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Abstract

Severe Acute Respiratory Syndrome Coronavirus-2 infection has been associated to neurological symptoms characteristic
of long-lasting post-acute coronavirus disease. However, the complex mechanisms involved in these clinical
manifestations are still unclear. Glial cells are key to inflammation and neurodegeneration in response to central nervous
system infection. To investigate this pathway, induced pluripotent stem cells human astrocytes and human microglial
HMC3 cells were infected with SARS-CoV-2. Astrocytes showed to be prone to infection, while HMC3 supported only
marginal virus replication. A significant IFN-f response was induced in astrocytes, while both cell types showed some
level of chemoattractant production. Interestingly, both glial cells showed signs of senescence and activation of the
pro-inflammatory cGAS-STING pathway. To investigate if glial cells infection could impair the function of neuronal
networks, primary rat cortical cultures seeded on multi-electrode arrays were used to monitor the electrical activity after
exposure to SARS-CoV-2. Effective SARS-CoV-2 infection of the glia led to a major loss of synaptic connections, an
increase expression and production of pro-inflammatory cytokines and chemokines, and an increase of DNA damage
foci. Intriguingly, the pro-inflammatory response was cGAS-STING dependent. Finally, an antagonist of the cGAS-
STING pathway was able to ameliorate the decrease in electrical activity early post-infection. These data point to SARS-
CoV-2 infection of the glia as a culprit for neurological complications during COVID-19.
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Introduction COVID-19 patients, signs of histopathological damage were

found in the brain, together with an altered cerebral cortical

The Severe Acute Respiratory Syndrome Coronavirus-2
(SARS-CoV-2), responsible for the Coronavirus disease 2019
(COVID-19) pandemic (Zhu et al. 2020), has been associated
not only to common respiratory symptoms, but also to
neurological manifestations both in severe and mildly affected
COVID-19 patients (Monje and Iwasaki 2022). At least a third
of convalescent individuals exhibited neuropsychiatric and
neurological symptoms, which increased in the more severe
cases of infection (Mao et al. 2020). In autopsies performed on
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thickness; these examinations revealed that astrocytes were
infected with the virus (Crunfli et al. 2022). Additional brain
autopsies of deceased patients demonstrated the presence of
SARS-CoV-2 in cortical neurons, together with infiltrates
of immune cells (Song et al. 2021). SARS-CoV-2 RNA and
nucleocapsid protein (N) have been observed also in the
hypothalamus, cerebellum, cervical spinal cord and basal
ganglia with a pattern consistent with neuronal staining (Stein
etal. 2022). The presence of the virus has also been reported in
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the cerebrospinal fluid and in the neuronal cells of COVID-19
patients (Virhammar et al. 2020). Notwithstanding the early
evidence of SARS-CoV-2 infection of the central nervous
system (CNS), recent data challenged this notion. The work by
Radke et al. (Radke et al. 2024) claim that the neurocognitive
symptoms observed in patients in the acute and late disease
phase of COVID-19 are caused by a local CNS reaction to
systemic infection instead of a direct SARS-CoV-2 infection
of the brain. They used validated antibodies (Krasemann et al.
2022) for in situ immunostaining of autoptic tissue and could
not find viral antigen arguing lack of direct infection of the
central nervous tissues.

SARS-CoV-2 binds to the angiotensin-converting
enzyme 2 (ACE2) host-cell receptor through the surface
protein spike (S) to enter the cell (Hoffmann et al. 2020).
According to transcriptomics, ACE2 seems to be expressed
in almost all brain regions, yet mostly limited to neurons,
astrocytes and other glial cells (Chen and Li 2021; Haverty
et al. 2024; Wilchli et al. 2024). Initially, olfactory neurons
were considered as a candidate for the main entry point of the
virus into the brain (Jiao et al. 2020; Meinhardt et al. 2021),
but later studies questioned this hypothesis (Butowt et al.
2021). Abnormalities in the frontal electroencephalogram
pattern detected in patients with COVID-19-related
encephalopathy (Antony and Haneef 2020) and foci of
histopathological damage in the brain (Song et al. 2021)
led to more attention on the direct infection of the CNS.
Moreover, SARS-CoV-2 was also found to damage the
blood-brain barrier, causing the loss of its protective role
(Pellegrini et al. 2020).

A fundamental yet poorly explored question is to
understand whether the damage induced in neurons and
glia by SARS-CoV-2 results from direct infection, or to
the damage mediated by the local immune response and
subsequent inflammation. COVID-19 patients develop an
exaggerated pro-inflammatory response to SARS-CoV-2
(Fara et al. 2020; Darif et al. 2021), the so called “cytokine
storm”, or cytokine release syndrome, which contributes
greatly to tissue damage principally in the lungs (Low et
al. 2023). The cGAS-STING pathway is a key mediator of
the inflammatory responses following infection, cellular
stress and tissue damage (Decout et al. 2021). We recently
demonstrated that SARS-CoV-2 infection compromises
genome integrity by causing virus-induced DNA damage
and senescence leading to the activation of pro-inflammatory
pathways, including cGAS-STING (Gioia et al. 2023).
While these studies were performed in lung and nasal
epithelial cells, the same mechanisms could apply also in the
central nervous system where astrocytes are the main site of
SARS-CoV-2 infection (Andrews et al. 2022; Crunfli et al.
2022). High levels of biomarkers for CNS lesions, such as
glial fibrillary acid protein (GFAP) and neurofilament light

chain protein (NfL), were found in the cerebrospinal fluid
of severe and moderate cases of COVID-19 (Vithammar et
al. 2020; Kanberg et al. 2021), suggesting that the astrocytes
of these patients were in an active state. Microglia, which
is the main cell type active in the CNS during a viral
infection with the function to recruit and activate peripheral
monocytes/macrophages and specific viral T-cells, has also
been shown to cause neurotoxicity (Tremblay et al. 2011).
Microglia activation following infection leads to synaptic
loss (Wake et al. 2009) and contributes with astrocytes to
the release of several cytokines such as IL-6, IL-10, TNFs,
IL-1p as well as chemokines and colony-stimulating factors
capable of increasing the permeability of the blood brain
barrier (Sun et al. 2020). Cytokines can cause aberrant
neuronal excitability by affecting neurotransmitter release,
cell survival, and synaptic integrity leading to functional
abnormalities.

In this work, we investigated the effect of SARS-CoV-2
infection on human glial cells and rat cortical neurons.
Glial cells display patterns of virus-induced DNA damage,
cellular senescence, and activation of pro-inflammatory
responses. Therefore, we hypothesized that these cells
could be responsible for the inflammatory cascades in the
brain. We demonstrated that wild type primary rat neurons
and glial cells are susceptible to SARS-CoV-2 infection,
thus providing an amenable model for brain infection
ex vivo. We indeed confirmed that their network-level
electrophysiological phenotype—characterized by multi-
electrode arrays (MEAs) extracellular voltage recordings
— is altered with irreversible signal loss. The induction of
pro-inflammatory cytokines and chemokines arising from
SARS-CoV-2 infection was also observed. We then focused
on the cGAS-STING pathway showing that it is induced
by infection of astrocytes and microglia, and its inhibition
partially rescues the electrical activity dampened by SARS-
CoV-2 in rat cortical cells.

Materials and methods

Cells

Human induced pluripotent stem cells (iPSC) were used to
produce astrocytes, as already reported in Padmashri et al.
(Padmashri etal. 2021). Briefly, FX11-9u hiPSC line (RRID:
CVCL_EJ77) from WiCell were cultured in mTeSRTM
Plus (STEMCELL Technologies, 05825) medium until
developing into embryoid bodies. Embryoid bodies were
generated by splitting the iPSC manually and from the
embryoid bodies neural progenitor cells (NPCs) were
obtained. NPCs were then manually isolated and allowed
to expand in neurospheres. To differentiate astrocytes,
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neurospheres were dissociated into single cells and were
cultured with a specific astrocyte dissociation medium:
DME/F12, 1xN2 supplement, 1xB27-RA supplement,
BMP4 (10 ng/mL, Peprotech, 120-05ET), and FGF-basic
(20 ng/mL). Then, cells were seeded at a density of 26,000
cells/cm? per well into 24 well plate or 10,000 cells/cm? per
well into 6 well plate.

HMC3 cells (ATCC®CRL-3304) were grown according
to the instructions provided in the data sheet. The cell culture
medium used was prepared with Eagle’s Minimum Essential
Medium (EMEM, ATCC® 302,003™) supplemented with
10% fetal bovine serum (FBS) (Euroclone, ECS500L), and
gentamicin (50 pg/ml, Gibco, 15,710-049). Cells were
seeded in 24 well plate at a density of 15,000cells/cm? cells
per well, in 12 well plates at a density of 11,000 cells/cm?
per well and in 6 well plates at a density of 10,000 cells/
cm? per well.

Primary cultures of cortical neurons were prepared by
enzymatically and mechanically dissociating brain tissue
of PO-2 Wistar rats, as already described for MEA seeding
(Manzati et al. 2020). All procedures were performed in
accordance with the guidelines of the Italian Animal Welfare
Act and their use was approved by the Local Veterinary
Service, the SISSA Ethics Committee board, and the National
Ministry of Health, in accordance with the European Union
guidelines for animal care (Directive 2010/63/EU). For
electrophysiology, cells were plated at a density of 6,500 cells/
mm?2 on microelectrodes arrays (MEAs; 120MEA100/30iR-
Ti-gr, MultiChannel Systems, Reutlingen, Germany). For
immunohistochemical and biochemical analysis, cells
were seeded on glass coverslips at a density of 750 or
1500 cells/mm?. Before plating, the surface of each MEA
and glass coverslip was treated overnight at 37 °C with
poly(ethyleneimine) (PEI; Merck KGaA, Darmstadt, P3143)
0.1% in milliQ water to enhance cell adhesion. After plating,
cells were kept in a humidified environment of 95% air-5%
CO2 at 37°C in a cell culture medium consisting of MEM
(Gibco, 21,090-022), supplemented with 5% (v/v) heat-
inactivated horse serum (Merck KGaA, Darmstadt, H1138,),
20 mM glucose (Merck KGaA, Darmstadt, 1.04074.1000,),
0.1% (v/v) gentamycin (Merck KGaA, Darmstadt, G1397),
and 100 uM GlutaMAX (ThermoFisher Scientific, Waltham,
Massachusetts, 35,050,061). Every two days, half the volume
of cell medium was replaced with fresh media. After one week
in culture GlutaMax concentration was reduced to 50 uM.

SARS-CoV-2 propagation and in vitro or ex vivo
infection

Vero E6 cells (ATCC-1586) were cultured in Dulbecco’s

modified Eagle’s medium (DMEM, Gibco, 31,885-023)
supplemented with 10% fetal bovine serum (Euroclone,
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ECS500L) and 50 pg/mL gentamicin (Gibco, 15,710-
049). Cell cultures were maintained at 37 °C, 5%
CO2. Cells were routinely tested for mycoplasma
contamination. Working stocks of ancestral SARS-CoV-2
ICGEB-FVG _5 isolated in Trieste, Italy (Licastro et al.
2020) were propagated six times on semiconfluent Vero
E6 cells. The virus stock was then enriched using Intact
Virus Precipitation Reagent (Invitrogen™, 10720D),
resuspended in phosphate-buffered saline (PBS 1X), and
kept frozen at —80° C until use. Plaque assay was used to
determine the viral titer by incubating serial dilutions of
infected supernatant on Vero E6 monolayers at 37 °C and
5% CO, for 1 h. Then the inoculum was removed, cells
were washed with PBS 1X and overlaid with DMEM 2%
FBS containing 1.5% carboxymethylcellulose sodium salt
(CMC, Sigma-Aldrich, St Louis, USA, C5013) for 3 days
at 37 °C and 5% CO2. The cells were then fixed with
3.7% paraformaldehyde (PFA, Sigma-Aldrich, St Louis,
USA, 158,127) and stained with 1% crystal violet (Sigma-
Aldrich, St Louis, USA, C6158).

Cultured iPSC astrocytes and HMC3 cells were mock-
infected or infected at of 5 for 2 h at 37 °C and 5% CO2.
Primary neuronal rat cultures were mock-infected and
infected at MOI 1 with SARS-CoV-2 or exposed to
UV-inactivated virus for 2 h at 37 °C and 5% CO2. Then,
the inoculum was removed, cells were rinsed once with PBS
1X and fresh medium supplemented with cGAS inhibitors
were added to the cultures. cGAS inhibitors were used as
follow: human cells were treated with G140 (Invivogen, inh-
g140) at a concentration of 25 uM and rat cells were treated
with RU.521 (Invivogen, inh-ru521-2) at a concentration of
20 uM.

Enzyme linked immunosorbent assay (ELISA)

A complete panel of cytokines and chemokines was
evaluated on primary neuronal rat cultures using 96 well
Rat Cytokine ELISA Plate Array (Signosis, Santa Clara,
CA, EA-4006) coated with 16 specific cytokine capture
antibodies, following the manufacturer’s instructions. The
cytokine profile was obtained from the supernatant of all
three culture conditions: mock-infected negative controls,
SARS-CoV-2-infected cultures and UV-SARS-CoV-2
control cultures.

Real-time quantitative reverse transcription PCR
(RT-qPCR)

RT-gPCR was performed from total cellular RNA
extracted with Total RNA Purification kit according to the
manufacturer’s protocol (Norgen Biotek corp, 17,250).
Then, 200 ng were reverse-transcribed with SensiFAST
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cDNA Synthesis kit (Meridian, BIO-65054). Quantification
of mRNA was obtained by real-time PCR using the Kapa
Sybr fast qPCR kit (Roche, KK4600) on a CFX96 Bio-
Rad thermocycler. Data shown are the relative amount
of the indicated mRNA derived from human or rat
cells normalized to that of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Quantification of the genomic
copies of viral RNA was determined as previously described
by (Rajasekharan et al. 2021).Primers are listed in Table 1.

¢GAS stimulation
To activate cGAS pathway, iPSC astrocytes, HMC3 cells
and rat cortical cells were transfected with 1 ug of DNA

Oligonucleotides (dsDNA) using Lipofectamine LTX
(Invitro gen, A12621) following manufacturer’s instructions.

Table 1 List of primers

Target

Forward sequence
(5->3%)

Reverse sequence
(5°->3%)

Spe-
cies

CCL5
GAPDH
TNF

CCL2
IFN-B
DROSTEN

N
dsDNA_45

ACE2
TMPRSS2
CCL5
GAPDH
TNF
CCL2
IFN-B

dsDNA_90

GCTGCTTTGCCTA
CCTCTCC
ATGGTGAAGGTC
GGGTGAA
ATGGGCTCCCTCT
CATCAGT
AGCCAACTCTCA
CTGAAGCC
CAACCTCAGCTA
CAGGACGG
CACATTGGCACC
CGCAATC
TACAGATCTACTA
GTGATCTATGACT
GATCTGTACATGA
TCTACA
CCGAAATACGTG
GAACTCATCAA
CGACAAATGAGG
GCAGACGG
TCATTGCTACTGC
CCTCTGC
CATGAGAAGTAT
GACAACAGC
GCCCATGTTGTA
GCAAACCCT
CATGAAAGTCTC
TGCCGCCC
AGGACAGGATGA
ACTTTGAC
TACAGATCTACTA
GTGATCTATGACT
GATCTGTACATGA
TCTACATACAGAT
CTACTAGTGATCT
ATGACTGATCTGT
ACATGATCTACA

TTCCTTCGAGTG
ACAAAGACGA
GTTGATGGCAAC
AATCTCCA
GCTTGGTGGTTT
GCTAACGAC
TGGGGCATTAAC
TGCATCTGG
TCGTGGATGTCA
CCCAAGTC
GAGGAACGAGA
AGAGGCTTG
TGTAGATCATGTA
CAGATCAGTCAT
AGATCACTAGTA
GATCTGTA
CACGAGTCCCCT
GCATCTACA
ACAAGGGGTTAG
GGAGAGCA
TACTCCTTGATGT
GGGCACG
AGTCCTTCCACG
ATACCAAAG
GAGGTACAGGCC
CTCTGATG
GGGCATTGATTG
CATCTGGCTG
TGATAGACATTAG
CCAGGAG
TGTAGATCATGTA
CAGATCAGTCAT
AGATCACTAGTA
GATCTGTATGTA
GATCATGTACAG
ATCAGTCATAGA
TCACTAGTAGAT
CTGTA

rat

rat

rat

rat

rat

virus

mouse

human

human

human

human

human

human

human

human

The length of the oligonucleotides used to stimulate
human cells was 90 bp (dsDNA 90 bp) and to stimulate rat
cells 45 bp (dsDNA 45 bp). After 2 h transfection, HMC3
and iPSC astrocytes were treated with G140 (Invivogen,
inh-g140) and rat cortical cultures were treated with RU.521
(Invivogen, inh-ru521-2), as previously described.

Immunocytochemistry and confocal microscopy

Cultures were fixed in 3.7% PFA solution (Sigma-
Aldrich, St Louis, USA, 158,127), permeabilized with
0.1% Triton™ X-100 (Sigma-Aldrich, St Louis, USA,
282,103), and then were blocked for 1 h at 37 °C with
PBS 1X supplemented with 1% bovine serum albumin
fraction V (BSA, Roche,0.10735078001) and 0.1%
TWEEN®20 (Sigma-Aldrich, St Louis, USA, P2287).
After blocking, fixed cultures were incubated overnight
at 4 °C in a humidified chamber with primary antibodies
(Table 2). Then, the cultures were washed three times with
PBS 1X supplemented with 0.1% TWEEN®20 (Sigma-
Aldrich, St Louis, USA, P2287) and incubated again
with the secondary antibodies (Table 2) for 1 h at 37 °C
in humidified chamber. Stained cultures were examined
using a Zeiss 880 inverted confocal microscope with a
63X oil immersion objective Zeiss 880 Airyscan confocal
(Zeiss, Oberkochen, Germany).

Immunofluorescence analysis

All image analysis were performed using Fiji tools
(Schindelin et al. 2012). In the case of immunofluorescence
analysis of cGAS, P21 and yH2AX markers in iPSC
astrocytes, microglia cells (HMC3) and rat cortical
cultures, percentage of positive and negative cells was
calculated in>200 cells. Total number of cells was
determined by counting the number of nuclei, for each
experimental condition. To this purpose, we analyzed
around 10 to 20 images for each independent experiment
(N=3). Due to the complex morphology of the rat cortical
cultures, we measure infection by determining a yellow
threshold color, which is the combination within green
(GFAP and B-tubulin IIT signal) and red (Nucleocapsid
protein of SARS-CoV-2 signal). Total color threshold was
then used to determine the percentage of yellow threshold
on each image. More than 20 images were analyzed for
each experiment (N=3). Lastly, Synapsin-1 signal in
the rat cortical culture, infected vs non-infected, was
determined by using the image calculator for the analysis
of particles (puncta) on the entire field of 10 to 20 images
per condition. A total of 3 experimental replicates were
analyzed and the operator was blind to the experiments for
unbiassed counting.
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Table 2 List of antibodies

Name cat.no Provider RRID Host

glial fibrillary G3893 Sigma-Aldrich AB 477010  mouse

acidic protein

(GFAP)

B-tubulin 1T~ T3952 Sigma-Aldrich AB 1841226 mouse

(TUJL)

IBA1 019- Wako AB 839504  rabbit

19741

SARS-CoV-2 40,588-  SinoBiologicals AB 3064900 rabbit

Nucleocapsid T62

YH2AX 05-636  Millipore AB 309864  rabbit

(Ser139)

P21 #2946 Cell Signaling ~ AB_ 2260325 mouse
Technology

cGAS #15,102  Cell Signaling  AB 2732795 rabbit
Technology

SARS-CoV-2 MAS- ThermoFisher =~ AB_2866553 human

Nucleocapsid 35,941 Scientific

(1A6)

NeuN #94,403 Cell Signaling  AB_ 2904530 mouse

(E4M5P) Technology

Synapsin-1 #5297 Cell Signaling  AB 2616578 rabbit

(D12G5) Technology

NF-«B p65 #8242 Cell Signaling  AB 10859369 rabbit

(D14E12) Technology

Phospho- #3033 Cell Signaling AB_331284  rabbit

NF-«xB p65 Technology

(Ser536)

TBKI1/NAK #3504 Cell Signaling ~AB 2255663 rabbit

(D1B4) Technology

Phospho- #5483 Cell Signaling  AB 10693472 rabbit

TBK1/NAK Technology

(Serl72)

F(ab')2-Goat A48286 ThermoFischer AB_2896351 goat

anti-Mouse Scientific

IgG (H+L)

Cross-

Adsorbed

Secondary

Antibody,

Alexa

Fluor™ Plus

488

Donkey A21207 ThermoFischer AB 3697796 donkey

anti-Rabbit Scientific

IgG (H+L)

Highly Cross-

Adsorbed

Secondary

Antibody,

Alexa

Fluor™ 594

Goat anti- A-21445 ThermoFischer AB 3697798 goat

Human IgG Scientific

(H+L) Cross-

Adsorbed

Secondary

Antibody,

Alexa

Fluor™ 647

@ Springer

Immunoblotting

Whole cell extracts were obtained by lysing HMC3 in
1 xRIPA buffer (0.1% SDS, 1% Nonident P-40, 0.5% DOC,
150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF,
50 mM Tris—Cl pH 7.5 and Protease and Phosphatase
inhibitor). Before fractionation on 10% gradient SDS-PAGE,
whole extracts were boiled and sonicated for 10 min at low
intensity using Ultrasonic Cleaner (3510E-MT;Branson)
in a water bath at 4 °C. Proteins were then transferred
onto nitrocellulose membrane and probed over-night with
primary antibodies listed in Supplementary Table 1. Blot
imaging was performed with a chemiluminescence imaging
system (Alliance-LD2-87.WL; Uvitec) and quantification
of protein levels was conducted by densitometric analysis
with ImageJ 1.53a.

MEA recordings and electrical stimulation

MEA recordings on infected neurons were performed
within a BSL-3 laboratory. We used commercial MEAs
(Multichannel Systems GmBH, Reutlingen, Germany) to
monitor the extracellular electrical activity of the primary
neuronal cultures. Each MEA contains 120 titanium nitrate
(TiN) microelectrodes with diameters of 30 um and an inter-
electrode distance of 100 pm. Each microelectrode detected
extracellular action potentials from neurons located in their
proximity. We employed an electronic multichannel amplifier
(MEA2100-Mini-120-System, Multi-Channel Systems)
with 10-10000 Hz bandwidth and an amplification factor
of 1. Recordings were performed inside a (dry) incubator, at
37 °C and 5% CO2. Evaporation and osmolarity drifts were
strongly reduced by sealing MEAs with disposable PDMS
caps (Blau, et al., 2009). Extracellular raw electrical signals
were then sampled at 25 kHz/channel and digitized with
a 16-bit resolution by the MEA2100-Mini USB interface.
The raw voltage traces were analyzed by custom scripts
written in Julia, an updated version of a MATLAB-based
framework for parallel preprocessing previously reported
(Mahmud et al. 2014). These were used to extract the time of
occurrence of action potentials at each MEA microelectrode
and perform a series of analysis. Briefly, for each recording
channel, a threshold for peak detection was set depending
on the background electrical noise (Quiroga et al. 2004).
Each recording channel was considered as corresponding to
an active electrode if the detected spiking activity at that
electrode exceeded the rate of 0.02 Hz. We then identified
the occurrence of network-wide bursts of action potential,
the collective spiking events occurring synchronously
across at least 10% of the active electrodes and within a
25 ms time window, each detected with a dead time interval
of 100 ms. For the extracellular electrical stimulation of
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neuronal activity, we applied 10 voltage-driven biphasic
square pulses of 600 uV peak-to-peak amplitude, delivered
every 6 s through 2 active microelectrodes (i.e., bipolar
configuration). We recorded the extracellular electrical
activity for 1 min during and after each stimulus.

Recombinant RBD protein production

To produce a recombinant RBD-Spike protein in vitro, the
protocol published by Daniel Stadlbauer and colleagues
in 2020 (Stadlbauer et al. 2020) was applied and adapted.
Briefly, 35x10° HEK293T/17 cells (ATCC CRL-11268)
were plated in ten 150 mm dishes, kept in culture and
transfected when~85% confluent. For transfection, linear
polyethilimine (PEI, Sigma-Aldrich, 764,604) and a
plasmid with pCAGGS backbone containing the SARS-
CoV-2, Wuhan-Hu-1 spike glycoprotein gene RBD with
C-terminal hexa-histidine tag were used keeping a ratio
of 1 pg of DNA: 11 pl of PEIL The day after fresh media
was replaced and the protocol for protein purification
was conducted three days post transfection. Briefly, the
Spike protein was isolated through metal-chelate affinity
chromatography. Cells media (200 mL) was filtered
through a 0.22 pm filter (Millipore, S2CGPUOSRE) and
incubated with Ni-NTA resin (Qiagen, 30,210) for two
hours at room temperature while shaking (65 rpm). Then,
two clean 5-ml polypropylene columns were loaded with
the filtered media-resin mixture and then washed with one
column volume of wash buffer four times. Four fractions
were eluted from each column by incubating the resin in
the column with 3 ml of elution buffer for each fraction.
After that, the eluate was put through 50-kDa Amicon
Ultra Centrifugal Filter Units at 4000 x g for 30 min until
only 200 to 300 pl remain in the unit. Finally, the protein
concentration was measured, and a denaturing SDS-PAGE
was run to check the integrity of the purified protein.

Data analysis

All the data obtained across the experiments were analyzed
and reported graphically with GraphPad (Insight Venture
Management, New York, US). We performed 3—5 biological
replicates, each with at least two technical replicates in
order to be in the range of an acceptable 10-20 error degree
of freedom according to the Resource Equation Method
to determine the appropriate sample size. Randomization
methods were not needed for in vitro experiments. Then,
we tested the normality of the data set by using Shapiro—
Wilk or Anderson—Darling test followed by Levene’s test
to determine homogeneity of the variance (supplementary
Table 1). Normally distributed datasets were tested either
with one-way ANOVA followed by Dunnett’s, Tukey’s,

Fig. 1 SARS-CoV-2 infection of iPSC astrocytes induces a DNA}
damage response and cGAS micronuclei. Immunofluorescence
(IF) images of non-infected (V—) or infected (V+). A IF of V- or
V+iPSC astrocytes positive to YH2ZAX (N in red, YH2AX in magenta),
unpaired sample T-test. B IF of V-, V+iPSC astrocytes positive to
c¢GAS micronuclei (N in red, cGAS in yellow), one-way ANOVA
followed by Holm-Sidak method in case of multiple comparisons. C
Quantification of the percentage of cells positive to YH2AX or cGAS
micronuclei, n>200. All samples were fixed at 48 hpi and nuclei were
stained with DAPI. Scale bar, 10 um or 20 um. For each figure the
average values are shown with standard error of means (SEM) and
p-values. All experiments were performed in triplicates and only
significant P-values are indicated by the asterisks above the graphs
(*¥P<0.05, **P<0.01)

Bonferroni’s or Holm-Sidak corrected multiple comparison
test or with T-test for single comparisons. For nonparametric
samples, Kruskal-Wallis, Mann—Whitney or Friedman test
were used for analysis. Bursts and spike-trains analysis was
performed with custom MATLAB scripts, focusing on the
cumulative distributions of three parameters: the average
number of bursts, the Inter-Burst Intervals (IBIs), and the
Burst durations (BDs).

Results

SARS-CoV-2 infection of human astrocytes leads to
DNA damage and induction of the cGAS pathway

Astrocytes are the first line of defense against viruses in
the brain. Human induced pluripotent stem cells (iPSC)
were used to produce astrocytes, as already reported in
Padmashri et al. (Padmashri et al. 2021). Infection with
ancestral SARS-CoV-2 was performed at a multiplicity
of infection (MOI) of 5 and cells were treated with the
specific cGAS inhibitor (G140) after 2 h post infection
(hpi). At 48 hours (h) we confirmed infection and checked
for markers of: senescence, virus induced DNA damage
(VID), downstream activation of the cGAS pathway
and expression of relevant antiviral chemokines and
cytokines.

We show (Fig. 1 A and B) that iPSC astrocytic cultures
are susceptible to SARS-CoV-2 as demonstrated by immu-
nofluorescence (IF) of Nucleocapsid protein of SARS-
CoV-2 (N) and by western blot (WB) (supplementary Fig. 1
A). Replicative virus particles were measured by plaque
assay (plaque forming units per milliliter, PFU/mL). After
48 h viral load in supernatant of infected cells was 2.3 x 10*
PFU/mL. We also investigated infection of HMC3 at the
same MOI as for iPSC astrocytes. At 24 h, we observed a
few positive cells for N protein (supplementary Fig. 1 D and
E) and a low level of infectious virus in the supernatant of
infected cells detected by plaque assay (5x 10> PFU/mL).
Furthermore, we quantified viral genomes (N gene RNA
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copies/uL) from cell lysates of infected iPSC astrocytes and
HMC3 at time 0 and at 48 and 24hpi, respectively (supple-
mentary Fig. | B). We observed a significant increment of 2
log in iPSC astrocytes at 48 hpi (one-way ANOVA followed
by Dunnett'’s method, F (2, 6)=6.832, P=0.0284, V+0 h vs.
V+48 h P=0.0272, V+0 hvs. V+GI140 48 h P=0.0405).
No differences were observed in HMC3 lysates, indicating
a non-productive infection (supplementary Fig. 1 B). Then,
we analysed the expression of ACE2 and TMPRSS?2 in both
cell types (supplementary Fig. 1 C). The expression of
ACE?2 increased in iPSC infected astrocytes compared to
non-infected cells (one-way ANOVA followed by Dunnett’s
method, F (2, 6)=7.638, P=0.0224, V- vs. V+P=0.0280,
V-vs V+G140 P=0.0244). Moreover, there is a significant
difference when comparing the basal expression of ACE?2
in iPSC astrocytes and HMC3 (two-way ANOVA followed
by Sidak's test, F (2, 4)=29,33, P=0.0041, V+P=0,0135,
V+G140 P=0.0054). No significant difference could be
found for the levels of TMPRSS2, which showed a pattern
similar to ACE?2 (supplementary Fig. 1 C). supplementary
Fig. 1 C).

DNA damage response (DDR) is a common factor
that may lead to cellular senescence. To this end, we
investigated the formation of YH2AX foci in the nucleus,
which is an early marker for double strand DNA breaks
and repair. We observed a significant increase (7-test,
t(4)=7.740, P=0.0015) of yYH2AX foci in infected iPSC
astrocytes compared to mock infected controls (Fig. 1
A and C). Genomic stress leads to the accumulation of
activated cGAS/DNA in cytoplasmic micronuclei. While
only 15.7% of infected cells presented cGAS micronuclei,
these were reduced to 8.2% when cells were treated
with the G140 inhibitor (Fig. 1 C) (one-way ANOVA,
F (2, 6)=8.329, P=0.0186, adjusted P Value: V- vs.
V+P=0.0202). In line with the previous observation, we
detected an increment (7-test, t(4)=6.347, P=0.0032) of
YH2AX foci in infected HMC3 (supplementary Fig. 1 D)
but not in the number of micronuclei positive for cGAS
(supplementary Fig. 1 E).

SARS-CoV-2 infection of human astrocytes induces
expression of IFN-B and cellular senescence

Viral infection ignites complex mechanisms of
activation, coordination, and regulation of the immune
response where cytokines and chemokines play crucial
roles. The cGAS-STING pathway activates antiviral
immune responses by promoting the expression of
interferons (IFNs) as well as virus-induced cytokines
and chemokines. We measured the relative expressions
of CCL2, CCL5, TNF and IFN-$ 48 hpi. In iPSC
astrocytes, /FN-f dramatically increased after infection

with SARS-CoV-2 (one-way ANOVA followed by Tukey s
method F (2, 6)=5.495, P=0.0440, V-vs. V+, P=0.0475)
and was blocked by the cGAS inhibitor G140 indicating
a possible contribution of this pathway to the antiviral
response (Fig. 2 A). IFN-f is known to contribute to the
protective response to viral infection in the CNS by in
turn regulating IFN-y-dependent responses (Hwang and
Bergmann 2018), and its release contributes to astrocyte
activation itself (Clarke et al. 2019), suggesting the
beginning of a cascade of astrocytes activating in response
to the infection. The increase in I/FN-f expression could
indicate an activation of the astrocytes that release /FN-f
to further activate glial cells, compatibly with findings
in literature that astrocytes releasing IFN-B is a classic
pathway of viral infection response in the CNS (Hwang
and Bergmann 2018; Clarke et al. 2019).

Although the expression of CCL2, CCL5 and TNF was
not as robust as /FN-f, there was a pattern of activation
after infection, which was mildly inhibited by G140 for
CCL2 and CCL5 (Fig. 2 A). In the case of CCL5, we
observed statistically significant differences within non
infected and infected cells (one-way ANOVA followed
by Tukey's method, F (2, 6)=17.10, P=0.0033, V- vs.
V+P=0.0030, V- vs. V+GI140 P=0.0184). Astrocytes
are significant sources of classical pro-inflammatory
chemokines such as CCL2 and CCL5 (Croitoru-Lamoury
et al. 2003). Overexpression of CCL2 can promote the
increase of harmful glial neuroinflammatory changes
(He et al. 2016; Joly-Amado et al. 2020). On the other
hand, CCL5 produced by murine astrocytes induces
the expression of multiple cytokines and chemokines
(Luo et al. 2002) which in turn may contribute to the
neuroinflammatory environment after SARS-CoV-2
infection. Minor changes on 7NF expression were
observed at 48 h after infection (Fig. 2 A). TNF is a well
know key player during viral infection by regulating
inflammatory responses (Domm et al. 2008), as well
as chemoattractant of neutrophils (Vieira et al. 2009).
However, aberrant production could lead to severe
inflammatory cytokine storms. In HMC3, we observed
a significant increment of the expression of cytokines
CCL2 (one-way ANOVA followed by Holm-Sidak F (2,
6)=7.334, P=0.0245, V+vs. V+GI140 P=0.0284) and
CCL5 (one-way ANOVA followed by Holm-Sidak, F
(2, 6)=6.709, P=0.0295, V- vs. V+P=0.0339) after
infection, with a reduced expression following G140
treatment (supplementary Fig. 2 A).

To validate our observations, we transfected both cell
types with dsDNA 90 bp (Xia et al. 2019), which is a
direct agonist of cGAS. In iPSC astrocytes, we observed
an increment of /FN-f, CCL2 and CCL5 expression after
dsDNA transfection, which was inhibited by G140 (Fig. 2
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B). Again, in HMC3 we observed an induction of the
expression of the cytokines and chemokines after dsSDNA
90 bp transfection (supplementary Fig. 2 B).

We studied the contribution of the key kinases
TANK-binding kinase 1 (TBK1) and nuclear factor kB
(NF-xB) (Supplementary Fig. 3). TBK1 is an enzyme
that phosphorylates STING, leading to recruitment
of interferon regulatory factor-3 (IRF3), which
translocate into the nucleus to induce transcription of
ISGs, cytokines, interferons, and chemokines genes
(Shu et al. 2014; Fang et al. 2017). Moreover, TBK1
and its homolog IkB kinase epsilon (IKKe) lead to
activation of the IKK complex, which then activates the
transcription factor NF-xB (Balka et al. 2020). NF-xB
synergizes with IRF3 to induce high levels of type I IFN
and other pro-inflammatory cytokines (Smale 2010).
Therefore, cell lysates of infected iPSC astrocytes and
HMC3 cells were collected for the detection of total and
phosphorylated NF-kB and TBK1. As a positive control
of the phosphorylation of NF-kB and TBK1 we used
poly I:C, which is a synthetic molecule that induce an
innate immunity response via MDAS receptor (Kato
et al. 2008). After infection, both cell types showed an
increment of the total protein levels of NF-kB and TBK1
in infected cells (supplementary Fig. 3). However, the
phosphorylated form of both proteins was marginal
in both cell types with a slight increment in microglia
infected cells. Moreover, the increment of total TBK1
and NF-kB protein was partially reduced after addition
of G140 in both cell types (supplementary Fig. 3). Since
the convergence of RNA and DNA sensing pathways may
contribute to the antiviral response (Zevini et al. 2017),
additional data would be required to further dissect the
molecular pathways of inflammatory signaling.

An increment in pro-inflammatory responses is indicative
of persistent senescence. Therefore, we analyzed the specific
marker of senescence P21 by immunofluorescence showing
a significant increment (7-test, t(4)=5.329, P=0.0060)
in virus infected iPSC astrocytes (Fig. 2 C). Accordingly,
HMC3 microglia showed a higher percentage of P21 (7-test,
t(4)=5.218, p=0.0064) positive infected cells compared to
mock (supplementary Fig. 2 C.

The results obtained with SARS-CoV-2 infection of
astrocytes point to a pro-inflammatory antiviral immune
response triggered by the activation of the cGAS-STING
pathway following virus induced DNA damage, as
observed by the increment of YH2AX positive cells, and
higher percentage of senescence cells. Moreover, activated
microglia produces inflammatory cytokines, boosting the
inflammatory tissue damage. Taking together these results
we can hypothesize that human glial cells are key to initiate
the inflammatory cascade in the brain.

Fig. 3 SARS-CoV-2 infection in primary rat cortical cultures causes }
synaptic decrease and neuronal loss. A Viral yields measured by
plaque assay (PFU/mL), paired non parametric Friedman reported as
mean and interquartile range, and number of copies of SARS-CoV-2
RNA (N) per microliter of supernatant, at different hpi, one-way
ANOVA followed by Tukey’s method in case of multiple comparisons,
and mRNA fold change over TO in cell lysates, parametric paired
T-test. B Representative images of primary cortical cultures V- and
V+at different hpi. First row shows DAPI in blue, second row shows
B-tubulin III in green, third row shows the SARS-CoV-2 (N) in red. C
V- and V+at different time points, second row shows GFAP in green
third row shows the SARS-CoV-2 (N) in red. D Quantification of
nucleocapsid of SARS-CoV-2 (red) together with -tubulin III (green)
or GFAP (green), parametric paired T-test. For each figure the average
values are shown with SEM, all experiments were performed in
triplicates and only significant P-values are indicated by the asterisks
above the graphs (*P<0.05, **P<0.01)

SARS-CoV-2 infection of rat cortical cells ex vivo
targets principally astrocytes

To study the cellular response to infection in a more
physiological model we infected dissociated primary cultures
of rat neocortex ex vivo and analyzed cells and supernatant
at 3, 6 and 24 hpi. To the best of our knowledge, this is the
first study that shows that SARS-CoV-2 could infect rat cells.

Viral replication kinetics were examined by plaque
assay and reported as titers of PFU/mL at different hpi
(Fig. 3 A). We also measure the presence of the virus by
RT-qPCR in supernatant and cell lysates, and we observed
increased viral production (one-way ANOVA followed by
Tukey's method, F (2, 6)=31.17, P=0.0007) from 3 to 24
hpi (adjusted P Value, P=0.0009) and from 6 to 24 hpi
(adjusted P Value, P=0.0016), demonstrating the ability of
SARS-CoV-2 to infect and replicate in rat neocortex (Fig. 3
A). The increment between 6 and 24hpi in cell lysates was
non-significant.

To study the tropism of SARS-CoV-2 infection for
the different cell types present in a primary rat cortical
culture, we analyzed the infection efficiency in neurons
and glial cells separately (Fig. 3 B and 3 C, respectively).
We classified the efficiency of infection by co-staining
SARS-CoV-2 nucleocapsid (N) with GFAP or B-tubulin III
(Fig. 3D). Markers of infection were present as early as 3 hpi
to increase over time until 24 hpi both in glial cells (7-fest,
3hvs6h:4(2)=5447, P=0.0321, 3 hvs 24 h: 1(2)=7.396,
P=0.0178, 6 hvs 24 h: t(2)=7.718, P=0.0164) and neurons
(T-test, 3hpi vs 24hpi: t(2)=8.628, P=0.0132, 6 h vs 24 h:
1(2)=5.468, P=0.0319). Interestingly, we observed a higher
infection rate in GFAP than B-tubulin positive cells (Fig. 3D).
Hence, virus replication not only increases over time but also
occurs to a higher degree in glial cells, which is in line with
the results described above where human iPSC astrocytes
showed a high susceptibility to SARS-CoV-2 infection.

We observed a clear decrease of B-tubulin III marker
after infection prompting us to check the functionality
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pathological changes in neuronal populations (Gusel’nikova
and Korzhevskiy 2015). In both cases we observed a general
decrease of the signal at 24 hpi (supplementary Fig. 4 A).
We measured the number of Synapsin 1 puncta, mean
size of the puncta, and intensity of the signal. There was
an increase of the events in the non-infected cells, but the
opposite was observed in the infected cells. Moreover, there
was a higher mean of the average size of the puncta in non-
infected cells and higher intensity of the signal compared to
infected cells (supplementary Fig. 4 A). As well the signal
of NeuN marker decreased over time on infected cells,
which is in line with the reduced Synapsin 1 signaling,
meaning that there is a general loss of neurons along SARS-
CoV-2 infection (supplementary Fig. 4 A). However, non-
statistically significant results were observed.

SARS-CoV-2 first decreases synaptic connections
and then causes neuronal loss

Once we established the model of infection in rat cortical
cultures, we then investigated the effect of SARS-CoV-2
on the electrical activity of neurons by growing neuronal
cortical cultures on multi-electrode arrays (MEAs) (Gerber
et al. 2021). The electrical activity of the neurons can be
recorded by the microelectrodes directly in contact with
the cells kept sealed and sterile at 37 °C and 5% CO,. We
plated 3 cultures on a total of n=6 MEAs and cultured
them in vitro for 21 days. At this stage, in vitro neurons are
known to re-grow functional synaptic connections and to
develop a mature pattern of spontaneous electrical activity
(Kobayashi et al. 1993). A well-known phenomenon of in
vitro networks is the irregular occurrence of synchronized,
global firing events across the network, referred to as
network bursts (from now on, “bursts”). This phenomenon
arises from the interplay between recurrent excitatory
synaptic activity within the network and intrinsic synaptic
fatigue (Giugliano et al. 2004) and is mediated by different
receptors among which N-methyl D-aspartate (NMDA) and
Gamma-aminobutyric acid (GABA) (Bonifazi et al. 2009;
Pozzi et al. 2020).

To test the effect of the virus on neurophysiology, rat
cortical cells were seeded on MEAs and later infected at
MOI 1 with the ancestral SARS-CoV-2 variant (V+). At
the same time, n=3 control MEAs were exposed to the
same amount of SARS-CoV-2 virus that was previously
inactivated by exposing it to UV light for 30 min (UV).

For each experiment, two cultures, one SARS-CoV-2 and
one UV-inactivated SARS-CoV-2 were recorded at the same
time before infection and then at regular intervals for the
following 24 h. We observed a progressive decrease in the
occurrence of both single action potentials (conventionally
referred to as “spikes”) and bursts, as shown in the

Fig. 4 Loss of electric activity in rat cortical cells after SARS—}
CoV-2 infection. A Representative raster plots of spike times
across 120 recording sites (corresponding to the microelectrodes)
during 150 ms time windows for four timepoints: before infection
(bi), then 3, 6 and 24 h post-infection (h). B Inter-burst intervals
(IBIs) computed in the same 30-min time windows bi, 3 h and 6 h;
The IBIs increased significantly over time (one-way ANOVA, F(2,
1178)=37.22, p=2.11x10""%); in particular, Bonferroni-corrected
post-hoc comparison showed that IBIs at 6 h were lower than at 3 h
(P=5.87x10"°) and bi (P=9.18x107"7) and IBIs at 3 h were lower
than bi (P=4.4x107). C Burst Duration (BD) in the same 30-min
time window bi, 3 h and 6 h; BD significantly decrease over time
(one-way ANOVA, F(2, 1188)=20.10, p=2.61 x107%); in particular,
Bonferroni-corrected post-hoc comparison showed that bi was longer
than 3 h (P=1.78x107%) and 6 h (P=3.11x10~*) while 3 h and 6 h
were not significantly different (P=1). D Representative raw voltage
traces of neuronal signals after electrical stimulation (600 mV voltage
pulses for 100 ps) from ten electrodes at four timepoints: bi, 3, 6, 24 h;
the grey vertical bar represents the moment the stimulus is delivered

representative raster plot in Fig. 4 A. In the raster plot, each
dot represents a spike, happening at a specific time point.
The vertical alignment of several dots means that a spike
was detected by many electrodes at the same time across
the entire surface covered by the electrodes and is thus
classified as a burst.

In SARS-CoV-2 cultures, we could still observe a few
spontaneous spikes and bursts up to 6 hpi, but not at later
timepoints. We did not observe activity at 24 hpi. Two
parameters were analyzed: the burst frequency (measured
as inter-burst interval, IBI) and the burst duration (BD).
The distribution of IBIs and BDs was analyzed before the
infection (bi), at a time window around the moment the
electrical activity could not be detected anymore (6hpi)
and at an intermediate timepoint between the two (3hpi).
Figure 4B shows an increase in IBIs duration over time (with
median+IQR values of 6.14+11.08 s bi, 8.56+29.36 s 3 h,
and 20.48+20.88 s 6 h) meaning that the occurrence of bursts
became less frequent. We found a significant difference
among the distributions in the time windows considered
(one-way ANOVA, F(2, 1178)=37.22, P=2.11x10719).
The analysis of BDs (Fig. 4C) gave comparable results,
i.e. we found a decrease in BD over time (with median
values of 0.11£2.34 s bi, 0.05+£0.09 s 3 h, and 0.06+0.11 s
6 h). Again, the means of each timepoint were found to be
significantly different from the other timepoints (one-way
ANOVA, F(2, 1188)=20.10, P=2.61x10"’), implying an
impairment of the overall network electrical activity.

The same experimental paradigm was repeated with
UV-SARS-CoV-2 control cultures (supplementary Fig. 4B).
First, activity was still detectable at 24 h. IBIs showed a
trend towards increase between the first two timepoints (with
median values of 7.762+30.556 s bi and 19.257+14.428 s
3 h) which was then apparently reversed at 6 h (with a median
value of 11.653+18.703 s). No significant differences were
observed (one-way ANOVA, F(2, 717)=2.48, p=8.4x107).
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BDs remained stable throughout the timepoints (with
median values of 0.097+26.33 s bi, 0.087+0.017 s 3 h,
and 0.099+27.689 s 6 h) and, also in this case, we did not
observe any significant difference (one-way ANOVA, F(2,
563)=2.51, p=8.3x107).

It has been found that purified Spike protein alone can
activate inflammatory response in ACE2 mice (Albornoz
et al. 2023). To investigate the ability of the Spike protein
to activate inflammation in rat cortical cells, recombinant
Spike protein was produced and used to treat cells at
100 nM. Then, a series of recordings on control cultures
were performed with the same previously described
experimental parameters. In each of the n=4 MEAs,
no significant difference was found in the number of
bursts (Kruskal-Wallis test, H(3)=0.5026, p=9.2x107")
between any of the timepoints, and indeed the value
remained stable before incubation (1082.5+386.98), 3 h
(1185+327.46), 6 h (1035.5+318.63) and activity was
always detectable at 24 h (1135.5+£413.63 mean number
of bursts)(supplementary Fig. 4 C). After recording the
spontaneous activity in SARS-CoV-2 cultures, we applied
voltage pulses of 600 mV for 100 ps to a small number of
active electrodes in the arrays to verify whether synaptic
connections were still intact. This type of stimulation
should first evoke a “direct” response, which is independent
of glutamatergic synaptic activity and should occur within
the first 10-20 ms. Evoked responses are most likely the
result of antidromic excitation through an axon near the
stimulation electrode. Stimulated neurons with an intact
glutamatergic synaptic activity will present also a second,
longer synaptic response lasting up to 50 ms post-stimulus
(Wagenaar et al. 2004). While both responses were intact
at the network level before the infection, they decreased
in duration after 3—6 h and totally disappeared when the
silencing of the overall spontaneous activity was observed
(Fig. 4D). These results suggest that, after SARS-CoV-2
infection, first synaptic connection between neurons was
progressively lost and only then neuronal death occurred.

SARS-CoV-2 induce cGAS-STING pathway activation
in rat cortical cultures mediating the release of pro-
inflammatory cytokines and chemokines

Following our observations in human astrocytes, we tested
the presence of damaged DNA foci in the infected rat cortical
cultures. Infection was performed as previously described
and the presence of YH2AX foci was determined in three
cell types by using B-tubulin III for positive neurons, ionized
calcium-binding adapter molecule 1 (IBA1) for positive
microglia and GFAP for positive astrocytes (supplementary
Fig. 4 D). We studied the presence of YH2AX foci in the total
population under the following conditions: non-infected

Fig. 5 DNA damage and cGAS involvement in the inﬂammatory}
response of infected rat cortical cells. A IF of V-, UV, V+rat corti-
cal cultures positive to YH2AX (GFAP in green, N in red, YH2AX in
magenta) and quantification of percentage of cells positive to YH2AX
in the total cell type population, n>200, unpaired one- ANOVA and
average values are shown with SEM. All samples were fixed at 24
hpi and nuclei were stained with DAPI. Scale bar, 30 pm. B Quanti-
tative RT—qPCR was used to quantify the expression levels of RNA
for CCL2, CCLS5, IFN-ff and TNF. The quantification is expressed as
the fold change in mRNA expression compared to T0. White is for
V-, light grey for UV-SARS-CoV-2 (UV), dark grey for V+and black
for V+RU.521, unpaired non-parametric Kruskal-Wallis, reported as
mean and interquartile range. C Quantitative RT—-qPCR was used to
quantify the fold change in the expression levels of RNA comparing
TO to 24 h for CCL2, CCLS5, TNF and IFN-f. In white, dsDNA in
light grey (dsDNA+G140), unpaired non-parametric Mann—Whitney,
reported as median and interquartile range. D Qualitative detection of
rat-specific cytokines and chemokines by ELISA. The panel of cyto-
kines and chemokines from the supernatant of V-, UV and V +at 6- and
24-hpi, unpaired non-parametric Kruskal-Wallis. Results are shown
by reported median and interquartile range of the absorbance values
measured at 450 nm, for V-, n=1, UV, n=2 and V+n=3, unpaired
non-parametric Kruskal-Wallis test, reported as median and inter-
quartile range. All experiments were performed in triplicates and only
significant P-values are indicated by the asterisks above the graphs
(*¥P<0.05, ****P<0.0001)

(V-), SARS-CoV-2 infected (V+) and cells cultures exposed
to UV-inactivated virus (UV). We analyzed more than 200
cells per condition in 3 biological replicates, independently
on the cell type, and we found a higher number of yYH2AX-
positive cells in SARS-CoV-2 infected cultures (one-way
ANOVA F (2, 6)=104.9, P<0.0001) than both non-infected
(adjusted P-value, P<0.0001) and UV cultures (adjusted
P-value, P<0.0001) (Fig. 5 A). Our observation confirms
the data from human glial cells that identify SARS-CoV-2
as an inducer of DNA damage response. Mislocated DNA
can activate cGAS-STING pathway. Since we could not
detect rat cGAS by immunostaining, we decided to study
the functional relevance of the pathway in the virus-induced
inflammatory response. We infected rat cortical cultures as
previously described, treating or not with the specific cGAS
inhibitor, RU.521. As reported previously, RU.521 is a
potent inhibitor of the mouse cGAS (Vincent et al. 2017),
but is a poor inhibitor of human cGAS (Lama et al. 2019).
Since RU.521 and G140 are not specific for inhibiting rat
enzyme activity, we tested both in the rat cortical cultures
and we observed a stronger inhibition with RU.521 (data
not shown); therefore, we continued the studies with this
drug (Vincent et al. 2017; Lama et al. 2019). Next, we
measured the relative expression of viral induced cytokines
and chemokines at 24hpi, in five biological replicates of
non-infected (V-), infected (V+), cells exposed to UV
inactivated virus (UV) and infected cells treated with
RU.521 (V+RU.521). In contrast to the observation in
human iPSC astrocytes, SARS-CoV-2 infected cultures
showed only a slight increment of the expression of
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IFN-f and the expression was reduced in SARS-CoV-2
after RU.521 treatment (Fig. 5 B). In primary rat cortical
cultures, the production of type-I interferons such as IFN-f
depends on the innate immune response to viruses guided
by microglia and astrocytes (Rho et al. 1995). However, an
increased expression of /FN-§ has also been shown to be
detrimental, by inducing neuroinflammation and potentially
even affecting cognition in humans (Tan et al. 2022). At
24hpi, our results showed a weak IFN-f response in rat
cortical cells which may lead to a poor immune response.
On the other hand, TNF, results showed a higher expression
in SARS-CoV-2 infected cultures and a clear inhibitory
effect after treatment with RU.521 (Fig. 5 B).

Consistent with the previous results, we observed an
increase expression of both chemokines (CCL2 and CCL5)
at 24hpi. Also, there was an effective inhibition of CCL5 but
not CCL2 after RU.521 treatment (Fig. 5 B). Importantly,
CCL2 and CCLS5 are known to drive inflammatory monocyte
infiltration into the brain during viral infection, supporting a
key role of these chemokines on inflammation (Ubogu et al.
2006; Howe et al. 2017). Interestingly, rat cortical cultures
exposed to SARS-CoV-2 UV-inactivated virus showed an
increased expression of the chemokines and cytokines,
except for TNF, potentially pointing to an immune response
elicited by the non-replicative UV-inactivated SARS-CoV-2
still recognized as a pathogenic antigen (Fig. 5 B).

To verify cGAS activation we used a direct cGAS
agonist, dSDNA 45 bp (Xia et al. 2019). Primary rat cortical
cultures were transfected with dsDNA 45 bp and treated
with the inhibitor. Samples were collected to analyze the
transcriptional induction of cytokines and chemokines genes
at 24 h. As expected, we observed an increase expression
of cytokines (TNF and IFN-f) and chemokines (CCL2 and
CCLS5) when cells were treated with dsDNA 45 bp, which
was inhibited by RU.521 treatment. These results point to a
cytokine and chemokine expression profile compatible with
what was observed after SARS-CoV-2 infection in human
astrocytes and microglia (Fig. 5 C).

Glial cells mediate the initiation and amplification of
inflammation in the central nervous system (Ramesh et al.
2013; Yang and Zhou 2019). Viral infection can activate the
glial cells present in the rat neocortex, not only inducing
the expression but also the production and release of pro-
inflammatory cytokines and chemokines. Accordingly, we
checked for changes in the production of cytokines and
chemokines in the supernatant of primary cortical cultures
by enzyme linked immunosorbent assay (ELISA). Since
spontaneous spikes and bursts were observed until 6hpi,
we used as reference timepoint 6hpi for the mock-infected
negative controls (V-), and 6hpi and 24hpi for UV-SARS-
CoV-2 control cultures (UV) and SARS-CoV-2-infected
cultures (V+).

As shown in Fig. 5 D, we observed that at 6 h the levels
of protein production were still low, then, at 24 hpi the
concentration of cytokines IFN-y and TNF increase in the
supernatant of SARS-CoV-2 infected cultures. Moreover,
there was a statistically significant increment of IFN-y in the
supernatant of infected cells. IFN-y play an important role
in the overall inhibition of neurotropic coronavirus strain
JHM infection, in a mouse model of acute viral infection
that progresses to a chronic infection (Parra et al. 1999). The
production of TNF, another key pro-inflammatory cytokine,
was slightly higher at 24hpi in SARS-CoV-2 infected.

Interestingly, we observed an increased production of
chemokines CCL2 and CCL5 at 24 hpi in the supernatant
of infected cells. These chemokines are involved in
acute inflammation and are related to the recruitment of
monocytes and polymorphonuclear cells and the persistent
maintenance of inflammation (Hussmann and Fredericksen
2014; Howe et al. 2017; Mladinich et al. 2021). This increase
in chemokines thus seems to confirm the immune activation
of cortical cultures after SARS-CoV-2 infection.

Overall, SARS-CoV-2 infection induced not only the
expression but also the production of pro-inflammatory
cytokines and chemokines. Activation of cGAS-STING
pathway initiates a pro-inflammatory response with the
purpose of fighting the infection and repairing the damage.
In our model may also be associated to excessive release
of pro-inflammatory factors, recruit of neutrophils and
macrophages, that contribute to neuroinflammation leading
to the loss of electrical activity which in turns may lead to
tissue damage, neurodegeneration and neuronal loss.

cGAS inhibitor RU.521 rescues the electrical activity
of infected rat cortical cultures in the first six hours
post-infection

To study the effect of the cGAS-STING pathway on the
electrical activity of SARS-CoV-2 infected -cultures,
we performed MEA recordings in the presence of a
c¢GAS inhibitor, RU.521 (Vincent et al. 2017). As for the
previous electrophysiology experiments, n=12 cultures of
rat cortical neurons were plated and kept for 21 days in
vitro. For every experiment, one SARS-CoV-2-infected
culture and one UV-SARS-CoV-2 control were recorded
in parallel for 24 h. The electrical activity was recorded
before infection with SARS-CoV-2, then the cultures were
infected and treated after 2 h with 10 uM of the RU.521
cGAS inhibitor, after which recordings were performed at
three time points: right after the treatment with RU.521 (i.e.
2 hpi), after 3 h and after 6 h.

In both SARS-CoV-2-infected and UV-SARS-CoV-2
control cultures treated with RU.521 we did not observe
activity at 24 hpi (data not shown). To establish the effect
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of RU.521 alone, we performed a series of recordings on
n=3 MEAs incubating them with RU.521 for 2 h (without
SARS-CoV-2 infection). Although the difference was
not statistically significant (Friedman test, »°(3)=5.80,
P=1.22x10""), the number of bursts decreased dramatically
from 495+287.3 before incubation (bi) to 5+19.5 at 24 h
(median+IQR, Fig. 6 A) suggesting that RU.521 alone
can impair electrical activity at this timepoint. The lack of
statistical significance may be due to the small sample size.

For this reason, we decided to focus our attention on
early timepoints, and we compared the results obtained in
cultures infected with SARS-CoV-2 and then incubated
with RU.521 with recordings performed without the cGAS
inhibitor (N=4 MEAs). As shown in Fig. 6 B, the number
of bursts decreased over time for both conditions. However,
the reduction was more pronounced in cultures not treated
with RU.521 at 3 h and 6 h. Also in this case, the difference
was not statistically significant, possibly due to the small
sample size (Friedman test, y°(3)=6.30, p=9.79x 107).

These point out a possible rescue effect of the cGAS
inhibitor RU.521 in the first hours after infection, which
seems to be able to reduce the inflammatory effect activated
by SARS-CoV-2 infection.

A

a

H

Fold change in # bursts
N ()

-t

e

—he—

3h 6h 24h

Fig. 6 Electric activity in SARS-CoV-2 infected rat cortical cells is
rescued by the cGAS inhibitor RU.521. A Fold change in the number
of bursts after incubation with RU.521 ¢cGAS-STING inhibitor. The
plot shows the number of bursts recorded from n=3 MEAs incubated
for 2 h with RU.521 and normalized by the number of bursts recorded
before incubation (bi) in the same MEA; no statistically significant
difference was found (Friedman test, x°(3)=>5.80, p=1.22x107"). B

@ Springer

Discussion

Post-COVID-19 symptoms vary from 12 to 45% of
patients (Ballering et al. 2022; O’Mahoney et al. 2023).
Some of the mild symptoms that are associated to the CNS
are headache, brain fog, memory loss and insomnia (Canas
et al. 2023), but severe symptoms such as stroke, cerebral
thrombosis, seizures, meningoencephalitis, Guillain-
Barré syndrome have been described (rev in (Harapan and
Yoo 2021)). Notwithstanding the great concern caused by
these clinical cases, the neuropathogenicity of SARS-
CoV-2 infection still remains largely unexplored.

Here we demonstrate that the immune response triggered by
glial cells plays a crucial role during SARS-CoV-2 infection of
the brain. Although only astrocytes permit effective infection,
both iPSC astrocytes and HMC3 microglia showed signs of
senescence, recruitment of foci compatible with DNA damage
accumulation and activation of the cGAS-STING pathway.
Moreover, using rat cortical cells seeded on MEA’s, we
identified that SARS-CoV-2 infection decreased the number of
network-wide bursts through a decreased synaptic connection,
and that this effect could be partially rescued by treating the
culture with an inhibitor of cGAS-STING pathway.
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Fold change in the number of bursts in MEAs infected with SARS-
CoV-2, with and without RU.521. Number of bursts recorded from
n=4 MEAs infected with SARS-CoV-2, and n=4 MEAs infected with
SARS-CoV-2 and treated with RU.521. The number of bursts for each
timepoint is normalized by the number of bursts recorded before incu-
bation (bi) in the same MEA; no statistically significant difference was
found (Friedman test, y*(3)=6.30, p=9.79x 107)
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Knowing the involvement of glial cells in the response to
viral infections (Hwang and Bergmann 2018), we infected
both iPSC astrocytes and HMC3 microglia. SARS-CoV-2
infection of glia cells has been detected in vitro, in vivo
(Andrews et al. 2022; Jeong et al. 2022; Colinet et al. 2024)
and in autopsies of COVID patients (Crunfli et al. 2022). In
accordance with previous studies, we observed a productive
infection in iPSC astrocytes and an abortive infection in
HMC3 microglia (Crunfli et al. 2022; Haverty et al. 2024).
Infection of astrocytes with WT SARS-CoV-2 has been
demonstrated in iPSC derived brain organoids (Andrews
et al. 2022; Kong et al. 2022), which is in agreement with
our observation. However, microglial cells are absent in
this brain model, therefore tropism for this cell type was
not addressed. One study tested different variants of SARS-
CoV-2 both in primary astrocytes and HMC3 microglia
(Proust et al. 2023). Unlike our results, productive infection
was observed in microglia and not in astrocytes. However,
we used different viral isolates from the one used by Proust
et al. (Proust et al. 2023).

We further investigated the expression of ACE2 an
TMPRSS2 mRNA levels both in human astrocytes and
microglia. We observed a higher expression of both ACE?2
and TMPRSS? in astrocytes compared to microglia at
basal levels, while SARS-CoV-2 infection increased the
expression of ACE2 in astrocytes but not in microglia.
Interestingly, treatment with the cGAS inhibitor G140 did not
change the expression of viral receptors following infection.
We also calculated the number of genomic copies of virus
per microliter in cell lysates and there was an increment
of 2 log after infection in astrocytes, no differences were
observed in microglia. Moderate to low presence of both
ACE?2 and TMPRRS?2 has been reported in different zones
of the CNS (Malik et al. 2023; Gupta et al. 2024; Haverty et
al. 2024; Wilchli et al. 2024). In agreement to our findings,
primary human astrocytes showed a modest increase in the
expression of SARS-CoV-2 host cell entry factors (ACE2,
TMPRSS2, NRP1, and TRIM28) (Acharya et al. 2023).
Moreover, transcriptomic data from Waélchli et al. showed
a similar expression of ACE2 and TMPRSS? in astrocytes
(medium expression), while in microglia the expression of
the receptors remained low (Wilchli et al. 2024).

The infection of glial cells was accompanied by DNA
damage accumulation and an increment of the markers of
cellular senescence. We explored the DNA damage repair
(Victor et al. 2021; Grand 2023) response in glial cells
and found a consistent increase of infected cells showing
YH2AX foci in the nucleus. Intriguingly, despite HMC3
microglial cells are poorly infected, we still observed an
increase of YH2AX foci.

DNA damage accumulation is commonly observed in the
CNS in neurodegenerative diseases associated with ageing

(Lopez-Otin et al. 2023), yet little is known in virus related
pathogenesis. In astrocytes and microglia, DNA damage
contributes to neuroinflammation and toxicity in the context
of neurodegenerative diseases (Kok et al. 2021; Talbot et al.
2024). Neurons are extremely sensitive to DNA damage and
additionally DNA damage in glial cells may induce chronic
inflammation that leads to neurotoxicity. When corrupted,
DNA is mislocated in the cytoplasm and the cytosolic DNA
sensor cGAS initiates a signaling pathway with a potent
inflammatory effect.

Both human glial cell types studied here can sense
cytosolic DNA, express cGAS and its downstream
adaptor molecule STING (Jeffries and Marriott 2017), and
induce cGAS-STING dependent cytokine and chemokine
production (Jeffries and Marriott 2017; Talbot et al. 2024).
In accordance with previous studies, we observed that glial
cells may play a crucial role in maintaining the inflammatory
environment of the CNS after infection (rev in (Giovannoni
and Quintana 2020)). In particular, the increase of IFN-
is evidence of the role of astrocytes during SARS-CoV-2
infection and may be associated with the recruitment of
additional glial cells, following a well-known pathway of
viral infection response (Clarke et al. 2019). Moreover, the
significant action of astrocytes as IFN-B producers after
acute neurotropic infections in the CNS is well described
(Pfefferkorn et al. 2016). However, it was previously
demonstrated that inflammation of the CNS directed by
SARS-CoV-2 infection of astrocytes promotes neuronal
dysfunction and cellular death (Kong et al. 2022), mainly
mediated by exacerbated interferon response. Consistently,
our study shows a marked induction of IFN-f response of
iPSC astrocytes after SARS-CoV-2 that was inhibited after
treatment with an inhibitor of cGAS. We also observed
that HMC3 reaction to SARS-CoV-2 was consistent with
literature on the role of microglia in response to viral
infection (Filgueira et al. 2021). In agreement with previous
studies, microglia is poorly infected by SARS-CoV-2
but shows an upregulation of genes related to microglia
activation, cytokine secretion and inflammation (Andrews et
al. 2022). Neuroinflammation is a response of CNS cells as
neurons, astrocytes and microglia to different stimuli, and
it is mainly mediated by cytokines and chemokines (rev in
(Shabab et al. 2017)). Activation of astrocytes and microglia
not only initiate but also amplify the inflammatory response
in the CNS. Importantly, we detected a higher number of
micronuclei positive to cGAS in both glial cell types and
a general inhibition of the expression of the cytokines and
chemokines when a cGAS inhibitor was added to the culture,
meaning that after SARS-CoV-2 infection, the cGAS-STING
pathway plays an important role in the pro-inflammatory
response of glial cells. Those findings agree with another
in vitro study, where SARS-CoV-2 Calu3 infected cells
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(Gioia et al. 2023) exhibited higher number of micronuclei
positive to cGAS and higher transcription induction of
pro-inflammatory cytokines. Moreover, studies on human
samples showed that cGAS-STING pathway participates
in the response of endothelial cells towards SARS-CoV-2
infection as well as in driving type I IFN responses in
COVID-19 skin lesions (Domizio et al. 2022). Moreover,
postmortem lung tissue exhibited higher expression of active
STING in tissues from patients with lethal disease outcome
(Domizio et al. 2022). Blood samples of acute infection and
long COVID patients showed elevated cGAS, STING and
IFN-a levels, which was directly associated to long COVID,
most likely contributing to systemic inflammation in severe
patients (Queiroz et al. 2024).

The inflammatory response depends on multiple
transcription factors. STING activation recruits TBK1
which in turn triggers other downstream pathways such
as NF-xB and IRF3. Therefore, we next studied the
activation of the cGAS-STING-NF-«B axis in glial cells.
We analysed at a protein level the total and phosphorylated
forms of TBK1 and NF-kB in infected cells treated with
a cGAS inhibitor. We observed that infection induced an
increment of total protein detection both in iPSC astrocytes
and HMC3 microglia. Activation of TBK1 and NF-xB in
infected cells was not evident, except for a slight activation
of NF-xB in HMC3. Higher activation of NF-kB has been
observed in severe cases of COVID (Kircheis et al. 2020).
In the brain, one study evaluated RNAseq data from
human cortex after SARS-CoV-2 infection revealing an
inflammatory response from activated astrocytes with high
NF-«xB signalling (Andrews et al. 2022). Although NF-xB
activation may increase the response against SARS-CoV-2,
the dysregulated inflammatory response could markedly
intensify the symptoms as reported in lungs (Neufeldt et al.
2022). Downstream signaling components such as TBK1
and NF-«B are partake by RNA and DNA sensing pathways.
Well known antiviral responses are activated after cytosolic
viral RNA is recognize by the Retinoic acid inducible
gene-I (RIG-I) receptor and TLR’s, that further prompt the
expression of pro-inflammatory genes via the TBK1-NF-«xB
axis. The role of RIG-I during SARS-CoV-2 infection was
demonstrated in vivo (Marx et al. 2022) and in vitro (Thorne
et al. 2021). Since we previously reported the significance of
the DNA damage response and cGAS-STING pathway (Gioia
et al. 2023), we focused our work on the role of the DNA
sensing pathway in the brain. Indeed, we found activation of
NF-kB in infected microglia; therefore, dsSRNA needed for
the activation of RNA sensing pathways, is rarely produced
when virus replication is scares or absent. Moreover, since
we observe damage accumulation in glial cells, cytosolic
DNA may be sensed by cGAS starting the pro-inflammatory
cascade independently from the magnitude of virus
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replication. Another distinct aspect of the pathway is that
cGAMP (Ablasser et al. 2013) can move between infected
and bystander cells, allowing uninfected cells to propagate
antiviral cytokine responses through STING activation.
We are aware that in RNA and DNA sensing pathways
the downstream signaling elements are interconnected.
Therefore, lack of evidence of the contribution of RNA
sensing pathway to the inflammatory signature presented
here opens the possibility to further investigations. Next,
we investigated if human glial cells may suffer cellular
stress associated to SARS-CoV-2 infection. We identified
cellular senescence and DNA damage accumulation in both
astrocytes and microglia exposed to the virus. Previous
studies described virus induced senescence (VIS) induced by
SARS-CoV-2 showing increased levels of p21 staining (Lee
et al. 2021; Evangelou et al. 2022; Gioia et al. 2023; Delval
et al. 2023). VIS have been described in primary cells, in
vivo (Lee et al. 2021; Gioia et al. 2023) and in autopsies (Lee
et al. 2021; Evangelou et al. 2022; Gioia et al. 2023) of the
respiratory tract of COVID-19 patients, yet in the CNS this
information is lacking. Importantly, senescence in astrocytes
has been correlated to proliferation arrest and activation of
pro-inflammatory responses, leading to the development
of neurodegenerative diseases such as Alzheimer’s disease
(AD) (He et al. 2013) and Parkinson’s disease (PD) (rev
in (Hernandez et al. 2016)). Moreover, the increment
of senescent microglia, negatively modified its immune
functions and the interactions with other brain cells, which
in turn collaborated to the progress of the pathogenesis of
neurodegenerative conditions (rev in (Angelova and Brown
2019)). Therefore, the spreading of cellular senescence to
neighbouring cells can contribute to neuroinflammation,
inducing the phenomena referred as senescence-associated
secretory phenotype (SASP).

Once glial cells were identified as key players involved in
the immune response against SARS-CoV-2, we explored how
the presence of cell senescence, DNA damage accumulation
and pro-inflammatory responses might affect neurons in the
context of a cortical cell culture. Astrocytes are key players
for maintaining the CNS homeostasis; by closely interacting
with neurons, they modulate the synapse formation as well
as function and maintaining of ion and neurotransmitter
concentrations (rev in (Melo Dos Santos et al. 2024)).
However, reactive astrocytes showing a pro-inflammatory
profile may contribute to neuronal degeneration.

In our study we aimed at investigating the molecular
pathways of inflammation in the CNS following direct
SARS-CoV-2 infection. To this end, we introduced a
novel ex vivo rat cortical culture model to study the
electrophysiology of the infection. Lack of an in vivo
model of infection is a limit of our work. However, only
few animal models are currently available to study the
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neurological symptoms observed in COVID patients. The
larger evidence are studies with mice carrying the hACE2
sequence under the control of the cytokeratin-18 (K18) gene
promoter (K18-hACE2-tg) (Moreau et al. 2020; Song et al.
2021; Fumagalli et al. 2022), which induces widespread
expression of the receptor irrespective of the cell type.
Intranasal inoculation leads to massive neuroinvasion and
neuroinflammation, activation of astrocytes and microglia
together with neurological symptoms that can be fatal
(Dong et al. 2022). Aerosol inoculation of the virus leads
to a milder outcome (Fumagalli et al. 2022). Another mice
model is the hACE2-knock in (KI)—expression of the human
receptor is under the control of the endogenous promoter
of mACE2—the animals presented low amounts of viral
RNA detected in brain samples, but the studies are limited
to the acute phase (Zhou et al. 2021; Winkler et al. 2022).
The Golden Syrian hamsters are naturally infected with
SARS-CoV-2 and develop neurological manifestations as
accumulation of hyper-phosphorylated tau and a-synuclein
in cortical neurons, transcriptomic perturbations in the CNS
and behavioural changes (Kéufer et al. 2022; Frere et al.
2022; Carpenter et al. 2023). Finally, non-human primates
are naturally susceptible to SARS-CoV-2 infection and
present signs of neuroinflammation without evidence of
neuroinvasion (revised by (Usai et al. 2023)). Recently, a
preprint article claimed that after infection with a mouse
adapted SARS-CoV-2, WT C57BL/6 J mice developed
persisting neurological damage, behaviour changes and
inflammation in several organs including the brain (Qiao
et al. 2024). Since human in vivo electrophysiological
studies are hardly practicable, in vitro cortical cultures
have become an important system model to study virus
neuropathogenesis. Here we explored the capacity of rat
cortical culture as a suitable model to study SARS-CoV-2
infection in the brain context. Primary rat cortical cultures
are widely used to study neuroinflammation (Goshi et al.
2020) and neurodegeneration, to investigate in vitro the
electrophysiology (Dégenetais et al. 2002; Goshi et al.
2023) of neural networks. This approach ensures that the
appropriate cell types are included and recapitulates the in
vivo homeostasis and crosstalk within neurons and glia.
The study of WT (Zhang et al. 2022) and humanized ACE2
(Jiang et al. 2022) rat as model for SARS-CoV-2 infection is
rarely represented (Bosco-Lauth et al. 2021), probably due
to the higher cost of maintenance compared to mouse. Also,
only a few studies investigated the tropism of the virus in
wild rats (Miot et al. 2022; Colombo et al. 2022; Wang et
al. 2023). To the best of our knowledge, we have shown for
the first time that SARS-CoV-2 is capable of infecting WT
primary rat cortical cultures. While rodent models expressing
human ACE2 have been developed since the inception of the
COVID-19 pandemic (Israclow et al. 2020; Rathnasinghe

et al. 2020), being able to use WT animals increases the
accessibility and therefore the effort to understand the
SARS-CoV-2 neuropathogenesis. Moreover, maintenance
of in vitro electrophysiology activity of rat cortical culture
is fundamental to study virus-induced inflammation and cell
survival. SARS-CoV-2 was found to be able to infect both
neurons and glial cells, with a clear prevalence for glial cells.
This result is consistent with findings in human organoids
(McMabhon et al. 2021) and both adult and developing human
organotypic studies (Andrews et al. 2022).

The effect of virus infection in neurophysiology has been
poorly studied. One study using in vitro embryonic mouse
primary neuron cultures infected with Zika virus (Gaburro
et al. 2018), determined that the infection activates an early
excitatory response that was followed by a dramatic loss
of this activity, similar to our observations. We recorded
the electrical activity of primary cultures seeded on MEAs
at different timepoints after infection. We found that the
overall activity (single-unit spikes and population-wide
bursts) decreased with the progression of SARS-CoV-2
infection. Specifically, the frequency and the amplitude of
bursts decreased in time. With a stimulation protocol, we
were able to show that the immediate effect of the infection
is the loss of synaptic connectivity, represented by recurrent
synaptic firing, and only at later timepoints we observed
the loss of antidromic response, signaling neuronal loss.
In agreement, one study observed synaptic loss in neurons
when human brain organoids were infected with SARS-
CoV-2. Sofosbuvir was able to inhibit SARS-CoV-2
replication and rescued these neuronal alterations (Mesci et
al. 2022). Indeed, we observed a reduction in the number and
size of the Synapsin 1 marker of synapses, meaning that the
integrity of the synaptic vesicles was affected after infection.
In agreement with MEA findings, loss of synaptic vesicles
may indicate an impairment of the neurophysiological
activity and the synaptic connections. In a rat model of
Alzheimer’s disease (AD) overexpression of Synapsin 1 was
correlated to an improvement of cognitive function together
with increase release of neurotransmitters and inhibition
of the inflammatory responses (Ma et al. 2023). Synaptic
markers were also reduced after infection with human
immunodeficiency virus (HIV) (Gelman and Nguyen 2010)
and Herpes simplex virus (Piacentini et al. 2015).

Being glial cells highly susceptible to SARS-CoV-2, we
became interested in understanding how infection may induce
glial activation that in turn affects the electrical activity in vitro.
It is well known that astrocytes contribute to synaptic activity
in the CNS (Perea et al. 2009), and they are also involved in
the inflammatory reaction to viral infection (Jorgacevski and
Potokar 2023). Thus, we first analyzed the expression levels
of cytokines and chemokines in rat cortical cultures. SARS-
CoV-2 infection increased the production of pro-inflammatory
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factors, which could potentially lead to the loss of synaptic
connectivity and, at a later timepoint, to neuronal death.
Indeed, cytokines have been shown to modulate synaptic
connectivity and neuronal function (Werneburg et al. 2017;
Matelski et al. 2021). As hypothesized, electrophysiological
activity was significantly reduced after infection. However,
a recent study observed that microglia was able to initiate
a pro-inflammatory response after treatment with both
UV-inactivated virus and Spike protein alone (Clough et al.
2021). To confirm the relationship to productive infection,
we used UV-inactivated virus, which caused only a marginal
effect on cytokine production and electrophysiological
activity, while purified Spike protein was completely inactive.
In the context of neuroinflammation, we hypothesized that
the cGAS—STING signaling pathway may be a key mediator
of inflammation in the CNS upon SARS-CoV-2 infection, as
observed in neurodegenerative Parkinson’s disease (Sliter et
al. 2018). In a previous work, it was demonstrated that the
pro-inflammatory cGAS-STING pathway was activated by
the presence of endogenous damaged DNA during SARS-
CoV-2 infection (Gioia et al. 2023). Therefore, we checked
for the presence of markers of DDR and found that after
infection, foci of DNA damage were more likely to be present
in glial cells in the infected primary cortical cultures. To
confirm the involvement of the cGAS-STING pathway, we
tested the RNA expression of pro-inflammatory cytokines in
the presence of antagonists for the pathway itself. Inhibition
of cGAS inhibited the induction of cytokines and chemokines
following SARS-CoV-2 both in human and rat cells.
SARS-CoV-2 infection increased the production of
pro-inflammatory factors in the supernatants of infected
cultures, which could potentially lead to the loss of
synaptic connectivity and, at a later timepoint, to neuronal
death. Indeed, cytokines have been shown in literature
to modulate synaptic connectivity and neuronal function
(Werneburg et al. 2017; Matelski et al. 2021).This finding
is compatible with the activation of the cGAS-STING
pathway and is consistent with the response of the pathway
to infection. In fact, activation of cGAS-STING pathway
after SARS-CoV-2 infection was confirmed in several
studies as a key mediator of the inflammatory response and
antiviral responses (Domizio et al. 2022; Puray-Chavez
et al. 2024). Finally, we returned to electrophysiology
to confirm that the cGAS-STING pathway was indeed
involved in the synaptic loss at early stages of SARS-
CoV-2 infection from a functional point of view. To the
best of our knowledge, this study is the first to use MEAs to
test changes in electrophysiology related to the activation
of the cGAS-STING pathway. We incubated infected
primary cortical cultures seeded on MEAs with the cGAS
antagonist RU.521. While higher levels of antagonist in
primary cortical cultures were able to better reduce the
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pathogenic effects of infection, we also found them to
decrease electrical activity per se. However, we found that
the number of network-wide bursts in cultures treated with
the cGAS-STING antagonist was indeed higher, pointing to
a rescue effect when inhibiting the cGAS-STING pathway.

To conclude, we provide evidence for a senescence
phenotype and cGAS-dependent inflammatory response in
the brain cortex when infected by SARS-CoV-2 ex vivo.
While a limit of the study is the still debated notion of direct
SARS-CoV-2 infection of the brain of infected individuals,
targeting this pathway with specific senolytics could
provide a potential pathway for the treatment of long-term
consequences of COVID-19.
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