiated brain cells, rather than cell lines, single primary
cell types or iPS cells as have been used in other studies. In
contrast, Constant et al. found that SARS-CoV-2 did not alter
BBB integrity. The reasons for this are unclear but the study
did not use human cells of brain origin, but endothelial cells
derived from human umbilical cord blood co-cultured with
bovine pericytes (Constant et al. 2021).

We observed increased permeability in our BBB model
following inoculation from the luminal or ‘blood’ side and
the abluminal or ‘brain’ side with the infectious virus or
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spike protein, despite the absence of viral infection of BBB-
forming cells. To our knowledge, this is the first report that
inactivated SARS-CoV-2 exposure from the abluminal side
disrupts BBB integrity. This suggests that the presence of
SARS-CoV-2 in the CNS affects the integrity of the BBB,
regardless of the route by which the virus gains access to the
CNS (neuronal or hematogenous transmission).

We tested whether SARS-CoV-2 might be capable of
crossing the BBB via paracellular transport by studying the
expression of BMEC tight junction proteins, which form the
structural barrier of the BBB and have a crucial role in main-
taining BBB integrity and selective permeability (Takata et
al. 2021). In our study, despite the lack of productive infec-
tion, inoculation with SARS-CoV-2 or spike protein reduced
the expression of tight junction proteins at the mRNA and
protein levels. Similar findings have been reported in pre-
vious studies reporting that SARS-CoV-2 or spike protein
disrupts the expression of tight junction proteins suggesting
that paracellular transport of SARS-CoV-2 across the BBB
could take place (Buzhdygan et al. 2020; DeOre et al. 2021,
Motta et al. 2023; Rodriguez-Morales et al. 2022; Suprewicz
et al. 2022; Torices et al. 2021; Yang et al. 2022). In contrast,
other studies have shown that inoculation of BMECs with
SARS-CoV-2 or spike protein only does not affect the expres-
sion or the arrangement of tight junction proteins (Constant
et al. 2021; Krasemann et al. 2022; Zhang et al. 2021). We
observed maximal TEER values of 80-100 Q.cm? in our
multi-culture BBB model. While this is lower than TEER val-
ues in vivo, a study by Stone et al. 2019 (Stone et al. 2019), on
which our model was based, observed that 45 Q.cm? was an
appropriate TEER value to ensure barrier integrity. A review
by Helms et al. 2016; reported the wide variations in TEER
values observed in in vitro BBB models, which likely reflect
differences in experimental setup, operator variation and cell
types used. Of note, in that review, reported TEER values for
human BBB models also varied with TEER values of 30-60
Q.cm? reported (Helms et al. 2016).

Pro-inflammatory cytokines such as IL-1p and TNF-a
are known to disrupt tight junctions and, consequently, the
integrity of the BBB (Yang et al. 2022). Our study demon-
strates that exposure to SARS-CoV-2 promotes endothelial
activation and hyper-inflammatory responses when virus is
inoculated on either the luminal or the abluminal side of the
BBB models. All of the cells in our BBB model, including
BMEC:s, astrocytes, pericytes, and microglia, were activated
by SARS-CoV-2 or spike protein. The gene expression of
pro-inflammatory cytokines, such as I1-1B and immune cell
chemoattractants including CXCL-10 and CCL-2, were
significantly upregulated by inoculation with inactivated
SARS-CoV-2 or spike protein. We also observed a signifi-
cant increase in the gene expression of adhesion molecules
such as ICAM1, proteinases, and cell death mediators. Our

results are consistent with previous reports showing that
inoculation with SARS-CoV-2 or viral spike protein induces
high levels of inflammatory response in BMEC cultures
(Buzhdygan et al. 2020; Krasemann et al. 2022; Motta et
al. 2023; Suprewicz et al. 2022; Yang et al. 2022) and spike
protein can activate the NLRP3 inflammasome in microglia
(Albornoz et al. 2023). Furthermore, cytokines can stimu-
late the expression of several adhesion molecules on BMEC
to facilitate activated leukocyte entry into the CNS leading
to BBB disruption (Dietrich 2002) and the exacerbation of
neuroinflammation initiated by viral infection. Of note, sev-
eral studies have demonstrated that disruption of the BBB is
related to the onset and progression of various neurological
and cerebrovascular diseases, including stroke, traumatic
brain injury, brain tumor, multiple sclerosis, Alzheimer’s
and Parkinson’s disease, epilepsy, edema, glaucoma, and
amyotrophic lateral sclerosis (Archie et al. 2021) which
may explain the CNS disorders observed among acute and
post-acute COVID-19 patients.

This study has several limitations. To exclude the possi-
bility of host cell derived factors from infected VeroE6 cells
causing perturbations in tight junction expression, we chose
to evaluate the effect of recombinant SARS-CoV-2 spike
protein only on tight junction expression, and observed tight
junction alterations following spike treatment that could not
be attributed to non-specific effects from infected VeroE6
supernatants. In contrast, we opted to evaluate heat inacti-
vated SARS-CoV-2 and mock supernatants from VeroE6
cells in addition to TNF-a and IFN-g treatment as a positive
control, with the caveat that it is possible that non-specific
factors produced by infected VeroEG6 cells may have activated
some inflammatory pathways in the gene expression assay.
However, to control for this, we heat-inactivated supernatants
from both infected and mock VeroE6 cultures which could
be expected to inactivate or lower the activity of inflamma-
tory mediators (Labossiere et al. 2024). We also compared the
ability of both spike treatment and heat inactivated SARS-
CoV-2 to stimulate cytokine and chemokines at the protein
level using ELISA, which provides a direct comparison of
both stimuli concurrently. We did not evaluate endothelial
damage directly or the effects of SARS-CoV-2 on the coagu-
lation cascade which has been reported. We initially assessed
a range of spike protein concentrations for their ability to dis-
rupt BBB tight junctions and barrier integrity in our model
and the spike protein concentrations used were based on the
reproducible effects observed with concentrations from 0.5 to
5 ng. This concentration range is higher than circulating spike
antigen levels reported in vivo, but it is consistent with other
studies using in vitro models such as the study investigating
SARS-CoV-2 spike effects on brain endothelium and SARS-
CoV-2 spike stimulation of peripheral endothelial cells in
vitro by Cano-Mendez et al. 2026 (Cano-Mendez et al. 2026).
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It is also possible that spike protein concentrations in the CNS
may differ from circulating spike levels as detectable levels
have been shown to persist in the brain of humans and mice
(Rong et al. 2024). We evaluated the response of cells of
the BBB to exposure of inactivated SARS-CoV-2 or spike
protein to both luminal and abluminal compartments of the
BBB model to model exposure from the blood or brain side
of the BBB, respectively. It is possible that diffusion of spike
protein or inactivated virus across the BBB models occurred
which may not have limited cellular responses exclusively to
the luminal or abluminal compartments. However, it is pos-
sible that SARS-CoV-2 or spike also crosses the BBB in vivo
and that cellular responses are similar to those modelled in
vitro in the present study.

In conclusion, the present study demonstrates that SARS-
CoV-2 compromises the integrity of a human in vitro BBB
model in the absence of viral infection of BBB-forming cells.
SARS-CoV-2 neuroinflammation may result from exposure
of the BBB to viral proteins in the absence of infection, and
this can occur from exposure to either the blood, luminal, side
of the BBB model, or the brain, abluminal, side, potentially
following microglial activation and cytokine or chemokine
release. Importantly, neuropathology in COVID-19 patients
may be driven by a combination of both direct infection and
virus-driven immunopathology. Therefore, this study adds to
the body of data on SARS-CoV-2 neurological disease and
directly complements and builds upon our previous study
which specifically investigated the neurotropism of SARS-
CoV-2 (Haverty et al. 2024). The present study highlights
that BBB disruption does not need to occur following direct
SARS-CoV-2 infection, and the role of the peripheral and
central immune responses to SARS-CoV-2 may play a key
role in neuropathology in COVID-19 patients.
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