N
N

N

HAL

open science

Brain exposure to SARS-CoV-2 virions perturbs
synaptic homeostasis
Emma Partiot, Aurélie Hirschler, Sophie Colomb, Willy Lutz, Tine Claeys,
Francois Delalande, Maika S Deffieu, Yonis Bare, Judith Rebecca Elise Roels,
Barbara Gorda, et al.

» To cite this version:

Emma Partiot, Aurélie Hirschler, Sophie Colomb, Willy Lutz, Tine Claeys, et al.. Brain exposure to
SARS-CoV-2 virions perturbs synaptic homeostasis. Nature Microbiology, 2024, 9 (5), pp.1189-1206.

10.1038/s41564-024-01657-2 . hal-04532958

HAL Id: hal-04532958
https://hal.science/hal-04532958v1

Submitted on 29 Oct 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04532958v1
https://hal.archives-ouvertes.fr

nature microbiology

Article

https://doi.org/10.1038/s41564-024-01657-2

Brain exposure to SARS-CoV-2 virions
perturbs synaptic homeostasis

Received: 6 April 2023

Accepted: 4 March 2024

Published online: 28 March 2024

% Check for updates

Emma Partiot"?, Aurélie Hirschler®*, Sophie Colomb®¢, Willy Lutz"?’,

Tine Claeys®?, Francois Delalande®*, Maika S. Deffieu'?, Yonis Bare'?,

Judith R. E. Roels'™, Barbara Gorda®'?, Joanna Bons ® **, Domitille Callon™"?,
Laurent Andreoletti ® "2, Marc Labrousse'>', Frank M. J. Jacobs',

Valérie Rigau?", Benoit Charlot ® %', Lennart Martens ® 2%,

Christine Carapito ® **, Gowrishankar Ganesh?’ & Raphael Gaudin ®*?

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection
isassociated with short- and long-term neurological complications.

The variety of symptoms makes it difficult to unravel molecular
mechanisms underlying neurological sequalae after coronavirus

disease 2019 (COVID-19). Here we show that SARS-CoV-2 triggers the
up-regulation of synaptic components and perturbs local electrical

field potential. Using cerebral organoids, organotypic culture of human
brain explants from individuals without COVID-19 and post-mortem
brain samples from individuals with COVID-19, we find that neural cells
are permissive to SARS-CoV-2to alow extent. SARS-CoV-2 induces
aberrant presynaptic morphology and increases expression of the
synaptic components Bassoon, latrophilin-3 (LPHN3) and fibronectin
leucine-rich transmembrane protein-3 (FLRT3). Furthermore, we find
that LPHN3-agonist treatment with Stachel partially restored organoid
electrical activity and reverted SARS-CoV-2-induced aberrant presynaptic
morphology. Finally, we observe accumulation of relatively static virions
at LPHN3-FLRT3 synapses, suggesting that local hindrance can contribute
to synaptic perturbations. Together, our study provides molecular
insights into SARS-CoV-2-brain interactions, which may contribute to
COVID-19-related neurological disorders.

The coronavirus disease 2019 (COVID-19) results from the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), which has caused an
unprecedented pandemic. The most recognized organ tobeimpacted
by theinfectionisthe lowerrespiratory tract, but anincreasing number
of studies indicate that the infection has also wide consequences on
the central nervous system (CNS)". Patients with COVID-19 exhibit a
large range of neurological, cognitive and psychiatric disorders®”, and
altered mental status has been widely reported as along-term symptom
of neuroCOVID, including psychotic disorder, cognitive deficit, demen-
tia and epilepsy or seizures®'*. COVID-associated neurocognitive

disorders (CAND) cannot solely be attributed to the anxiogenic period
(because the consequences of COVID-19 were not well known at the
time), as non-hospitalized patients with COVID-19 showed significantly
more psychiatric disorders comparedto flu-infected patients (patients
who were also sick during the same period)™.

The long-term neurological impairments may be explained in
part by several non-exclusive mechanisms, including neuroinflam-
mation, autoimmunity, microvascular-related disease, reactivation
of latent herpesvirus and hypoxia®, but it remains to be established
whether SARS-CoV-2 could play amoredirect rolein CAND in the case
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of apparently ‘asymptomatic’ patients. Indeed, SARS-CoV-2-infected
cells were foundin the brain of patients who died up to several months
following COVID-19 infection, suggesting that the CNS could represent
areservoir for the virus, where low-level replication can occur®. Yet,
the directimpact of the exposure of the brain to SARS-CoV-2 remains
unknown. The heterogeneity of the models used in neuroCOVID stud-
ies and their limitations"° have been hampering the discovery of
molecularand subcellular events from which the neural perturbations
originate. Given the wide variety of neurological symptoms frequently
described for patients with asymptomatic/mild COVID-19%, further
in-depthinvestigations on how virus—host interactions participatein
SARS-CoV-2-induced neural circuit dysfunction and cognitive impair-
ment are required.

Patients with COVID-19 who are asymptomatic or with mild
symptoms can exhibit persistently abnormal electroencephalo-
grams (EEGs)*?*, indicating that subtle impairments in electric sig-
nal transmission occur. Such signals propagate in the brain through
inter-neuronal synapses, and SARS-CoV-2 has previously been
shown to impact the expression levels of synaptic components®?°.
However, while a study identified a down-regulation of synaptic
vesicle component messenger RNAs*, another one highlighted that
SARS-CoV-2 infection led to overexpression of genes related to syn-
apse assembly, synaptic transmission and post-synaptic membrane
potential specifically, all particularly in neurons®. This latter study
revealed that SARS-CoV-2 infection of cortical organoids leads to
microglia-dependent pruning of defective synapses. Hence, an equi-
librium may exist between SARS-CoV-2-induced dysfunctional syn-
apse accumulation and microglia-mediated synaptic pruning, but the
molecular mechanisms governing this fine-tuned balance is unknown.

In this Article, we showed that SARS-CoV-2 infection of cerebral
organoids devoid of microglial cells induces an up-regulation of the
expression of synaptic components, associated to enlarged presyn-
apticstructures. Interestingly, the supplementation of cerebral orga-
noids withinfiltrated monocytes which may show microglial features
reverted this phenotype, suggesting that it turned the balance in favour
of monocytic/microglial pruning of synapses, as previously proposed®.
Because organoids resemble embryonic and not adult brainstructure,
we also used organotypic culture of post-mortemadult human cortical
brain explants (OPAB)”, and we highlighted in this model that the equi-
libriumwas in favour of enlarged presynaptic structure formation upon
infection. To further confirm this observation, we showed that mRNA
expressionof Bassoon, FLRT3 and vesicle transportthroughinteraction
with t-SNAREs homolog 1B (VTI1B), three presynaptic components, was
significantly up-regulated in patients with COVID-19. Mechanistically,
we found that LPHN3, the post-synaptic G-protein coupled receptor
(GPCR) of FLRT3%, which is involved in excitatory synapse formation
and maintenance?®’, was also overexpressed upon SARS-CoV-2 infection
incerebral organoids, ex vivo infected OPAB and in post-mortem corti-
calsamples fromindividuals with COVID-19. Treatment with Stachel, a
12-amino-acid peptide derived from an extracellular region of LPHN3
and aLPHN3-specificagonist®, fully reverted the presynaptic enlarge-
ment phenotypeinduced by the virus. Moreover, we provide functional
evidence that SARS-CoV-2 perturbs organoid electrical activity using
a dedicated machine learning framework, which could be partially
rescued by Stachel treatment, further highlighting the importantrole
of LPHN3 in the SARS-CoV-2-mediated synapse dysfunction. Finally,
we show by quantitative live cell imaging that SARS-CoV-2 particles
(or virions) accumulate and dwell at LPHN3-FLRT3 trans-synaptic
sites, suggesting that local hindrance could contribute to synaptic
dysfunction.

Results

SARS-CoV-2infection of cerebral organoids

To investigate the impact of SARS-CoV-2 on neural processes, we
first used cerebral organoids derived from human stem cells, which

recapitulate an embryonic cortex that shows complex 3D organiza-
tion of multiple cell types, including neural progenitor cells (NPCs),
post-mitotic neurons and astrocytes (Fig.1aand Extended Data Fig.1a).
Evaluation of the permissiveness of this model to SARS-CoV-2 car-
ried out by confocal image quantification and real-time quantitative
polymerase chain reaction (RT-qPCR) showed some heterogeneity,
ranging from barely to highly infected status (Fig. 1b,c and Extended
DataFig.1b-d). This result is reminiscent of the variability previously
reported in cerebral organoid models”. Furthermore, SARS-CoV-2
RNA levels were found to be low in organoids as monitored by RT-qPCR
using N1 primers (Extended Data Fig. 1c). Subgenomic RNA (sgRNA)
quantification, showing only the viral RNA that was replicated, showed
low but consistent replication over time, confirming that SARS-CoV-2
replicates slowly and atlow levelsin organoids (Extended Data Fig. 1d).
In agreement with this observation, almost no infectious particles
were detectable in the supernatant of organoids and in dissociated
organoid homogenates, as quantified by plaque assay using Vero E6
cells (Extended Data Fig. 1e), further indicating that virus propaga-
tionin the organoid is relatively inefficient. Analyses of the impact of
SARS-CoV-2infection onthe viability of cerebral organoids showed no
significant cytotoxicity, apoptosis or organoid growth defect (Extended
Data Fig. 1f-h). As previously reported, we confirmed that neurons
were the most permissive cell type for the virus (Extended Data Fig. 1i),
although SARS-CoV-2 cellular neurotropismis acomplex question that
is still debated>*.

Together, our data indicate that SARS-CoV-2 can infect cerebral
organoids, although they are poorly permissive to viral dissemination.

Single-organoid proteomic analyses of SARS-CoV-2 infection
Togain furtherinsightsinto the molecularimpact of SARS-CoV-2 infec-
tion, we performed differential proteomic analyses onsingle cerebral
organoids in the presence/absence of virus using nanoscale liquid
chromatography coupled to tandem mass spectrometry (nanoLC-MS/
MS; Fig.1d). Protein ontology analyses revealed that SARS-CoV-2 expo-
sure led to strong up-regulation of proteins associated with neural
projections and synaptic signalling (Fig. 1e, Extended Data Fig.2aand
Supplementary Table1). Using the Synapse Gene Ontologies software
(SynGO, v1.2)* on the 180 proteins up-regulated upon infection with
P<0.05and fold change >2 (Mock versus 10° CoV), we found that about a
third of them were part of the synaptosome, while down-regulated pro-
teins did not lead to significant synapse-related modulation (Fig.1e-g).
Our proteomic dataset also allowed us to map the post-translational
modifications (PTMs) associated to SARS-CoV-2 infection in orga-
noids, including the deamidation of the asparagine at position 29 of
the SARS-CoV-2 nucleocapsid (N) protein (Extended Data Fig. 2b-d
and Supplementary Tables1and 2).

We next monitored by confocal microscopy whether the synaptic
proteinenrichmentidentified by mass spectrometry could be observed
inindividual organoids. Quantitative image analyses of the presynaptic
marker Bassoon in organoids highlighted that these structures were
significantly enlarged and elongated upon exposure to SARS-CoV-2ina
dose-dependent manner (Fig.2a-f). It remains uncertainwhether these
elongated objects correspond to single long presynaptic structures or
tomultiplejuxtaposed objects, as our imaging resolution might not be
sufficient to segregate synapses too close to each other.

Synaptic enlargement is reverted upon monocyte infiltration

Our observation that synaptic proteins are up-regulated upon
SARS-CoV-2 infection of cerebral organoids are not in agreement
with previous studies suggesting that synapses can be pruned by
microglial cells?**°. Because protocol of cerebral organoid produc-
tiondoes not lead to microglial differentiation, we supplemented our
cerebral organoids with human monocytes that readily infiltrated
organoids, staining positive for Iba-1, CD163 and CD206 (Extended
Data Fig. 3a,b), markers of microglia/macrophage cells. In organoids
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Fig.1|SARS-CoV-2infection of cerebral organoids induces anincreasein
synapses protein expression. a, Three-dimensional snapshots of cerebral
organoids differentiated for 45 days stained for post-mitotic neurons (MAP2,
cyan) and astrocytes (GFAP, orange). b,c, Cerebral organoids were mock-infected
orinfected for 10 days with SARS-CoV-2 mNeonGreen at 10° p.f.u. per organoid
inthe absence or presence of 10 uM Remdesivir. b, Micrograph of organoid
(white) and nuclei (blue) highly infected with SARS-CoV-2. ¢, The number

of infected cells from eight individual organoids per condition. Two-tailed
Pvalues (Kruskal-Wallis test), **P <0.0039, *P = 0.0452. Data are presented as
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mean + s.d. d-g, Infected organoids differentiated for 45 days were processed for
single-organoid differential proteomics comparing infected organoids to their
non-infected counterparts using nanoLC-MS/MS. d, Schematic representation of
the workflow. e,f, Protein ontology analysis using gene set enrichment analysis

of the cellular component up-regulated (e) or down-regulated (f) uponinfection
of cerebral organoids. g, The up-regulated and down-regulated proteins were
analysed using SynGo database and diagrams were built based on the synaptic
distribution of the proteins belonging to the synaptosome.

devoid of infiltrated monocytes, we found that SARS-CoV-2 significantly
increased the size of the presynaptic marker Bassoon at 3 and 10 days
post-infection (d.p.i.; Fig. 2g and Extended Data Fig. 3¢). By contrast,
however, we found in organoids containing infiltrated monocytes
that SARS-CoV-2 was decreasing Bassoon object size at 10 d.p.i. In
this model, we could indeed observe that the infiltrated monocytes
contained elongated synaptic structures (Fig. 2h), inaccordance with
previousreports that microglia may play animportant role in synaptic
pruning upon SARS-CoV-2 infection.

SARS-CoV-2infects human brain explants to alow extent

Cerebral organoids are immature brain surrogates with high neuronal
plasticity. Their supplementation with infiltrated monocytes remains
relatively artificial and does not recapitulate the cell density and ratio
ofanadulthumanbrain. In particular, itis unclear whether the synap-
tic pruning observed would also occur in a more physiologic cortical
model system. To better represent the 3D architecture, cellular diversity

and neural microenvironment of the adult cortex, we used another
approach based onthe OPAB obtained fromindividuals without COVID-
19 (Supplementary Table 3) to assess the impact of SARS-CoV-2 on
synaptic components. Ex vivo infection of parietal and frontal OPAB
with SARS-CoV-2 reporter viruses® highlighted thatamarginal number
of cells could beinfected, and the virus could replicate but not signifi-
cantly propagate into the slice over time (Extended Data Fig. 4a-d).
Moreover, the addition of SARS-CoV-2 to the slices did not result in
toxicity or major tissue disorganization (Extended DataFig. 4e,f). These
datareinforce our findings that SARS-CoV-2 has the ability to infect
neural cells but to a very low extent.

SARS-CoV-2increases presynaptic component expression
inOPAB

We next assessed the impact of SARS-CoV-2 on presynaptic compo-
nents using the ex vivo OPAB model. We found that Bassoon object
size was significantly increased upon infection, showing similar
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elongated structures as seen in infected organoids (Fig. 3a-c). To
further strengthen this finding in most natural infection conditions,
we obtained cortical brain samples from six patients who died from
non-neurological COVID-19 (Supplementary Table 3). We found that
two patients (P3 and P6) had detectable SARS-CoV-2 RNA levels (using
the N1primers) inthe temporal lobe of the cortex without correlation
with the viraemia and viral load in the blood and cerebrospinal fluid
(Fig. 3d and Extended Data Fig. 5a). It is noteworthy that SARS-CoV-2
infection of OPAB leads to viral RNA expression levels (using the N1
primers) that are similar to the naturally infected samples (patients
P3 and P6; Fig. 3d; ex vivo infection “INF ex vivo explant” condition),
suggesting that our ex vivo infection model reproduces physiologi-
cal brain infection levels found in patients’ brain. Initial clinical PCR
analysis found SARS-CoV-2 RNA (using IP2 and IP4 primers*®) in the
temporallobe of patients P1and P6, suggesting that we are close to the
limit of detection of the PCR, and one can assume that the cortex of all
patients might contain trace amount of SARS-CoV-2 RNA, depending
on the subregion from which the RNA was extracted. It is noteworthy
that it is unlikely that the viral RNA detected in the brain originates
fromtheblood, assample preparationincludes washes and negligible
amount of vascularization over tissue (ref. 39), and in several patients,
the viraemia was undetectable (Extended Data Fig. 5a).

Inthese brainsamples from patients with COVID-19, we found sev-
eral clusters of cells positive for viral protein nucleocapsid (N) or spike
(S) with morphological features of neurons in the frontal and parietal
lobes of patient P3 (Fig. 3e), which further highlights that depending
on the location analysed, SARS-CoV-2 infection may be detected in
the brain of patients with COVID-19, even in the absence of obvious
neurological symptoms. Moreover, these data areimportant because
patient P3 had no neurological symptoms reported, although it cannot
be excluded that subtle cognitive or psychiatric dysfunctions remained
undetected. It is noteworthy that there was no detectable infiltration
ofleukocytesinany of these patients or significant astrogliosis (Fig. 3f
and Extended Data Fig. 5b,c). Moreover, CD163 and CD68 stainings
were mostly absent, except in blood vessels (Extended Data Fig. 5d),
suggesting that no overactivated microglia were present.

RT-qPCR analysis of the mRNA expression of Bassoon in the
temporal lobe of patients who died from non-neurologic COVID-19
was significantly increased compared to individuals who died of
non-COVID causes (Fig. 3g and Extended Data Fig. 6a). Unfortunately,
we failed to analyse these patient samples by western blot (Bassoon
isa420 kDa protein). Itis worth noting that the Bassoon mRNA over-
expression was not correlated to the amount of viral RNA detected,
suggesting that brain exposure to low amount of SARS-CoV-2 might
be sufficient to trigger abnormal Bassoon expression. By contrast,

the mRNA coding for the post-synaptic marker post-synaptic density
protein 95 (PSD95) was not modulated in patients with COVID-19
(Fig. 3h and Extended Data Fig. 6b). We also report that the mRNA
coding for the post-synaptic AMPA receptor glutamate receptor 2
(GluA2) was not modulated in patients with COVID-19, while the pre-
synaptic secretion modulator VTI1B was significantly up-regulated
(Extended Data Figs. 5f-g and 6c¢,d). Finally, we showed that this
effect was not strain dependent as organoid infection with the Delta
strain of SARS-CoV-2 similarly induced presynaptic enlargement
(Extended Data Fig. 5h). Together, our data highlight that exposure to
SARS-CoV-2isassociated to the increase in presynaptic components
inthe human cortex.

LPHN3 is up-regulated upon brain exposure to SARS-CoV-2
Tofurtherinvestigate the functional relevance of the abnormal expres-
sion and morphology of presynaptic components, we looked at indi-
vidual proteins found consistently overexpressed in our proteomic
dataset. Latrophilin-3 (LPHN3 protein coded by the ADGRL3 gene)
caughtourattention, asitis a post-synaptic GPCRinvolved in synapse
formationand maintenance®*** and is the most up-regulated protein
upon infection identified in organoids (Fig. 4a and Supplementary
Table1). Moreover, LPHN3 protein was up-regulated in OPAB exposed
to SARS-CoV-2 (Fig. 4b,c), and the mRNA coding for LPHN3 was also
increased in the COVID-19 brain samples compared to non-COVID-19
samples (Fig. 4d and Extended Data Fig. 6e). The mRNA coding for
FLRT3, the mainreceptor of LPHN3%, was also up-regulated in patients
with COVID-19 (Fig. 4e and Extended Data Fig. 6f). To test whether this
increase had functional consequences, we measured LPHN3-dependent
cyclic adenosine monophosphate (cCAMP) production in mock- or
SARS-CoV-2-infected cells using the SVG-A astroglial cell line engineered
to overexpress Angiotensin-converting enzyme 2 (ACE-2), allowing
permissiveness to SARS-CoV-2 (Extended Data Fig. 7a,b). The SVG-A
ACE-2 cells represent a good tool to study SARS-CoV-2 infection in
neural cells, complementary to other neural cell lines*, as they are
very permissive and easy to transfect. Moreover, SVG-A cells express
endogenous levels of LPHN3 and FLRT3 and are responsive to Stachel,
an agonist peptide specific for LPHN3-dependent cAMP expression
activation (ref. 30 and Extended Data Fig. 7c,d). In these cells, we found
that SARS-CoV-2 significantly increased Stachel-induced cAMP levels,
even in UV-inactivated samples (Fig. 4f). In cerebral organoids, we
showed that Stachel treatment also led toincreased cAMP production
(Extended DataFig. 7e) and that it potently reverted the phenotype of
presynaptic enlargementinduced by SARS-CoV-2 toward significantly
smaller synapses (Fig. 4g,h), indicating that virus-induced presynaptic
abnormalities are LPHN3 dependent.

Fig.2|SARS-CoV-2 exposure increases the number of presynaptic structures
in cerebral organoids. a-e, Cerebral organoids were mock-infected or

infected for 10 days with SARS-CoV-2 mNeonGreen at 10° p.f.u. per organoid.
Organoids were fixed and stained for the presynaptic marker Bassoon.

a, Micrographs highlight the abnormal elongated shape of the Bassoon marker.
The lower rightinsets represent colour-coded Bassoon signal based on the size
of the objects, below 0.8 pm? (cyan) or above (purple). b—e, Quantifications

of the Bassoon signal from a. b, Sphericity index of object above 0.8 pm?,
highlighting that SARS-CoV-2 infection correlates to elongated presynaptic
Bassoon structures. The n corresponds to the number of objects from one
organoid. Two-tailed Pvalue from unpaired ¢-test, ****P < 0.0001. c¢,d, The
distribution of Bassoon object volumes for each condition. ¢, The n corresponds
to single Bassoon objects obtained from one organoid. Two-tailed P value from
unpaired ¢-test, ****P < 0.0001. Each dot corresponds to single Bassoon objects
obtained from one organoid. d, The binning of the Bassoon objects by volume
highlights amarked increase in the number of Bassoon objects of 2 pm*and
above. e, Quantification of the percentage of Bassoon objects >2 pm?>. Each dot
corresponds to fields of view acquired from n = 3 organoids. Two-tailed

Pvalue from unpaired t-test, **P=0.002. Data are presented as mean + s.d.

f, Cerebral organoids differentiated for 45 days were mock-infected or infected
for10 days with SARS-CoV-2 at 10° p.f.u. or 10° p.f.u. per organoid. The graph
shows the distribution of bassoon object volumes for each condition. Each

dot corresponds to asingle bassoon object obtained from n of two cerebral
organoids per condition. Two-tailed Pvalues from unpaired t-test, *P < 0.0221,
***P<0.001, ***P<0.0001. Data are presented as mean + s.e.m. g,h, Cerebral
organoids differentiated for 45 days were co-cultured with or without human
blood monocytes for 7 days, resulting in the infiltration of the monocytes within
the organoid (see associated Extended Data Fig. 3). g, The samples were then
infected for 3 days or 10 days with SARS-CoV-2 at 10° p.f.u. per organoid, fixed
and stained with anti-Bassoon antibodies. The graphs show the distribution

of Bassoon object volumes for each condition. Each dot corresponds to single
Bassoon objects obtained from one organoid. Two-tailed P value from unpaired
t-test, P=0.5172 (NS), **P < 0.001, ***P < 0.0001. h, The samples were infected
for10 days with SARS-CoV-2 at 10° p.f.u. per organoid, fixed and stained with anti-
Homer-1antibodies. The micrographillustrates Homer-1aberrant synapses (red)
inside infiltrated monocytes pre-stained with Celltrace Yellow (purple). Nuclei
are stained with Dapi (grey).
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SARS-CoV-2 exposure perturbs local electric field potential

Synaptic dysfunction could be consistent with the EEG abnormali-
ties reported in patients with COVID-19 during the acute phase, but
also once the infection has apparently resolved”**. Consistently, our
proteomic dataset identified the ontology term ‘EEG abnormality’
amongthe up-regulated proteins of interest (Extended DataFig. 2a). To
directly assess theimpact of SARS-CoV-2 exposure on neural electrical
activity, we performed local field potential (LFP) measurement of cer-
ebral organoids using commercial 3D microelectrode arrays (3D MEAs)
(Extended DataFig. 8a,b). Non-infected or SARS-CoV-2-infected single

organoids were plated onto 3D MEAs, and spontaneous electrical activ-
ity wasrecorded. Data processing was performed using a custom-made
machine learning framework to identify virus-induced electrical fea-
ture modulation. Using random forest classifier (RFC), we found that
organoids exposed to SARS-CoV-2 could be readily discriminated from
their mock counterparts based on their LFP (Fig. 4i and Extended Data
Fig. 8c). The confusion matrixin Fig. 4i shows that the electrical signal
obtained from the mock recording was correctly classified 80 times
while misclassified 5 times. The confidence upon predictionindicates
thatinthe 80 correct classifications, the algorithm’s confidence is 0.867
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Fig.3|SARS-CoV-2 exposure increases presynaptic components in human
brainsamples. a-c, Organotypic ex vivo culture of post-mortem adult human
brain slices (OPAB) mock-infected or infected with SARS-CoV-2 at 10° p.f.u. per
well. a, OPAB were stained for the presynaptic marker Bassoon and imaged by
3D confocal microscopy. b, The distribution of Bassoon object volumes for
each condition from the quantified images in a. Each dot corresponds to single
Bassoon objects obtained from n of two brain slices from two different donors.
Two-tailed Pvalue from unpaired ¢-test, ***P < 0.0001. ¢, Quantification fromb
was plotted as binning of the Bassoon objects by volume. The graph highlights
anincrease in the number of Bassoon objects of 4 um? and above. d, RNA was
extracted from samples obtained from the temporal lobe of six patients with
COVID-19 (patients P1-P6) who did not present neurological symptoms or
individuals without COVID-19 (a-c), and RT-qPCR was performed. The data
correspond to SARS-CoV-2 RNA levels normalized by the large ribosomal subunit
proteinelL27 (RPL27) housekeeping gene of the condition INF (ex vivo explant)
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of brainslices from individuals without COVID-19 that were infected with

10° p.f.u. SARS-CoV-2 ex vivo for 10 days. The bar graph represents mean + s.d.
for each donor, and each dot corresponds to duplicates from two experiments.
Thered line corresponds to the average background level of SARS-CoV-2 RNA
detectionin non-infected brain slices. e,f, Imnmunochemistry of nucleocapsid
and spike from a frontal and parietal lobe of patient with COVID-19 (patient P3)
(e) and CD45 staining (leukocyte) of patient with COVID-19 (patient P6) (f).
Scale bars, 100 pm. Theimages are representative of at least six fields of view.

g h, RNA extraction and RT-qPCR from the temporal lobe of patients with
COVID-19 or individuals without COVID-19 (control) were performed, and the
data correspond to the mRNA levels coding for Bassoon (g) and PSD95 (h),
normalized by GAPDH. Each dot corresponds to an individual measurement
obtained from n of two individual explants collected from three individuals
without COVID-19 (control) and six patients with COVID-19. Data are presented as
mean + s.d. Two-tailed Pvalue from unpaired ¢-test, **P=0.0013, P= 0.7527 (NS).

(1being 100% confidence and 0.5 being random classification). By
contrast, the confidence upon prediction for the 5 misclassified electri-
cal signals was 0.589, indicating that these signals were misclassified
randomly. This canbeinterpreted as the fact that these 5 datasets could
notbe well classified in any category. Overall, our prediction algorithm

classifies electrical activity in mock/SARS-CoV-2 context with >90%
accuracy and high confidence. The discrimination was not occurring
because of inter-organoid variability, as our algorithm classified all
the organoids as ‘non-infected’ before infection and after 30 min of
exposure to SARS-CoV-2.
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Stachel reverts SARS-CoV-2-induced synaptic perturbations

With the treatment using the LPHN3 agonist Stachel, we showed that the
electrical activity of SARS-CoV-2-infected organoids partially reverted
toa‘non-infected’ phenotype (Fig. 4i,j), further supporting theimpor-
tance of LPHN3 inthe SARS-CoV-2-dependent perturbation of synaptic
functions. It was recently shown that the SARS-CoV-2 spike protein
alone causes memory impairmentin mice*, and here, we showed that
theimpact ofthe addition of recombinant spike on organoidsinduced
anintermediate outcome, in-between mock and infected LFP profiles
(Extended DataFig. 8d,e), suggesting that spike may participate, butis
not sufficient, to explain the SARS-CoV-2-induced neural perturbations.

SARS-CoV-2virions dwell at trans-synaptic sites

Our datain Fig. 4f suggested that the sole exposure of neural cells to
UV-inactivated SARS-CoV-2 was sufficient toinduce LPHN3-dependent
cAMP production. The protein FLRT3 was identified in a BiolD prox-
imity labelling assay (PLA) overexpressing individual SARS-CoV-2
proteins to be associated to the viral protein spike**. Unfortunately,
we have beenunable at this stage to show interactions between FLRT3
and spike in primary neurons by co-immunoprecipitation, while ACE-2
successfully pulled down (Extended Data Fig. 9a). The transient,
indirect and/or low-affinity interaction between spike and FLRT3
could explain this result. Nevertheless, we could use PLA imaging
to highlight that SARS-CoV-2 particles were indeed in close proxim-
ity to FLRT3 structures (Fig. 5a). Using UV-inactivated fluorescent
SARS-CoV-2virions*, we observed an accumulation over time of virus
at trans-synaptic sites positive for presynaptic molecule FLRT3 and the
post-synaptic marker Homer-1(Fig. 5b), suggesting that extracellular
virions could be retained onto trans-synaptic structuresin the absence
of productive infection. Confocal imaging of replication-competent
fluorescent SARS-CoV-2 particles showed virions at the LPHN3-
FLRT3 trans-synaptic interface (Fig. 5c), and quantification of the
co-localizationbetween virions and LPHN3, FLRT3, Homer-1and Bas-
soon showed asignificantincreasein the localization of viral particles
and the various synaptic markers (Fig. 5d-g).

We reasoned that virions could get trapped at FLRT3 synaptic
sites, which would in turn decrease FLRT3-LPHN3 interactions and
thus perturb synaptic functions. To investigate this hypothesis, we
performed confocal 3D live cell imaging on neurons derived from
NPCs transduced with a FLRT3-mCherry construct (Extended Data
Fig. 9b) to monitor the dynamics of virus-FLRT3 interactions in real
time. Upon incubation of neurons with SARS-CoV-2 N-mNeonGreen

fluorescent virions, we observed static particles associated to FLRT3
structures at the plasma membranes of neurons (Fig. Sh and Supple-
mentary Video1). However, the overexpression of FLRT3 may provide
artefactual interactions, and we also observed abnormal accumula-
tion of FLRT3-mCherry within the cell. To circumvent this issue, we
used SynaptoRed, a dye enriched in synaptic regions, to measure the
association of viral particles with synaptic structures. We observed that
SARS-CoV-2 virions found at synapses (Fig. 5i-k particle A and associ-
ated Supplementary Video 2) showed relatively staticand constrained
movements, while viral particles at the surface of neurons but devoid
of the SynaptoRed marker had greater dynamics (Fig. 5i-k particle B
and associated Supplementary Video 3). Quantitative analysis of these
observations revealed a significant inverse correlation between the
speed of the virions and the amount of SynaptoRed signal (Fig. 51-m).
Indeed, 12.5% of the tracks that show no/low SynaptoRed are dynamic
(>0.1 pm ™), while only 5.3% of the tracks with SynaptoRed are mobile
(Fig. 51, dynamic tracks). These data further confirm that SARS-CoV-2
particles steadily dwell at synaptic sites.

Discussion

NeuroCOVID remains insufficiently understood at the molecular and
subcellular levels. Although hypoxia and neuroinflammation may be
important processes involved in severe neuroCOVID, it cannot fully
explain subtle neurological and/or psychiatric disorders in patients
with mild COVID-19 in the acute and post-acute phases. The virus
has been shown to persist at low levels in the brain of patients with
COVID-19 for long periods of time'®, but the dynamics and impact of
SARS-CoV-2 particles in the CNS remain unknown. Here we show that
exposure to SARS-CoV-2 can perturb neuronal synapse morphology,
modulate the synaptosome landscape and interfere with local electrical
field potential.

We used a combination of models and samples, including cer-
ebral organoids, OPAB and patient samples. Although several studies
described the virologic aspects of braininfectionin brain organoids",
we also compared this model to OPAB, to better represent an adult brain
(cell composition, 3D architecture, mature differentiationand so on).
Indeed, the OPAB model has the advantage of being of human and adult
origin, tofrequently be provided with large amount of primary biologi-
cal material. These practical, physiological and scalable features are
major advantages over organotypic culture of brain explants obtained
fromsurgery, which arerare, in smallamount and coming from patients
with severe neurological disorders (justifying brain resection).

Fig.4 |LPHN3 is up-regulated upon SARS-CoV-2 infection and is associated
with synapses dysregulation. a, Cerebral organoids differentiated for 45 days
were mock-infected or infected for 10 days with SARS-CoV-2 at 10° p.f.u.

or10° p.f.u. per organoid and processed for single-organoid differential
proteomics. Heat map by single-organoid differential proteomics. The heat
map of the up-regulated proteins shows the colour-coded fold change (FC) of
SARS-CoV-2 exposure for each individual organoid at 10° p.f.u. and 10 p.f.u.

The most enriched proteinin the infected samples (>20-fold) is the viral Matrix
(M), followed by the post-synaptic host protein ADGRL3 (LPHN3), up-regulated
>6-fold. b,c, Organotypic ex vivo culture of post-mortem human frontal brain
slices mock-infected or infected with SARS-CoV-2 at 10° p.f.u. per well for 4 days.
b, The slices were individually lysed, and immunoblotting analysis for LPHN3
and actin as aloading control was performed. The western blot is representative
of atleast two individual experiments. ¢, Three-dimensional imaging of slices
labelled with an anti-LPHN3 antibody. The insets highlight the shape of elongated
cellular structures (upper panels) and the intensity of the LPHN3 signal (lower
panels).d,e, RT-qPCR on the temporal lobes from six patients with COVID-19 and
three individuals without COVID-19 in duplicates was performed, and the data
correspond to the mRNA level coding for LPHN3 (d) or FLRT3 (e) normalized

by GAPDH. Two-tailed Pvalue from unpaired ¢-test, *P = 0.0111, ***P = 0.0002.
Data are presented as mean + s.d. f, SVG-A ACE-2 cells were infected with mock,
10° p.f.u. SARS-CoV-2, or 10° p.f.u. of UV-inactivated SARS-CoV-2. The dot plot
shows the levels of cAMP expression upon treatment with 100 pM Stachel;n=3

individual experiments. Data are presented as mean + s.d. Two-tailed Pvalue
from unpaired ¢-test, ****P < 0.0001. g-j, Cerebral organoids differentiated for
45 days were mock-infected or infected for 10 days with SARS-CoV-2at 10° p.f.u.
per organoid, treated or not with 50 pM of Stachel peptide. g, The micrograph
represents elongated Bassoon structures upon infection which are not present
in Stachel-treated samples (50 pM). h, The graph shows the distribution of
Bassoon object volumes for each condition. Each dot corresponds to single
Bassoon objects obtained from one organoid. Two-tailed P value from unpaired
t-test, ***P < 0.0001.i,j, Analyses of the LFP recorded by 3D MEA using RFC.

i, Confusion matrix for testing the impact of Stachel. The rows represent the
different outputs the RFC model has been trained to recognize. The columns
represent the data we provided to the model for testing purposes. In each box
are the percentages of entries classified as mock- or SARS-CoV-2-infected.

The model has been trained on recordings of infected and mock condition at
24 h.p.i.and tested on recordings of infected, mock and Stachel-treated infected
condition at 24 h.p.i. CUP, confidence upon prediction. j, Principal component
analysis of mock and infected conditions at 24 h.p.i. The figure shows the first
two principal components that capture the maximum variance of the electrical
activity through the mock (green) and infected (blue) conditions. This same
transformation was then applied to the Stachel-treated infected recordings

24 h.p.i.to analyse the activity represented along the same principal axes (red).
Theellipses represent the confidence for each condition.
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OPAB hence represents an attractive option to complement clinical
studies and animal-based research.

The primary neural target of SARS-CoV-2 is mostly found to be
neuronal, although other neural cell types have been reported to show
some degree of permissiveness®™, Interestingly, the sustained viral
load we measured in organoids and brain slices suggests that some
basal levels of active replication occurs, despite that no virus release
in the supernatant could be detected by plaque assay. SARS-CoV-2
interacts withnumerous host factors that favour virusreplication, but
thevirusis also targeted by restriction factors, offering an evolution-
ary battle (for areview, seerefs. 46,47), for which all cell types are not
equally equipped to face. Neural cells express low levels of ACE-2, a
main SARS-CoV-2 receptor'®, which could explain low permissiveness
butalso point toward a potential mechanism for the establishment of
aCNSreservoir for the virus, as previously suggested'®. Furthermore,
we found two clusters of infected cells with the morphology of neu-
rons in the brain of patients who died from COVID-19. These patients
did not exhibit detectable signs of neurological disorders. These data
are of high importance because they highlight that the CNS is abona
fide compartment for SARS-CoV-2 replication, even in the absence
of neurological symptoms or strong immune responses. Indeed, our
anatomopathological searchforinfiltrated cells failed to spot asingle
leukocyte in these infected regions or anywhere else in the examined
tissue samples, suggesting that low levels of viral replicationin the cor-
tex may not be sufficient to elicit potent neuroinflammation. A previous
reportindicated that microglial activation, T-cellinfiltration and astro-
gliosis were observed in the cortex of SARS-COV-2-infected patients
with COVID-19 (ref. 25). They also could not identify SARS-CoV-2 RNA
in any of the samples. In the study, the interpretations arose from
single-cell RNA sequencing (scRNAseq) quantification. By contrast, a
recent study reported little to no neuroinflammation in patients dur-
ing acute and convalescent stages in their autopsy cohort, although
they clearly showed SARS-CoV-2-infected cells in the brain’. Our data
reinforce these observations, including the absence of leukocyte and
T-cellinfiltration and microglial activation.

Using single-cell transcriptomics, afew studies uncovered major
neural dysregulations in patients with severe COVID-19 and in orga-
noids®*. These studies identified that synaptic signalling was per-
turbed uponSARS-CoV-2infection, although the consequences of these
changes remain unknown. One study identified a down-regulation of

synaptic vesicle component mRNAs*, while the other one highlighted
that SARS-CoV-2 infection led to significant overexpression of genes
related to synapse assembly, synaptic transmission and post-synaptic
membrane potential®®. We also observed up-regulated synaptic protein
expression in patients with COVID-19, OPAB and organoids devoid
of microglia. One could hypothesize that this discrepancy actually
reflects a dynamic process by which virus-induced up-regulation of
synaptic components leads to a concomitant opposite event: the
microglia-mediated pruning of defective synapses®**®. Hence, we
postulate that the regulation of defective synapses could be directly
correlated to the amount of microglia in the vicinity of the infected
cells, which would thus determine the up/down-scaling of synaptic
structures. Based on Bassoon staining, we found that SARS-CoV-2
infection was associated to elongated presynaptic morphology. This
observation is reminiscent of the homeostatic synaptic scaling con-
cept, which postulates that the strength of neuronal synapses scales
upinresponseto decreased presynapticactivity, resultingin enlarged
synapse morphology*$°,

Our in silico analysis of differential PTM from single-organoid
proteomic analyses revealed the addition of an amide group to gly-
cine as one of the most common enriched PTMs upon SARS-CoV-2
exposure. Moreover, we observed the deamidation of the asparagine
29 of SARS-CoV-2 N protein. A previous report investigated N protein
PTM but did not report deamidation modifications®, which could
be explained by the different models used. Interestingly however,
deamidation of the spike protein was described and associated to
decreased virus-receptor fitness*’. As deamidations has been linked
to innate immune signalling®, one may hypothesize that SARS-CoV-2
Ndeamidation could be the result of anintrinsic antiviral mechanism,
although further research is required to understand the potential
importance of this PTM.

Mutationsin LPHN3 are awell-established risk factor for attention
deficit hyperactivity disorder,and LPHN3 defects are also correlated to
increased reward motivation and addiction, and spatial and egocentric
cognitive impairments® %, Atthe molecularlevel, LPHN3isinvolvedin
the formation of both excitatory and dopaminergic synapses, interact-
ing with FLRT3 and teneurin®?*°>°%°, We highlighted that LPHN3 was
one of the most up-regulated proteins in cerebral organoids infected
by SARS-CoV-2 and confirmed its up-regulation at the protein level
in OPAB and mRNA level in non-neurologic patients with COVID-19.

Fig.5|SARS-CoV-2virions accumulate at LPHN3/FLRT3-containing synapse.
a, Human neurons differentiated from NPCs were exposed with or without
SARS-CoV-2 particles for 3 h. The micrograph shows the staining from the
proximity ligation assay (PLA; yellow) using anti-spike and anti-FLRT3 antibodies
and counterstained with an actin marker (phalloidin; cyan). Each yellow dot
corresponds to regions where FLRT3 and the viral protein spike are closely
associated. b, Post-mitotic neurons derived from hNPCs were mock-exposed

or exposed to UV-inactivated SARS-CoV-2 for 3 or 12 h. Samples were fixed and
stained for the presynaptic protein FLRT3 and the post-synaptic marker Homer-1.
The micrographs (left) are representative images from at least 12 fields of view
used for the quantification of the number of virions at FLRT3/Homer-1synapses
(right panel) at 3 or 12 h.p.i. Data are presented as mean + s.d. from n =113 virions
(3 h) or185 virions (12 h). Two-tailed Pvalue from unpaired ¢-test was *P= 0.0206.
c-g, Human neurons differentiated from NPCs were exposed to replication-
competent SARS-CoV-2 virions harbouring a mix of wild-type and fluorescent
mRuby3-modified N protein for 4 h or 16 h. Cells were stained with LPHN3,
FLRT3,Homer-1and/or Bassoon as indicated. ¢, Three-dimensional imaging and
zoom-ins of SARS-CoV-2-exposed neurons show a viral particle co-localizing with
LPHN3 and FLRT3. (d-g). The percentage of virions containing the indicated
synaptic marker at16 h compared to 4 h post-infection. Data are from at least six
fields of view, with the n corresponding to the number of considered objects per
condition. The black centre line denotes the median value, while the box contains
the 25th to 75th percentiles of dataset. The black whiskers mark the minimum
and maximum values. Two-tailed Pvalue from unpaired ¢-test, *P = 0.0352
(d),**P=0.0039 (e),*P=0.0380 (f), *P = 0.0441 (g). h, Three-dimensional live

cellimaging of human neurons over-expressing fluorescent FLRT3 (pink) and
exposed to SARS-CoV-2 N-mNeonGreen fluorescent virions (green) for 7 h. The
snapshots were extracted from two time points from Supplementary Video 1.
The white arrow indicates a fluorescent viral particle associated witha FLRT3
positive synapse. i-m, Three-dimensional live cellimaging of human neurons
labelled with the synaptic marker SynaptoRed (cyan) and exposed to SARS-CoV-2
N-mNeonGreen fluorescent virions (orange) for >2 h. i, The snapshots were
extracted from two time points from Supplementary Videos 2 and 3, highlighting
two viral particles and their associated single-particle tracking. The timestamps
indicate the time since the beginning of the acquisition. j k, The speed of the viral
particles as a function of SynaptoRed fluorescence intensity. While particle A
(purple) has low levels of SynaptoRed (j) and moves rapidly (k), particle B (blue)
isassociated with high level of the synaptic marker (j) and dwells on there for

the duration of the whole video (k). 1, Dot plot showing the speed of SARS-CoV-2
virions as a function of the intensity of the SynaptoRed fluorescence intensity.
The cyan square highlights the tracks that are positive to SynaptoRed. The

red line corresponds to the regression curve depicting the significantinverse
correlation between the speed and the amount of SynaptoRed. The data are
merges from four individual videos. Two-tailed Pvalue from simple linear
regression was ****P < 0.0001. m, The mean + s.e.m. of the virus particle speed
obtained from 1,587 tracking datapoints with low SynaptoRed and 2,130 tracking
datapoints with high SynaptoRed. The black centre line denotes the median
value, while the box contains the 25th to 75th percentiles of dataset. The black
whiskers mark the minimum and maximum values. Two-tailed Pvalue from
unpaired ¢-test, ***P < 0.0001. a.u., arbitrary units.
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LPHN3 is involved in synapse formation and maintenance through its
directinteraction with the presynaptic protein FLRT3*.In our model,
one could hypothesize that SARS-CoV-2 induces a process of ‘synaptic
upscaling’ as a consequence of the lack of FLRT3-dependent LPHN3
activation. We hypothesize that the physical hindrance of the virion
atthe LPHN3-FLRT3 interface canblock the normal LPHN3 activation
through FLRT3 interaction and that Stachel treatment could bypass this
block by activating LPHN3 independently of FLRT3 and thus restore,
atleastin part, synaptic function.

A BiolD screening** and our data highlighted that FLRT3 and
SARS-CoV-2 spike were in close proximity with each other. However,
wewere notableto evidence the interaction between the two proteins
by co-immunoprecipitation. Reasons could liein the transient nature
oftheinteraction, that theinteraction between FLRT3 and spikeis too
weak to be maintained during the co-immunoprecipitation procedure
and/or that other factors are participating in the retention of the viral
particles to synaptic buttons. Nevertheless, our live cell imaging con-
firmed that SARS-CoV-2virions areretained at synapticsites containing
FLRT3.The physical retention of avirion at neuronal synapses has never
been reported previously to our knowledge and offers a paradigm to
explain potential viro-induced CNS perturbations. This observation
could explain that transient and diverse neurological manifestations
occurin patients with asymptomatic/mild COVID-19.Indeed, one could
envisionascenarioinwhichlow level of SARS-CoV-2 replicationin neu-
ronsinduces local perturbation of the neural network through physical
hindrance at the synapse, and because of the low immune response,
microglial cells would take time to clear this local perturbance, leading
to transient neurological symptoms. This hypothesis remains to be
experimentally tested, and the specific cuesinvolved in such processes
require characterization.

We showed that SARS-CoV-2 exposure to the brainimpacts electri-
cal activity of whole organoids using 3D MEAs. LFP recording of brain
organoidsis very challenging to monitor. Only a few labs successfully
developed approaches to monitor electrical activity in organoids (for
instance, refs. 61,62), but thereis no report (to our knowledge) of brain
organoid electrical activity measurements that have been performed
in the context of viral infection. Our workflow allows to assess the
viro-induced perturbations of LFP in brain organoids in a biosafety
level 3 (BSL-3) environment and could readily be extended to the study
of virtually any neurotropic virus. The electrical signals recorded from
brainorganoids is complex and heterogenous and, thus, relatively diffi-
culttointerpret.Indeed, each electrodereceives a convolved electrical
signal coming fromits surrounding environment, and assuch, the type,
number and distance of the cells to an electrode will result in diverse
electrical recording outcomes. To unbiasedly compare cerebral orga-
noid electrical activities, we developed a machine learning framework
based on RFC, which gave us the best segregation capabilities for such
input datasets. This approach may represent a powerful surrogate to
abnormal EEGs from patients with COVID-19 (refs. 22-24). Interest-
ingly, it was recently shown that LPHN3 null mice exhibit defective
electrical activity”, further suggesting that the SARS-CoV-2-induced
modulation of LPHN3 expression and associated synapse perturbations
could cause functional brain defects through neural circuitry impair-
ments. Moreover, we made direct correlation between LPHN3 function,
synaptic enlargement and electrical dysfunction using image-based
quantification of synapse size and electrical activity recording. Activa-
tion of LPHN3 resulted inboth casesin the (full or partial) rescue toward
anon-infected phenotype. To our knowledge, LPHN3 has never been
associated to a viral infection, and further research on the interplay
between LPHN3 and neuroinfections could help in the development
of innovative antiviral strategies.

Following up on this work, further research should establish how
much our findings are contributing to knowledge on neurocognitive
disorders in the context of acute infection and/or long COVID-19 and
how it correlates to the severity of the disease. A 6 month follow-up

study correlated COVID-19 infection to high risk of long-term neu-
ropsychiatric disabilities®’, but whether these are linked to prolonged
systemic inflammation remains unknown. We and others have not
observed significant neuroinflammation in patients with COVID-19
(who did not have obvious neurological symptoms), but others did
report some. Whether neuroinflammation is a transient or chronic
consequence of COVID-19 infection remains unclear, yet it is critical
to understand what the biological drivers governing the establish-
ment of the so-called long COVID are. Moreover, further investiga-
tions will be needed to determine whether SARS-CoV-2 interference
with LPHN3-FLRT3 signalling acts up/downstream of neuroinflam-
mation and during acute and/or long COVID-19. Finally, correlations
between the different variants of concerns, the neurological outcome
and LPHN3 levels shall be investigated to evaluate whether targeting
LPHNS3 function could represent a mitigation strategy of interest to
treat neuroCOVID symptoms.

Methods

Inclusion and ethical statement

The research presented in the study complies with all relevant ethi-
cal regulations. The protocol for post-mortem brain explants was
accepted by the institutional review board of the Centre hospitalier
Universitaire (CHU) Montpellier (approval ID 202000643) and the
French Biomedicine Agency (agreement number PSF20-025), per-
mitting human brain resection for research purposes during autopsy
performed at the forensic institute of the CHU de Montpellier, and
written family consent was obtained. For post-mortem explants of
donors with COVID-19, the research protocol (Academic Hospital and
University of Reims) was approved by the French Biomedicine Agency
(agreement number PFS20-022). Written family consent was obtained,
and absence of opposition from the patient was checked at the French
Biomedicine Agency for each patient.

Antibodies and dyes

The following antibodies were used for immunofluorescence in this
study: rabbit polyclonal anti-Microtubule-associated protein 2 MAP2
(1/100, GeneTex), rat monoclonal anti-B-cell ymphoma/leukemia
11B (CTIP2 or BCL11B) [25B6] (1/100, BioLegend), rabbit polyclonal
anti-Pax6 (1/100, BioLegend), goat polyclonal anti-glial fibrillary
acidic protein (GFAP) (1/100, Novus Biological), rabbit polyclonal
anti-Ibal (1/100, Genetex), mouse monoclonal anti-spike SARS-CoV-2
[1A9](1/100, Genetex), mouse monoclonal anti-Bassoon [SAP7F407]
(1/50, Enzo Life Sciences), rabbit polyclonal anti-Homerl (1/50, Syn-
aptic system), rabbit polyclonal anti-LPHN3 (1/100, Proteintech),
rabbit polyclonal anti-LPHN3 (1/100, ThermoFisher), goat polyclonal
anti-FLRT3 (1/50, R&D Systems), rabbit monoclonal anti-cleaved cas-
pase 3[5A1E] (1/100, Cell Signalling Technologies), mouse monoclonal
anti-CD68[Y1/82 A] (1/50, BioLegend), mouse monoclonal anti-CD163
[GHI/61] (1/50, BioLegend) and mouse monoclonal anti-CD206 [15-2]
(1/50, BioLegend). The following antibodies were used for histol-
ogy examination: mouse monoclonal anti-NeuroF [2F11](1/100,
DAKO), mouse monoclonal anti-NeuN [A60] (1/400, Millipore), rab-
bit monoclonal anti-Oligo2 [EP112] (1/100, BioSB/diagomics), mouse
monoclonal anti-GFAP [6F2] (1/400, DAKO), rabbit anti-CD3 [2GV6]
(1/100, Roche), rabbit anti-spike S1 SARS-CoV-2 [ARC2373] (1/100,
Diagomics) and mouse anti-Nucleocapsid SARS-CoV-2 [BSB-134]
(1/750, Diagomics). The following antibodies were used for immu-
noblotting in this study: rabbit monoclonal anti-ACE-2 [SN0754]
(1/1000, Novus Biological), rabbit polyclonal anti-Actin (1/1000,
Genetex), rabbit monoclonal anti-N SARS-CoV-2 [#019] (1/1000,
Sino Biological) and mouse monoclonal anti-LPHN3 [B-6] (1/500,
Santa Cruz Biolotechnology). The following dyes were used in this
study: Dapi nuclear counterstain (Pierce), haematoxylin and eosin,
Live/Dead Viability/Cytotoxicity (ThermoFisher) and SynaptoRed
C2 (Biotium).
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Stem cells culture and cerebral organoid differentiation

The humanembryonicstem cells (hESCs) H9 (WiCell Research Institute,
WAO09) were cultured and differentiated into cerebral organoids as
in ref. 64. Briefly, hESCs were cultured on 60 mm Matrigel (Corning)
coated plate in mTeSR PLUS media (StemCell Technologies). Cells
were split by squaring colonies with aneedle, and three colonies were
used for a 60 mm plate. For organoid production, colonies were split
onto a100 mm plate with mitomycin-C-treated mouse embryonic
fibroblast feeding layer cells in Dulbecco’s modified Eagle’s medium
(DMEM)/F12 supplemented with Glutamax (Gibco) with20% KnockOut
serum replacement (Gibco), 1x non-essential amino acids (Gibco),
100 pM B-mercaptoethanol (Gibco) and 1x penicillin-streptomycin
(Gibco). The media was changed every day with supplementation with
8 ng mI human B-fibroblast growth factor (Sigma-Aldrich). Colonies
were scooped with a cell lifter (Corning) and cultured in low binding
60 mm dishindifferentiation media (hESC mediasupplemented with
1x sodium pyruvate). The next day, hESC differentiation was initiated
by replacing half of the media with media containing 2x of the fol-
lowing small molecules: 3 uM IWR-1-endo, 1 uM dosomorphin, 10 pM
SB-431542 and 1 M cyclopamine, all obtained from Sigma-Aldrich.
Media was renewed every other day. On day 18 post-differentiation,
the growing organoids were cultured in N2 media, composed of neu-
robasal media (Gibco), 1x N2 supplement (Gibco), 2 mM L-glutamine
(Gibco), 1x penicillin-streptomycinand 1 pM cyclopamine. On day 24,
the cyclopamine was removed from the media, and organoids were
grown at least until days 35 to 45 post-differentiation before being
used for experiments.

Human primary monocytes purification

Buffy coats were obtained from healthy blood donors (Etablissement
francais du sang agreement number 21PLER2019-0106) collected
between 2021 and 2023, and donors should not have had COVID-19 at
least for the past 14 days. All donors signed informed consent allow-
ing the use of their blood for research purposes. Peripheral blood
mononuclear cells were concentrated on a Ficoll density gradient
(GE Healthcare). Monocytes were isolated by positive selection by
using CD14" microbeads and magnetic columns from Miltenyi Biotec.

Co-culture of cerebral organoids with human primary
monocytes

Co-culture of 500,000 human primary monocytes with 44-day-old
cerebral organoids was performed for 2 days in N2 media composed
of Neurobasal media (Gibco), 1x N2 supplement (Gibco), 2 mM
L-glutamine (Gibco) and 1x penicillin-streptomycin. The monocytes
that did not infiltrate the organoid were washed away, and the orga-
noids wereincubated for 5more daysin N2 mediato allow theinfiltrated
monocytes to settle within the organoid. Then, organoids were fixed
and stained for infiltrated monocyte characterization, and others were
keptin culture for infection.

Post-mortem brain explant and ex vivo organotypic culture

All the data presented originate from 12 individuals aged from 25 to
65 years old who were all tested negative for SARS-CoV-2 by RT-qPCR
of RNA extracted from nasal swabs. Individuals were chosen based on
the absence of cerebral injury or trauma, and the post-mortem interval
did not exceed 12 h. The frontal and parietal regions from the motor
cortex were first dissected by making several 1- to 3-cm-thick coronal
incisions of the brain, from frontal to occipital region, and second by
cutting small cubes (about 0.5 cm®) perpendicularly to the longitudinal
axis of the gyrus and kept in N2 media at 4 °C before further process-
ing. The cubes were embedded in 3% low melting point agarose (Ther-
moFisher) and sliced in 300 to 600 um thick sections using a PELCO
Easislicer (Ted Pella). All the samples show cortical layers and a piece
ofthe white matter. The brainslices were dissociated from agarose and
transferred onto cell culture inserts with 0.4 pm pore PET membranes

(Millicell, Millipore) hanging in 6-well plates containing 2.5 ml of N2
media. The slices were cultured at 37 °C, 5% CO, and 95% humidity at the
air-liquidinterface, and the media was changed twice aweek. Detailed
characterization of OPAB can be found in ref. 27.

Patients with COVID-19

All patients (six) had a positive nasal swab for SARS-CoV-2 before
death, and were hospitalized in the intensive care unit with a severe
COVID-19 diagnosis, between May 2020 and May 2021, a period during
which the main circulating strain in France was the SARS-CoV-2 alpha
variant. Post-mortem delay before samples were taken was less than
24 h. Four male and two female patients were sampled, with amedian
age of 64.5 years (44 to 79 years). Delay between COVID-19 diagnosis
and death was 11 to 32 days. Blood (sub-clavicular or femoral veins),
and cerebrospinal fluid (lumbar puncture) was taken when possible.
Samples of temporal regions of the brain lobes were immediately
frozen at —80 °C, and then the brain was fixed with 4% formaldehyde.
Frontal and parietal regions were sampled and embedded in paraf-
fin. RNA samples were extracted using the KingFisher Flex systems
(ThermoFisher) according to manufacturer’s instructions. RT-qPCR
was performed on 5 pl of RNA using the Quantabio ToughMix reagents
(Quantabio). The IP2/IP4 probe sets®® were used to detect SARS-CoV-2
RNA onsite (hospital of Reims, France). De novo RNA extraction and
RT-qPCR analysis were performed later in the lab on other sections of
the temporallobe of the six patients using primer N1. Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) mRNA was also quantified. Cycle
threshold value (Ct) above 45 was considered negative. The Plateforme
des Centres de Ressources Biologiques of the Academic Hospital of
Reims stored and provided the samples for analyses at the CHU of
Montpellier (n°2022-MAD30).

Neural stem cell line culture and neuron differentiation

Human neural progenitor cells (hNPCs) were obtained from Creative
Biolabs (NCL-2103-P83). These cells originate frominduced pluripotent
stem cells obtained from adult skin fibroblasts. NPCs were cultured in
flasks coated with Matrigel (Corning) with STEMdiff Neural Progeni-
tor Medium (StemCell Technologies). Differentiation was performed
on coverslips coated with 100 pg ml™ poly-L-ornithine and 10 pg ml™
laminin (Merck) in differentiation media (50% DMEM/F-12 + Glutamax,
50% Neurobasal, 1x N2, 1x B27). The media was changed every other
day. After 8 days, 10 pg ml™ brain-derived neurotrophic factor and
10 pg mi™ glial cell-derived neurotrophic factor were added to the
media every day until day 14, on which differentiated neurons were
used for experiments.

Viruses and cells

The strain used for the in vitro studies (unless specified otherwise)
is the BetaCoV/France/IDF0372/2020 isolate and was supplied by Pr.
Sylvievan der Werfand the National Reference Centre for Respiratory
Viruses hosted by Institut Pasteur (Paris, France). The patient sample
fromwhich strain BetaCoV/France/IDF0372/2020 was isolated in Janu-
ary 2020 was provided by Dr. X. Lescure and Pr. Y. Yazdanpanah from
the Bichat Hospital, Paris, France. The BetaCoV/France/IDF0372/2020
was amplified in Vero E6 cells at MO1 0.001, and the supernatant was
collected at 72 h post infection (h.p.i.) (when about 50% cytopathic
effects were observed). Cell debris were removed by centrifugation
at 2,000 x g for 5 min, and aliquots were stored at -80 °C. The titre
was defined by plaque assaysin Vero E6 cells. Typical titres were rang-
ing around 107 p.f.u. ml™ (plaque-forming units per millilitre). Plaque
assay was performed using Vero E6 cells incubated with serial tenfold
dilutions of virus in DMEM supplemented with 2% FBS, 1% P/S. The
virus was adsorbed for 1 h at 37 °C with gentle plate rocking every
15 min. A1 mloverlay (for 20 ml;2 ml DMEM 10%, 1 ml FBS, 320 pl 7.5%
NaHCO,,100 pl1,000% P/S,500 pul1 MHEPES, 200 pul 100 glutamine,
10.88 ml sterile H,O and 5 ml melted 1% agarose in H,0) was added to
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eachwell,and plates were incubated at 4 °C for 10 min to allow agarose
to form a dense gel. The plates were subsequently incubated at 37 °C
for 4 days, and cells were fixed in 4% paraformaldehyde for 2 hatroom
temperature. Cells were then stained with crystal violet (0.1% v/vin10%
EtOH) and incubated overnight with gentle rocking. The viral titre was
determined using the following formula: Number of plaques/(Dilu-
tion factor x Volume of diluted virus in ml per well) with units being
plaque-forming units per millilitre. Virions were dissociated from
organoids by incubating organoids in media at —80 °C followed by
thawing and gentle pipetting. The resulting organoid homogenates
were used to quantify infectious particles retained within the organoid
(as opposed to organoid’s supernatant).

SARS-CoV-2 mNeonGreen and NLuc reporter viruses (obtained
fromref. 37), correspond to recombinant viruses in which the ORF7
of the viral genome was replaced with the indicated reporter gene.
Thesereplication-competent viruses express the reporter gene upon
entry, replication and translation of the virus in receiving cells. The
SARS-CoV-2 virions harbouring N-mNeonGreen were generated as in
ref. 45. Briefly, Vero E6 cells (ECACC, Vero C1008 number 85020206),
stably expressing N-mNeonGreen from SARS-CoV-2 (Addgene num-
ber 170467) were infected with wild-type SARS-CoV-2 at MOI 0.001.
Titres were estimated by plaque assay. Cells were washed 24 h.p.i.
with phosphate-buffered saline (PBS), the supernatant was collected
at72 h.p.i.and debris were removed by centrifugation at 2,000 x gfor
5 min. The SVG-A cells® (kind gift from T. Kirchhausen) were engineered
tostably overexpress human ACE-2. UV-inactivated virus was obtained
byincubating 250 pl of viral preparationinaUV-C 254 nm UV chamber
(Vilber Lourmat Biolink BLX UV Crosslinker) at 2 ). Theloss of infectivity
was confirmed by infection of Vero E6 cells. Mock-infected samples
correspond to the supernatant of non-infected Vero E6 cells processed
asinfected cells. Remdesivir (MedChem Express) was used at 10 pM to
inhibit virus replication. NLuc luminescence was measured using the
Nano-Glo Luciferase Assay System (Promega) and read by PerkinElmer
EnVision spectro-luminometer.

Lentivector production

HEK 293 T cells were transfected using JetPrime (Polyplus Transfec-
tion) with the three following plasmids: Gag-Pol, VSV-G and inserts
of interest: either FLRT3-mCherry (obtained from Vectorbuilder
(pLV[Exp]-CMV>hFLRT3[NM_013281.4]/mCherry) or hACE-2 (obtained
from Dr. Caroline Goujon, Addgene plasmid number 145842)°°.
The supernatant was collected 3 days later and passed through a
0.2 pm filter (Millipore).

Immunohistochemistry

After formalin fixation and paraffin embedding, 5 um sections were
stained with haematoxylin and eosin. Immunohistochemistry was
performed with Autostainer BenchMark ULTRA (Ventana Medical
Systems), according to manufacturer’s instructions. Briefly, paraffin
sections wereincubated at 60 °C for 16 min and then at 72 °C for dewax-
ingand at 95 °Cinretrieval antigen buffer. Incubation for 30 min with
antibodies was performed and revealed with 3, 3'-diaminobenzidine
(DAB).Samples were washed and incubated with haematoxylin Il (coun-
terstaining) for 12 min and with bluing reagent (counterstaining) for
4 min. Images were acquired on a Leica Thunder microscope with a
3,072 x 2,048 K3C coloured camera (Leica). Mosaic acquisitions were
donewith ax20NA 0.8 air objective or x10 NA 0.45 air objective. Images
were processed with the Leica Las X software (v5.1.0).

Immunostaining of organoids and brain slices

Samples were washed with PBS once and transferred into a 96-well
plate with round bottom (for brain organoids) or in 24-well plate with
flatbottom (for brain slices). Samples were fixed in 4% paraformalde-
hyde for1hatroom temperature. Samples were washed once with PBS
and permeabilized for 24 h on a rocker with permeabilization buffer

(0.5% BSA, 1% Triton in PBS). All subsequent steps were performed in
permeabilization buffer. Samples were labelled with primary antibody
for 24 h on a rocker, washed overnight, labelled with appropriate
secondary antibodies for 24 h and washed overnight. The samples
were incubated in RapiClear 1.52 reagent (Sunjin Lab) overnight at
room temperature.

Fluorescence confocal microscopy

Image acquisition was performed on a spinning-disk confocal micro-
scope (Dragonfly, Oxford Instruments) equipped with an ultrasensi-
tive1,024 x 1,024 EMCCD camera (iXon Life 888, Andor) and four laser
lines (405, 488, 561 and 637 nm). A x20 NA 0.8 air objective was used
for whole sample imaging, and a x60 NA 1.15 (Nikon) oil-immersion
long-distance objective was used for in-depth imaging of selected
areas. Images were processed using FiJi (ImageJ 1.53t) and Bitplane
Imaris x64 (Oxford Instruments) versions 9.2 and 9.7.

Live cellimaging

Neurons were differentiated on a 30-mm-diameter number 1.5 glass
coverslip in six-well plates. Before imaging, the cells were incubated
with SARS-CoV-2 N-mNeonGreen in neuronal media. Image acquisi-
tion was performed at 37 °C and 5% CO, in a dark chamber using an
AxioObserver.Z1inverted microscope (Zeiss) mounted with aspinning
disc head (Yokogawa), a back-illuminated EMCCD camera (Evolve;
Photometrics) and a X100, 1.45 NA oil objective (Zeiss) controlled by
MetaMorph software (v7.7) (Molecular Devices).

Image analysis and quantification

Processing and image quantification were done using Bitplane Imaris
v9.7.Bassoon object was identified using absolute intensity threshold-
ingand converted toasurface rendering model. The parametersused in
this study (sphericity, volume, intensity) were automatically extracted
from eachobjectidentified by intensity thresholding upon background
subtraction. For virus-synapse association studies, each object was
identified upon absolute intensity thresholding and converted using
the ‘Spot’ feature onthe Imaris software. A region comprising between
0 and 0.5 um from the spot centre was used to consider that a virus
particle was associated with synaptic proteins. Data were extracted
automatically to excel files format. Graphs and statistics were per-
formed using GraphPad Prism (v9).

Westernblot

Samples were lysed in RIPA buffer (150 mM sodium chloride, 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) supple-
mented with protease inhibitor (Promega). A pellet pestle (VWR) was
used to favour protein extraction from tissues. Lysates were kept at
-80 °C before analysis. Samples were spun down at 15,000 x g for
15 min at 4 °C; the supernatant was collected, and protein concentra-
tion was measured using a Pierce BCA Assay Kit (Pierce). A total of 10
to 20 pg of protein lysate was run on Bolt 4 to 12% Bis-Tris plus gels
(ThermoFisher), and proteins were transferred to nitrocellulose mem-
branes using iBlot2 (ThermoFisher). Nitrocellulose membranes were
blocked with 5% (w/v) milk in PBST (PBS pH 7.4, 0.05% Tween 20) for
30 min. Primary antibodies wereincubated for1 hat room temperature
orovernightat4 °Cin PBST containing 5% milk. Secondary antibodies
were incubated for 1 h at room temperature. After washes with PBST,
nitrocellulose membranes were incubated with Clarity Max Western
ECL Substrate (Bio-Rad). The specific proteins were visualized with a
ChemiDoc imaging system (Bio-Rad).

Immunoprecipitation

Proteinlysates from neurons were incubated overnightat4 °Cwith 5 pg
of mouse anti-spike antibody (Genetex). The next day, 20 pl of protein
G agarose beads (Pierce) was added to the lysate and incubated at 4 °C
for 2 h. The beads were spun down at 3,000 x g for 3 min and washed
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three times with PBS. The sample was eluted in NuPAGE LDS sample
buffer (Thermofisher) in the presence of 50 mM dithiothreitol (DTT).

RT-qPCR

All the RNA samples were extracted using the RNeasy KIT (Qiagen)
according to manufacturer’s instructions unless specified oth-
erwise. RT-qPCR was performed on 2 pl of RNA using the TaqPath
One-Step RT-qPCR, CG master mix (ThermoFisher). The N1 primer/
probe sets designed by the Center for Disease Control were used to
detect SARS-CoV-2RNAin all experiments unless specified otherwise.
For patients with COVID-19, RT-qPCR was performed using the Luna
One-Step RT-qPCR Kit (New England Biolabs). Ct above 40 was con-
sidered negative. All samples were normalized to the large ribosomal
subunit proteinelL27 (RPL27) or GAPDH mRNA asindicated. Sequence
of primersis provided in Supplementary Table 4.

Titration of CAMP

Measurement of cCAMP levels was performed using the AlphaScreen
cAMP Detection Kit (PerkinElmer) according to the manufacturer’s
instructions. Briefly, cells were seeded in 96-well plates for 24 h then
mock-infected or infected with SARS-CoV-2 for an additional 24 h. Cells
were stimulated with Stachel peptide (agonist) or Scramble peptide
(control)—synthesized by ProteoGenix—and AlphaScreen Acceptor
beads for30 minatroom temperature then treated with Biotin-cAMP
and Streptavidin Donor bead for 1 h. The luminescence was read with
microplate reader Envision Multilabel reader (Perkin Elmer).

MS-based quantitative proteomics

Sample preparation. Individual brain organoids were lysed in Laemmli
buffer composed of 10 mM Tris pH 6.8,1 mM EDTA, 5% SDS and 10%
glycerol. Samples were sonicated for 2 min. Protein concentration
of all samples was determined using the DC protein assay (Bio-Rad)
according to manufacturer’s instructions, in triplicate, and a stand-
ard curve was established using BSA. DTT was added at a final con-
centration of 50 mM, and cell lysates were heated at 95 °C for 5 min.
Protein extracts were stacked in an in-house-prepared 5% acrylamide
SDS-PAGE stacking gel at 50 V. Proteins in the gel were fixed with 50%
ethanol/3% phosphoricacid, washed with H,0 and coloured with Silver
Blue (10% phosphoric acid, 10% ammonium sulfate, 0.12% Brilliant
blue G250,20% methanol, 60% H,0). Gel bands were cut, washed with
12.5 mMammonium hydrogen carbonate and 50% acetonitrile (ACN),
reduced with 10 mM DTT and alkylated using 55 mM iodoacetamide
before overnight digestion at 37 °C with modified porcine trypsin
(Promega) at a final trypsin/protein ratio of 1/50. Trypsin-digested
peptides were extracted with 60% ACN in 0.1% formic acid followed
by a second extraction with 100% ACN. ACN was evaporated under
vacuum, and the peptides were resuspended in H,0 and 0.1% formic
acid before nanoLC-MS/MS analysis.

NanoLC-MS/MS analysis. NanoLC-MS/MS analyses were performed
on a nanoAcquity UltraPerformance Liquid Chromatography device
(Waters Corporation) coupled to a quadrupole-Orbitrap mass spec-
trometer (Q-Exactive HF-X, Thermo Fisher Scientific). Peptide sepa-
ration was performed on an ACQUITY UPLC Peptide BEH C18 Column
(250 mm x 75 pum with 1.7 pm diameter particles) and an ACQUITY
UPLC M-Class Symmetry C18 Trap Column (20 mm x 180 pum with
5 um diameter particles; Waters Corporation). The solvent system
consisted of 0.1% formic acid in water (solvent A) and 0.1% formic acid
inACN (solvent B). Samples (800 ng) were loaded into the enrichment
column over 3 minat 5 pl min™ with 99% of solvent A and 1% of solvent
B. Chromatographic separation was conducted with the following
gradient of solvent B: from 2% to 25% over 53 min, from25% to 40% over
10 min and from 40% to 90% over 2 min.

The mass spectrometer was operated in data-dependent acquisi-
tion mode. Survey full scan MS spectra (mass range 300-1,800) were

acquired in the Orbitrap at a resolution of 60 K at 200 m/z with an
automatic gain control fixed at 3 x 10 and amaximal injection time set
to 50 ms. The ten most intense peptide ionsin each survey scanwitha
charge state >2 were selected for fragmentation. MS/MS spectra were
acquired ataresolution of 15 Kat200 m/z, automatic gain control was
setto1x10° and the maximalinjection time was set to 50 ms. Peptides
were fragmented by higher-energy collisional dissociation with anor-
malized collision energy set to 27. Peaks selected for fragmentation
were automatically included inadynamicexclusionlist for 60 s. All sam-
pleswereinjected using arandomized and blocked injection sequence
(onereplicate of each group ineach block). To minimize carry-over, two
solvent blank injections were performed after each sample.

Data interpretation. Raw files were converted to.mgf peaklists using
MSConvert 3.0 from the ProteoWizard suite (https://proteowizard.
sourceforge.io/) and were submitted to Mascot database searches
(v2.5.1, MatrixScience) against a human (20,342 sequences, 2021-04-
20, taxonomy ID 9606) and SARS-CoV-2 (17 sequences, 2021-04-20,
taxonomy ID 2697049) protein sequences database downloaded from
UniProtKB-SwissProt, to which common contaminants and decoy
sequences were added. Spectra were searched with a mass tolerance
of10 p.p.m.inMS mode and 0.07 Dain MS/MS mode. One trypsin that
missed cleavage was tolerated. Carbamidomethylation of cysteine
residues was set as a fixed modification. Oxidation of methionine
residues and acetylation of proteins n-termini were set as variable
modifications. Identification results were imported into the Proline
software (v2.6.2)% for validation and label-free quantification. Peptide
spectrum matches (PSMs) with pretty rank equal to 1 were retained.
False discovery rate (FDR) was then optimized to be below 1% at PSM
level using Mascot-adjusted £ value and below 1% at protein level using
Mascot Mudpit score. For label-free quantification, extracted ion chro-
matograms were used to derive peptides abundances. Anm/ztolerance
of10 p.p.m.was used. Alignment of the LC-MS/MS runs was performed
using Loess smoothing. Cross assignment of peptide ions abundances
was performed among the samples and controls using am/ztolerance
of10 p.p.m.and aretentiontime tolerance of 42 s. Protein abundances
were computed using the sum of the unique peptide abundances nor-
malized at the peptide level using the median.

To be considered, proteins must be identified in all three or four
replicates in at least one condition. Imputation of the missing values
and differential data analysis were performed using the open-source
ProStaR software (v1.30.7)°, Imputation of missing values was done
using the approximation of the lower limit of quantification by the 2.5%
lower quantile of eachreplicate intensity distribution (‘det quantile’).
A Limma moderated t-test was applied on the dataset to perform dif-
ferential analysis. The adaptive Benjamini-Hochberg procedure was
applied to adjust the Pvalues and FDR.

Post-translational modification analysis

Raw mass spectrometry files were converted to mgf format using
ThermoRawFileParser (v1.3.4)%° and searched against the human com-
plement of the UniProtKB/SwissProt protein database containing
20,397 proteins, with added common contaminants and 17 proteins
from the severe acute respiratory syndrome coronavirus 2 proteome
(UP000464024;June 2022). The search was performed using the ion-
botsearchengine (v0.7.0)”° with open modificationsearchsettings and
three expected modifications: (1) carbamidomethylation of cysteine,
(2) oxidation of methionine and (3) N-terminal acetylation. Results
were filtered on1% FDR using a g value below 0.01. A global comparison
of modification levels was calculated as the ratio of ratios. In infected
samples, for each modification the ratio of the number of spectra of
modified versus unmodified peptides was calculated and then divided
by the same ratio in the mock samples. Relative quantification was done
intwo steps. First, afiltering step removed PTMs that accounted for less
than 3% of all PSMs detected in the sample. Second, the filtered PTMs
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were quantified by dividing the number of PSMs matching this PTM, by
all possible modification sites of the PTM in the sample. This fraction
was then normalized by the sum of all these fractions in the sample.

Electrical activity recording

Cerebral organoids were plated on 3D MEA (MultiChannel System),
made of anarray of 60 TiN-coated conical electrodes of 12 pm diameter
active site of 80 um height. The specific sharp shape of these elec-
trodes allows a better penetration of the tissue than a planar MEA and
the measurement of extracellular local field close to active cells. The
surface of the MEA was pre-coated with 100 pg ml™ poly-L-ornithine
and 10 pg ml™ laminin (Merck). After 2 days, electrical recording of
the LFP was performed inside an incubator at 37 °C, 5% CO, and 95%
humidity using the MEA2100-Mini headstage (MultiChannel System)
under electromagnetic shielding. Traces of electrical signals versus
time were recorded at a sampling rate of 50 kHz by the Multichannel
experimenter software (v2.20) witha customized bandpass filter script
for 1 min per condition.

Code development environment

This project is running on Python 3.10, on the Pycharm IDE. The ver-
sions for the main packages used for machine learning algorithms and
data analysis are fiiireflyyy==0.1.19, scikit-learn==1.3.2, scipy==1.11.3
and matplotlib==3.8.1. For the complete list of requirements for
the used libraries versions, refer to https://github.com/WillyLutz/
electrical-analysis-sars-cov-2/blob/main/requirements.txt (ref. 71).
Alltherequired libraries have been used with the PyPI packaging tool
(Pyton 3.10).

Random forest classifier specifications

The RFC is a machine learning algorithm that builds a collection of
decision trees and combines their predictions to enhance accuracy
and mitigate overfitting in classification tasks. As RFC, we used the
sklearn.ensemble.RandomForestClassifier class from the scikit-learn
python library. The used parameters are those listed by default in the
documentation, at https://scikit-learn.org/stable/modules/gener-
ated/sklearn.ensemble.RandomForestClassifier.html, except for the
parameter ‘n_estimator’ (the number of trees in the forest) initialized
to1,000. Note that the version used is scikit-learn==1.3.2.

Electrical activity analysis using machine learning

Theelectrical activity was recorded using an acquisition frequency of
10 kHz. Out of the 60 electrodes per recording, we selected the 35 that
presented the most activity, based on the mean standard deviation
of all the electrodes. We divided the 1 min electrical recordings from
the infected and non-infected (mock) organoids into 30 time bins of
2 slength and performed a fast Fourier transform on each bin, thus
using the frequency domain. The data were then high-pass filtered
over 50 Hz. Then, we made an average out of the preselected electrodes
by their standard deviation to obtain a single signal of 10,000 values
usingastep of 0.5 Hz. The 10,000 frequencies were down-sampled into
300 frequencies, used as features for the RFC. We used the features
from70% of the recordings made 24 h.p.i. (pulled over allinfected and
non-infected organoids 24 h.p.i.) to trainan RFC to detect an infected
recording time bin from a mock organoid time bin. We used the RFC
model ontheremaining30% of the 24 h.p.i. datafrom each organoid—
considered unseen by the model—to test the mean detectability for
eachorganoid. The splitting of the datainto atraining setand atesting
set (ratio 70/30) has been executed using the ‘train_test_split’method
fromsklearn.model_selection. It splits matrices or arraysinto random
train and test sets, given a set size. The same RFC model (trained with
24 h.p.i. data) was also used to test the detectability of data recorded
in each organoid pre-infection (0 h.p.i.) and 0.5 h.p.i. (Extended Data
Fig.8c). The test process wasiterated 10 times to provide amore accu-
rateendresult. An RFC model (trained with 24 h.p.i. data) was also used

totesttheimpact of Stachel onelectrical activity. The models described
here were trained on the same dataset using the same parameters and
show the same performances. Thus, the model used on Stachel-treated
infected data and the one used to discriminate among control and
treated samples can be considered as the same model.

Statistics and reproducibility

The statistical analyses used for each experiment can be found in the
associated figure legends. No statistical method was used to prede-
termine sample size. No data were excluded from the analyses. The
experiments were not randomized. The investigators were not blinded
to allocation during experiments and outcome assessment. Data dis-
tribution was assumed to be normal, but this was not formally tested.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data are available in the main text, extended data and Supple-
mentary Information. The plasmid coding for N-mNeonGreen and
N-mRuby3 from SARS-CoV-2is available on Addgene (number 170467
and number 170466, respectively). The mass spectrometry proteomic
data have been deposited to the ProteomeXchange Consortium via
the PRIDE partner repository’> with the dataset identifier PXD036485.
Source data are provided with this paper.

Code availability

The algorithm to identify infected versus non-infected orga-
noids is available through GitHub (https://github.com/WillyLutz/
electrical-analysis-sars-cov-2)" or upon request.
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Extended Data Fig.1| Characterization of SARS-CoV-2-exposed cerebral
organoids. (a) Three-dimensional imaging of a cerebral organoid differentiated
for 45 days stained for neural progenitor (Pax6, green), and neurons (CTIP2,
purple). (b-d) Cerebral organoids differentiated for 45 days were mock-infected
orinfected for 10 days (B) or atindicated time (C-D) with SARS-CoV-2 at 105 pfu/
organoid in the presence or absence of 10 uM Remdesivir. RNA extraction and RT-
qPCRwere performed and the data corresponds to SARS-CoV-2 RNA levels using
the N1primers and normalized by RPL27 (C) from n of 2 organoids per condition
induplicates or to SARS-CoV-2 RNA levels using the sgRNA E primers and
normalized by GAPDH (D) from n of 2 organoids per condition in duplicates. Data
are presented as mean values +/- SD (C) or +/= SEM (D). (C) Two-tailed p value
(Kruskal-Wallis test) was 0.0045 (**) or 0.3268 (ns). (D) Two-tailed p value from
paired t test was< 0.0385 (*). (e-i) Cerebral organoids differentiated for 45 days
were mock-infected or infected for 10 days with SARS-CoV-2 at 105 pfu/organoid.
(E) The organoid supernatant or dissociated organoids were used for titration by

Total = 183

plaque assay on Vero E6 cells. The labels pure to -6 correspond to logl0 dilution
factors. (f) LDH release was measured in the supernatant of the organoids. The
dataare froman of two organoids per condition in duplicates and shows no
toxicity in any condition, except for Ctrl, a positive control used to account for
maximum cytotoxicity. Data are presented as mean values +/-SD. (g) Cerebral
organoids were fixed, permeabilized and stained with the anti-cleaved Caspase
3 antibody (orange, a cell death marker, and Dapi (blue). The micrographs

show marginal apoptotic staining in both conditions. (h) The organoid size was
measured every 2 days for 10 days. Data are presented as mean values +/- SD and
each dot corresponds to single organoids with n = 6 organoid per time point. No
significant difference in size was found between mock and SARS-CoV-2 infected
organoids over time. (i) Cerebral organoids differentiated for 45 days were and
stain for Spike and the neuronal marker CTIP2. The micrograph and insets show
CTIP2-positive infected cells. The pie chart made from 3 fields of view shows that
=90% of the infected cells were positive for CTIP2.
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Extended Data Fig. 2| See next page for caption.
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Extended Data Fig. 2| Single-organoid proteomic analysis (associated to
Supplementary Table1and 2). Cerebral organoids differentiated for 45 days
were mock-infected or infected for 10 days with SARS-CoV-2 at 10° pfu or 10°
pfu per organoid and processed for single-organoid differential proteomics

comparing infected organoids to their non-infected counterparts using nanoLC-

MS/MS. (a) Protein network analysis using GSEA of the upregulated cellular
component upon infection of cerebral organoids. (b-e) Patterns of differential
post-translational modifications (PTM) in mock-infected (B), and SARS-CoV-2-
infected samples at 10° pfu (C) or 10° pfu (D) were obtained by averaging relative
quantifications.
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Extended Data Fig. 3| SARS-CoV-2 infection of cerebral organoids containing
infiltrated monocytes. (a) Cerebral organoids differentiated for 45 days were
cocultured for 7 days with human primary monocytes and stained for Iba-1
(orange) and Dapi (purple). The micrograph is representative of fields of views
originating from 2 organoids. (b) Cerebral organoids differentiated for 45 days
were cocultured for 7 days with human primary monocytes and Mock infected

for 10 days. The organoids were stained for CD68, CD163 or CD206 (cyan)

and Iba-1(purple). Each staining panel represents one organoid. (c) Cerebral
organoids differentiated for 45 days were cocultured for 7 days in the absence or
presence of human primary monocytes, infected for 3 or 10 days with SARS-
CoV-2at 105 pfu and stained for Bassoon.
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Three-dimensional snapshots of aslice infected with a replication-competent
SARS-CoV-2mNeonGreenreporter virus. (b) RNA extraction and RT-qPCR were
performed and the data corresponds to SARS-CoV-2 sgRNA levels normalized

by GAPDH housekeeping gene from n of 3 OPAB from 2 donors. Data are
presented as mean values +/- SEM. Two-tailed p value from unpaired t test was
0.0483 (*). (c-d) Infection kinetics of OPAB derived from the frontal lobe (C) and
parietal lobe (D) using a replication-competent SARS-CoV-2 NanoLuciferase
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Extended Data Fig. 5| See next page for caption.
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Extended DataFig. 5| Characterization of the brain features of COVID-19
patients without neurological symptoms. (a) RT-qPCR of the blood and
cerebrospinal fluid (CSF) of 4 COVID-19 patients using two anti SARS-CoV-2
probe sets (IP2 and IP4). GAPDH was also acquired. Color coding shows blood in
red and CSF inblue. ND: not determined. (b) Imaging of Hematoxylin and Eosin
(H&E), GFAP and CD3 stainings of the frontal lobe of 6 COVID-19 patients using
10X magnification. (¢) RT-qPCR from temporal lobe of 6 COVID-19 patient or 3
non-COVID-19 patients were performed in duplicates to evaluate the presence
ofastrocytes. The graph corresponds to GFAP mRNA expression normalized to
GAPDH mRNA. Data are presented as mean values +/- SD. (d, e) Imaging of
CD163 (D) and CD68 (E) staining of the frontal lobe of COVID-19 patients using
10X magnification. Scale bar =100 pm. (f-g) RNA extraction and RT-qPCR from

the temporal lobe of COVID-19 or individuals without COVID-19 (control) were
performed and the data corresponds to the mRNA levels coding for GluA2

(F), or VTI1B (G) normalized by GAPDH. Each dot corresponds to an individual
measurement obtained from at least two individual explants collected from
3non-COVID-19 (control) and 6 COVID-19 patients in duplicates. Data are
presented as mean values +/- SD. Two-tailed p value from unpaired t test was
0.026 (**) or 0.4584 (ns). (h) OPAB were mock-infected or infected with the
original strain or the delta strain of SARS-CoV-2 at 105 pfu/well. The graph
shows the distribution of Bassoon object volumes for each condition. Each dot
corresponds to single Bassoon objects obtained from a n of 3 OPAB. Two-tailed p
value from unpaired t test was < 0.0001 (****) or 0.1879 (ns).
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duplicates from one experiment. (b) SVG-A WT and SVG-A ACE-2 infected with
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graph represents the percentage of infected cells quantify by flow cytometry.
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SD from triplicates from one experiment. (d) SVGA-ACE2 were infected for 48 h
with SARS-CoV-2 WT or SARS-CoV-2 N-mNeonGreen inactivated or not with UV-C
(254 nm) as indicated. Cells were stained with Spike for Flow cytometry analysis.
The bar graph represents the percentage of infected cells in each condition. Data
are presented as mean values +/- SD from duplicates from one experiment. (e)
Cerebral organoids were treated with Scramble or Stachel peptides. The graph
represents the cAMP released after LPHN3 stimulation. Data are presented as
mean values +/- SD from triplicates from one experiment. Two-tailed p value
from unpaired t test was 0.001 (***).
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/a | Confirmed

>
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Data collection  AxioObserver.Z1 inverted microscope (Zeiss) mounted with a spinning disc head (Yokogawa), a back-illuminated EMCCD camera (Evolve;
Photometrics)
spinning-disk confocal microscope (Dragonfly, Oxford Instruments) equipped with an ultrasensitive 1024 x1024 EMCCD camera (iXon Life 888,
Andor) and four laser lines (405, 488, 561, and 637nm)
nanoAcquity UltraPerformance Liquid Chromatography device (Waters Corporation) coupled to a quadrupole-Orbitrap mass spectrometer (Q-
Exactive HF-X, Thermo Fisher Scientific)
PELCO easislicer (Ted Pella)
PerkinElmer EnVision spectro-luminometer
Autostainer BenchMark ULTRA (Ventana Medical Systems)
ChemiDoc imaging system (Bio-Rad)
iBlot2 (ThermoFisher)
ionbot search engine (v0.7.0)
MEA2100-Mini headstage (MultiChannel System)




Data analysis Bitplane Imaris x64 (Oxford Instruments) version 9.2 and 9.7
FiJi (ImageJ)
GraphPad Prism version 9
ProStaR software
Matlab R2022a
Microsoft Excel 2019
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All data are available in the main text, extended data and supplementary materials. The plasmid coding for N-mNeonGreen or N-mRuby3 from SARS-CoV-2 is
available on Addgene (#170467 and #170466 respectively). The mass spectrometry proteomic data have been deposited to the ProteomeXchange Consortium via
the PRIDE partner repository with the dataset identifier PXDO36485.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Sex and gender were not considered in this study.

Population characteristics All the data presented for organotypic culture of brain explant originate from 4 patients aged from 25 and 72 years old.
The post-mortem samples from COVID-19 patients were obtained from 6 patients with a median age of 64.5-year-old (44 to
79-year-old).

Recruitment Cadavers were chosen based on the absence of cerebral injury or trauma and the post-mortem interval (PMI) was not

exceeding 12 h.

Ethics oversight institutional review board (IRB) of the CHU of Montpellier and French Biomedicine Agency. Family consent was obtained, and
absence of opposition from the patient was checked at the French Biomedicine Agency for each patient.
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Sample size No statistical method was used to predetermine sample size.

Data exclusions  No data were excluded from the analyses.

Replication Number of replicates for each experiments are indicated in the figure legends.
Randomization  The experiments were not randomized.

Blinding The investigators were not blinded to allocation during experiments and outcome assessment.
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Antibodies

Antibodies used The following antibodies were used for immunofluorescence in this study: rabbit polyclonal anti-MAP2 (1/100, GeneTex), rat
monoclonal anti-CTIP2 [25B6] (1/100, BioLegend), rabbit polyclonal anti-Pax6 (1/100, BioLegend), goat polyclonal anti-GFAP (1/100,
Novus Biological), rabbit polyclonal anti-lbal (1/100, Genetex), mouse monoclonal anti-Spike SARS-CoV-2 [1A9] (1/100, Genetex),
mouse monoclonal anti-Bassoon [SAP7F407] (1/50, Enzo Life Sciences), rabbit polyclonal anti-Homer1 (1/50, Synaptic system), rabbit
polyclonal anti-LPHN3 (1/100, Proteintech), rabbit polyclonal anti-LPHN3 (1/100, ThermoFisher), goat polyclonal anti-FLRT3 (1/50,
R&D Systems), rabbit monoclonal anti-Cleaved Caspase 3 [SALE] (1/100, Cell Signalling Technologies), mouse monoclonal anti-CD68
[Y1/82A] (1/50, BioLegend), mouse monoclonal anti-CD163 [GHI/61] (1/50, BioLegend), mouse monoclonal anti-CD206 [15-2] (1/50,
BioLegend). The following antibodies were used for histology examination: mouse monoclonal anti-NeuroF [2F11](1/100, DAKQ),
mouse monoclonal anti-NeuN [A60] (1/400, Millipore), rabbit monoclonal anti-Oligo2 [EP112] (1/100, BioSB/diagomics), mouse
monoclonal anti-GFAP [6F2] (1/400, DAKO), rabbit anti-CD3 [2GV6] (1/100, Roche), rabbit anti-Spike S1 SARS-CoV-2 [ARC2373]
(1/100, Diagomics), mouse anti-Nucleocapsid SARS-CoV-2 [BSB-134] (1/750, Diagomics). The following antibodies were used for
immunoblotting in this study: rabbit monoclonal anti-ACE-2 [SNO754] (1/1000, Novus Biological), rabbit polyclonal anti-Actin (1/1000,
Genetex), rabbit monoclonal anti-N SARS-CoV-2 [#019] (1/1000, Sino Biological), mouse monoclonal anti-LPHN3 [B-6] (1/500, Santa
Cruz Biolotechnology). The following dyes were used in this study: Dapi Nuclear Counterstain (Pierce), Hematoxylin and eosin (H&E),
Live/Dead Viability/Cytotoxicity (ThermoFisher), SynaptoRed C2 (Biotium).

Validation All antibodies are commercially available . Please check validation statements on the manufacturer’s website, and/or relevant
citations.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK 293T cells (unknown origin)
Vero E6 cells (ECACC)
H9 cells (WiCell)
hNPCs (Creative Biolabs)

Authentication The cell lines used were not authenticated

Mycoplasma contamination All cells were tested negative. A mycoplasma contamination occured during the course of the study, but cells were trashed.
The equipments were decontaminated and a fresh batch of uncontaminated cells was thawed.

Commonly misidentified lines  No misidentified cells were used.
(See ICLAC register)
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