
HAL Id: pasteur-04016681
https://hal-pasteur.archives-ouvertes.fr/pasteur-04016681

Submitted on 6 Mar 2023

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 dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution| 4.0 International License

Golgi localization of SARS-CoV-2 spike protein and
interaction with furin in cerebral COVID-19

microangiopathy: a clue to the central nervous system
involvement?

Susana Boluda, Karima Mokhtari, Bruno Mégarbane, Djillali Annane,
Bertrand Mathon, Albert Cao, Clovis Adam, Alexandre Androuin, Franck

Bielle, Guy Brochier, et al.

To cite this version:
Susana Boluda, Karima Mokhtari, Bruno Mégarbane, Djillali Annane, Bertrand Mathon, et al.. Golgi
localization of SARS-CoV-2 spike protein and interaction with furin in cerebral COVID-19 microan-
giopathy: a clue to the central nervous system involvement?. Free Neuropathology, 2023, 4 (1),
�10.17879/freeneuropathology-2023-4584�. �pasteur-04016681�

https://hal-pasteur.archives-ouvertes.fr/pasteur-04016681
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Free Neuropathology 4:1 (2023) Boluda et al 
doi: https://doi.org/10.17879/freeneuropathology-2023-4584 page 1 of 20 
 
 

 
 

Copyright: © 2023 The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/), 
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited, a link to the Creative Commons license is provided, and any changes are 
indicated. The Creative Commons Public Domain Dedication waiver (https://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated. 

 

Golgi localization of SARS-CoV-2 spike protein and interaction 
with furin in cerebral COVID-19 microangiopathy: a clue to the 
central nervous system involvement? 

Susana Boluda1,2, Karima Mokhtari1,2, Bruno Mégarbane3, Djillali Annane4, Bertrand Mathon5, Albert Cao6, 
Clovis Adam7, Alexandre Androuin2, Franck Bielle1,2, Guy Brochier1,8, Frédéric Charlotte9, Lydia Chougar10, 
Khalid Hamid El Hachimi2,11, Marc Eloit12, Stéphane Haïk1,2, Dominique Hervé13, Amal Kasri2, Valentin 
Leducq14, Stéphane Lehéricy10, Etienne Levavasseur1,2, Christian Lobsiger2, Geoffroy Lorin de La 
Grandmaison15, Isabelle Malet14, Isabelle Malissin3, Stéphane Marot14, Serge Marty2, Philippe Pérot12, 
Isabelle Plu1,2, Annick Prigent2, Lev Stimmer2, Marie-Claude Potier2, Anne-Geneviève Marcelin14, Benoît 
Delatour2, Charles Duyckaerts1,2, Danielle Seilhean1,2 

1 Department of Neuropathology, Pitié-Salpêtrière Hospital, AP-HP Sorbonne University, Paris, France 

2 Institut du Cerveau - Paris Brain Institute - ICM, Inserm U1127, CNRS UMR7225, APHP, Sorbonne University, Pitié-
Salpêtrière Hospital, Paris, France 

3 Department of Medical and Toxicological Critical Care, Lariboisière Hospital, AP-HP, Paris University, INSERM 
UMRS-1144, Paris, France 

4 Department of Critical Care, Raymond Poincaré Hospital, Boulevard Raymond Poincaré, APHP, Paris-Saclay Uni-
versity, INSERM U1173, Garches, France 

5 Department of Neurosurgery, Pitié-Salpêtrière Hospital, AP-HP Sorbonne University, Paris, France 

6 Department of Neurology, Neuro-ICU, Pitié-Salpêtrière Hospital, AP-HP Sorbonne University, Paris, France 

7 Department of Pathology, Bicêtre Hospital, AP-HP, Paris Saclay University, Le Kremlin-Bicêtre, France 

8 Institut de Myologie, Pitié-Salpêtrière Hospital, Paris, France 

9 Department of Pathology, Pitié-Salpêtrière Hospital, AP-HP Sorbonne University, Paris, France 

10 Department of Neuroimaging, Pitié-Salpètrière Hospital, AP-HP Sorbonne University, Paris, France 

11 Ecole Pratique des Hautes Etudes (EPHE), Paris Sciences et Lettres (PSL) University, Paris, France 

12 Institut Pasteur, Pathogen Discovery Laboratory, Paris, France 

13 Department of Neurology, Lariboisière Hospital, AP-HP Nord- Paris University, Paris, France 

14 Department of Virology, Pitié-Salpêtrière Hospital, AP-HP Sorbonne University, INSERM 1136, Institut Pierre 
Louis d’Epidémiologie et de Santé Publique (iPLESP), Paris, France 

15 Department of Forensic Medicine and Pathology, Raymond Poincaré Hospital, AP-HP, Paris Saclay University, 
Garches, France 

Corresponding author: 
Danielle Seilhean · Department of Neuropathology · Pitié-Salpêtrière Hospital · AP-HP Sorbonne University · Paris · France 
danielle.seilhean@gmail.com 

Additional resources and electronic supplementary material: supplementary material 

Submitted: 04 January 2023 · Accepted: 06 February 2023 · Copyedited by: Georg Haase · Published: 10. February 2023 

Original Paper 

https://doi.org/10.17879/freeneuropathology-2023-4584
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/publicdomain/zero/1.0/
mailto:danielle.seilhean@gmail.com
https://www.uni-muenster.de/Ejournals/index.php/fnp/article/view/4584/4800


Free Neuropathology 4:1 (2023) Boluda et al 
doi: https://doi.org/10.17879/freeneuropathology-2023-4584 page 2 of 20 
  
 

 

Abstract 

In a neuropathological series of 20 COVID-19 cases, we analyzed six cases (three biopsies and three autopsies) 
with multiple foci predominantly affecting the white matter as shown by MRI. The cases presented with micro-
hemorrhages evocative of small artery diseases. This COVID-19 associated cerebral microangiopathy (CCM) was 
characterized by perivascular changes: arterioles were surrounded by vacuolized tissue, clustered macrophages, 
large axonal swellings and a crown arrangement of aquaporin-4 immunoreactivity. There was evidence of blood-
brain-barrier leakage. Fibrinoid necrosis, vascular occlusion, perivascular cuffing and demyelination were absent. 
While no viral particle or viral RNA was found in the brain, the SARS-CoV-2 spike protein was detected in the 
Golgi apparatus of brain endothelial cells where it closely associated with furin, a host protease known to play a 
key role in virus replication. Endothelial cells in culture were not permissive to SARS-CoV-2 replication. The dis-
tribution of the spike protein in brain endothelial cells differed from that observed in pneumocytes. In the latter, 
the diffuse cytoplasmic labeling suggested a complete replication cycle with viral release, notably through the 
lysosomal pathway. In contrast, in cerebral endothelial cells the excretion cycle was blocked in the Golgi appa-
ratus. Interruption of the excretion cycle could explain the difficulty of SARS-CoV-2 to infect endothelial cells in 
vitro and to produce viral RNA in the brain. Specific metabolism of the virus in brain endothelial cells could 
weaken the cell walls and eventually lead to the characteristic lesions of COVID-19 associated cerebral microan-
giopathy. Furin as a modulator of vascular permeability could provide some clues for the control of late effects 
of microangiopathy. 
 

Keywords: COVID-19, Neuro-Covid, Microangiopathy, Furin, Blood-brain barrier (BBB) 

 

Introduction 

Many questions remain open regarding the fre-
quent and diverse involvement of the central nerv-
ous system (CNS) by SARS-CoV-2 [11, 27, 49]. Inflam-
matory infiltrates have been found, especially in the 
brainstem [28], and have been taken as evidence of 
encephalitis [28, 54]. Nevertheless, in most cases, 
inflammation is inconspicuous or even absent [10, 
15, 47]. In some cases, direct neuroinvasion by the 
virus has been suggested or observed. The virus may 
invade the brain through the olfactory mucosa and 
the nerve processes that cross the cribriform plate 
[13, 32]. Bitemporal necrosis found at CT scan and 
MRI, similar to the one seen in herpetic encephalitis, 
has been reported [34, 36, 43]. The presence of the 
virus genome has been demonstrated in the olfac-
tory mucosa in a subset of patients (21 among 40 
patients for Matschke et al.[28], four among 20 for 
Serrano et al.[47]). Although rarely, the SARS-Cov-2 
virus genome has also been observed in various re-
gions of the CNS including the olfactory bulb, brain-
stem, temporal cortex, amygdala and leptomenin-
ges [28, 44, 47]. Even though the possibility of direct 
neuroinvasion has been confirmed by some experi-

mental data [50], the viral genome turned out to be 
difficult to detect in the human CNS [47, 49], except 
in a recent study that found viral genome through-
out the brain and other organs by droplet digital pol-
ymerase chain reaction (ddPCR)[52]. Multiple le-
sions evocative of acute disseminated encephalo-
myelitis (ADEM) have been described [37, 45]. Anti-
aquaporin-4 circulating antibodies have been found 
as in neuromyelitis optica [8]. This observation em-
phasizes the role of secondary immune mechanisms 
and downplays the direct impact of the virus in the 
CNS. 

Large vessel occlusions occur especially in 
young COVID-19 patients [26, 40]. In some cases, the 
lesions also involve the brain microvasculature. 
These cases of COVID-19 associated cerebral micro-
angiopathy (CCM) present with multiple, often hem-
orrhagic lesions, evocative of small artery disease [6, 
7, 22]. Histopathological studies show micro-in-
farcts, the mechanism of which is still under debate 
[16, 18, 21, 24]. In the present paper, six cases of 
CCM were histopathologically examined and the 
mechanisms of the lesions were investigated. While 
these cases did not display viral genomes or viral 
particles detectable by molecular techniques, they 
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showed the presence of spike protein (SP) in the en-
dothelial vessels. SP protein was consistently associ-
ated to furin. Furin is a serine protease involved in 
the metabolism of the spike protein (SP) of SARS-
CoV-2. It cleaves SP and plays a key role in virus entry 
and viral protein biogenesis [17, 20, 39, 48]. We in-
vestigated the subcellular localization of furin and SP 
in the lesions of CCM 

Material and Methods 

Patients 

The study received approval from the Sorbonne Uni-
versity Ethic Committee (CER-202028). Twenty 
cases of acute COVID-19 infection collected during 
2020, corresponding to the first two waves of the 

pandemic, were analyzed: 13 cases in the neuropa-
thology department of Pitié-Salpêtrière Hospital 
(ten autopsies and three cerebral biopsies);  seven 
others in the pathology department of Bicêtre Hos-
pital, after autopsy at Raymond Poincaré Hospital, 
Garches. A Magnetic Resonance Imaging (MRI) was 
performed either ante-mortem or post-mortem in 
all the Pitié-Salpêtrière cases and ante-mortem in 
one patient from Bicêtre Hospital. For those cases in 
Bicêtre Hospital without MRI, inclusion was based 
on histopathological criteria. The three biopsied 
cases (patients # 1 to 3, Table 1, Fig.1) and two au-
topsied cases (patients # 4 and 5), presented with 
multifocal hypersignals in the deep white matter, 
evocative of microbleeds. Microbleeds were seen in 
patient # 6 at histopathological examination (Table 
1, Fig. 1, Supplementary table).

 

 

Fig 1. Cerebral microangiopathy with multiple microhemorrhagic foci. Magnetic resonance imaging. Case # 1 (a - d), Case # 2 (e - h), 
Case # 3 (i - l) and Case # 4 (m - p). Multi-territory recent ischemic lesions with reduced apparent diffusion coefficient were detected on 
DWI diffusion-weighted (left column a, e, i, m) and FLAIR images (middle left column, b, f, j, n), with frequent contrast enhancement on 
T1-weighted images (middle right column, c, g, k, o). Susceptibility-weighted images showed numerous microbleeds in cortico-subcortical 
areas and deep hemispheric white matter (SWI, right column, d, h, l, p). Brain biopsies. Case # 1 (q-s), case # 2 (t-v), case # 3 (w-y). (q) 
SMA (red)-CD163 (brown) double labeling showing a macrophagic infiltrate around a vessel; (r) MBP (brown)-NF (red) with hematoxylin 
(blue) counterstain showing no demyelination but bleeding; (s) A few CD8+ lymphocytes are observed within the microhemorrhagic foci 
(q, r, s : scale bars = 80 μm). Needle biopsy sample showing focal lesions in the white matter: (t) HE-Luxol fast Blue; (u) CD163 for macro-
phages (t, u: scale bar = 400 µm). (v) MBP (brown)-NF (red) with hematoxylin (blue) counterstain showing an area rich in macrophages 
without accumulation of myelin debris (scale bar = 40 µm). (w) Foci of vacuolated tissue around a vessel (H&E, scale bar = 80 μm). (x) 
Axonal damage was severe within the foci with numerous axonal swelling and vacuolization; (y) at the periphery of the lesion occasional 
glial nuclear alterations (arrow), and apoptotic nuclei (arrow head) were noticed (x, y: H&E, scale bars = 20 µm). 
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Table 1: Clinical data 

BMI, body-mass index; CSF, cerebrospinal fluid. 

 Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 

Age 37 49 77 63 51 52 

Gender M M F M M M 

Ethnicity Indian North African North African White European Sub-Saharan African White European 

Risk factors Obesity (BMI =31) 

Rheumatoid pur-
pura; renal insuffi-

ciency; kidney 
transplantation 

Hypertension, 
obesity, asthma 

Hypertension Hypertension 
Obesity BMI=37 

hypertension 

Day 0: demand 
for medical care 

Dry cough, 
odynophagia, 

headache 

Fever, cough, 
dyspnea 

Fever, fatigue, 
cough, dyspnea, 

headache, 
anosmia 

Fever, dyspnea 
Fever, cough and 

dyspnea 
Fever, cough, 

dyspnea 

Chest CT scan Bilateral multifocal ground glass pattern 

Persistent 
consciousness 
alteration after 
sedative drug 
discontinuation 

Day 33 Day 30 Day 22 Day 15 Day 7 N/A 

CSF analysis 

Pleiocytosis 
(10 cells/mm3) 

normal protein and 
glucose levels 

Normal N/A 

SARS-CoV 
RT-PCR on CSF 

Negative 

Brain MRI Multiple confluent 
FLAIR hyper signals 
in the white matter, 
most of them with 
contrast enhance-
ment and central 
cavitation. Some 

micro bleeds were 
also observed in 

supra and infra ten-
torial regions. 

(Fig1. a) 

Multiple small 
diffusion hyper in-

tensities in the 
deep white matter 

and brainstem, 
associated with mi-
cro bleeds in supra 
and infra tentorial 
regions. A lacunar 

infarct was ob-
served in the left 

thalamus. (Fig1. b) 

Multiple conflu-
ent FLAIR hyper 

signals in the 
deep supratento-
rial white matter, 

mostly with 
necrotic centers 

and slight periph-
eral enhance-
ment. (Fig1. c) 

Multi-territory recent 
ischemic lesions, an 

acute cerebral hemor-
rhage and innumerable 

microbleeds in the 
cortico-subcortical and 

deep hemispheric 
white matter were 

detected respectively 
on FLAIR, DWI and SWI 

sequences. 
(Fig 1. d-i) 

Early MRI showed 
strong bilateral ab-
normal T2-FLAIR HI 
without post gado-

linium enhance-
ment within the 

olfactory bulb and 
tract. T2-FLAIR*hy-
perintensity of the 
cerebrospinal fluid 

on the border of the 
medulla oblongata, 
pons, mesencepha-

lon, suggesting a 
leptomeningitis. No 

post gadolinium 
enhancement of 
leptomeninges. 

N/A 

Electro- 
encephalogram 
(EEG) 

Nonspecific diffuse 
slow-wave activity, 
unreactive, without 

any epileptic 
patterns 

Fluctuating slow 
waves, predomi-

nantly affecting the 
anterior areas 

Nonspecific dif-
fuse slow-wave 
activity, incon-

stantly reactive, 
without any epi-
leptic patterns 

Slow, with disorganized 
background activity, 

little reactive without 
any epileptic patterns 

Slow activity with 
centro-temporal 
slow delta waves 

N/A 

Cerebral biopsy Day 38 Day 53 Day 34 No No No 
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 Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 

Treatment Plasma exchanges 
and corticosteroids 

[3] 

Corticosteroids, 
catecholamine infu-
sion, hemodialysis 
and veno-venous 
ECMO on day 43 

  Cefotaxime, 
Spiramycine, Lop-
inavir/Ritonavir. 

Sedation with mid-
azolam, sufentanyl, 
propofol, mechani-
cal ventilation vaso-

pressive therapy, 
hemodialysis, 

heparin 

Cefotaxime, 
Azithromycine, 

hydroxychlorquine. 
Sedation with mid-
azolam, sufentanyl, 
propofol, mechani-

cal ventilation, 
vasopressive ther-
apy, hemodialysis, 

ECMO 

Course of the 
disease 

No consciousness 
improvement 

Communication 
was restored on 

day 63. On day 69, 
he could swallow; 
tracheostomy was 

withdrawn and 
ventilation was 
discontinued. 

No consciousness 
improvement 

Multiple organ failure 

No consciousness 
improvement, 
multiple organ 

failure 

Refractory 
hypoxia, multiple 

organ failure 

Death Day 81 No Day 75 Day 44 Day 20 Day 11 

Autopsy No - No Yes Yes Yes 

Post mortem 
delay (hours) 

- - - 35 15 100 

Brain weight 
(grams) 

- - - 1370 1475 1679 

Table 1: Clinical data 

 

Regarding the remaining autopsied cases, 
three presented with deep venous thrombosis and 
the others did not show CNS involvement on MRI. In 
total, six cases of COVID-19 infection with white 
matter anomalies were analyzed in the present 
study. 

The clinical histories of the selected patients 
showed similarities and are summarized in Table 1. 
The age of the patients ranged from 37 to 77 years 
(mean: 54.8 years). All of them were males, except 
for patient # 3. They all presented at least one risk 
factor: obesity, hypertension or both, but none of 
them was diabetic. Patient # 2 was under immuno-
suppressive treatment as he had a kidney transplan-
tation. Seven to ten days after the first COVID-19 
symptoms, the patients were admitted to the hospi-
tal with acute respiratory distress syndrome. Diag-
nosis was made by detecting SARS-CoV-2 RNA with 
Real Time-Polymerase Chain Reaction (RT-PCR) in 
samples from nasopharyngeal swabs. The patients 
were sedated, mechanically ventilated and received 
corticosteroids and supportive care, which im-
proved their respiratory conditions seven to 33 days 

later. Despite sedative drug discontinuation, awak-
ening was unsatisfactory: the patients opened their 
eyes spontaneously but they did not respond to sim-
ple orders. Brainstem reflexes were preserved. Skew 
eye deviation and left internuclear ophtalmoplegia 
were observed in patient # 2. No alternative meta-
bolic or drug-related causes were found to explain 
impaired consciousness. Patients # 2 and 6 were 
treated with extracorporeal membrane oxygenation 
(ECMO). Multiple punctate lesions predominating in 
the white matter were seen in patients # 1 to 5, for 
whom MRI was available (Fig. 1, a-p). The therapeu-
tic management of patients # 1 to 3 has been de-
scribed in a previous work [4]. 

Control samples 

Autopsy samples from 16 cases with various 
conditions were used as controls. They included 
samples from normal brains (n=4), COVID-19 pa-
tients without brain lesions (n=4), cases with acute 
disseminated encephalomyelitis (ADEM, n=1) or 
multiple sclerosis (n=1) and cases with vascular le-
sions of various causes: watershed infarcts (n=2), 
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post ECMO hypoxemia (n=2), endovascular lym-
phoma (n=1), amyloid microangiopathy Thal type 1 
(n=2), in which recent hemorrhages and ischemic le-
sions were seen. Immunohistochemistry for spike 
protein and furin was done in the frontal white mat-
ter, striatum and brainstem in all cases. 

 Biopsy and autopsy tissue processing 

The autopsies were authorized according to 
French current regulation and the use of samples for 
research was authorized by the next of kin. The sam-
ples were collected and stored according to the 
COVID tissue bank (COVITIS) protocol, approved by 
the national biomedical agency and the French Min-
istry of Research (Agence de la Biomédecine, PFS 20-
008; French Ministry of Research DC2020-4022). The 
protocol includes sampling of the brain, lungs, heart, 
trachea, lymph nodes, tonsils, spleen, liver, pan-
creas, guts, bladder, kidneys, skin, muscles, nerves 
and bone marrow. Each sample was prepared in 
three ways: 1) fixed in formaldehyde and paraffin 
embedded (FFPE); 2) snap frozen in liquid nitrogen 
cooled isopentane for cryostat sections; 3) directly 
frozen at -80 °C for molecular biology. In cases # 5 
and 6 the frozen extra-cerebral samples were lim-
ited to the lung. 

For brain sampling, the cerebral hemispheres 
were separated immediately after removal by a sec-
tion across the corpus callosum; the sagittal section 
was extended to the brainstem and the cerebellum. 
The right hemi-brain was sliced into coronal sec-
tions. Samples from the olfactory bulb and piriform 
gyrus, frontal, temporal, occipital and hippocampal 
cortices, corona radiata white matter, striatum, 
thalamus, amygdala, cerebellum, mesencephalon, 
pons, medulla oblongata and leptomeninges were 
fast-frozen at -80°C. Nearby samples were fixed for 
15 days in buffered 4% formaldehyde, then im-
mersed one hour in formic acid (a systematic meas-
ure in the laboratory to decrease the infectivity of a 
potential prion disease), before paraffin embedding, 
cutting and staining. The left hemi-brain was im-
mersed for one month in buffered 4% formaldehyde 
and the same regions as in the right hemi-brain were 
sampled. After one-hour immersion in a 90% formic 
acid solution, the samples were embedded in paraf-
fin and cut at a thickness of 3 µm. 

The biopsy samples were fixed for eight hours 
in 4% formaldehyde, directly embedded in paraffin 
without a formic acid pretreatment and cut at a 
thickness of 4 µm. In cases # 1 to 4, brain tissue was 
fast frozen at -80°C for Next Generation Sequencing 
(NGS). 

Staining and immunohistochemistry (IHC) 

Tissue sections from the biopsy samples and 
selected regions of the autopsy cases were stained 
with hematoxylin-eosin (H&E), Perls’ method, or-
cein, Masson’s trichrome, Martius Scarlet Blue, pe-
riodic acid Schiff (PAS), Gram’s and Grocott’s tech-
nique. In addition, sections from selected regions of 
the autopsy cases were stained with H&E combined 
with Luxol Fast Blue. Some sections were im-
munostained with a Ventana BenchMark stainer 
(RocheTM). The biotinylated secondary antibody was 
included in the detection kit (Ventana Medical Sys-
tems Basic DAB Detection Kit 250-001). Diamino-
benzidine (DAB), occasionally combined with alka-
line phosphatase (ALP) for double labelling, was 
used as a chromogen. The pretreatment and the an-
tibodies used for IHC are listed in table 2. 

Multispectral microscopy 

FFPE sections from the frontal cortex (case # 4) 
were doubly immunostained against SARS-CoV-2 SP 
(DAB chromogenic substrate) and giantin (Fast Red - 
FR - chromogen). To separate DAB and FR signals, 
the sections were analyzed with the MantraTM mul-
tispectral imaging station and the Inform software 
(Akoya Biosciences). DAB and FR signals were each 
associated with a pseudo-color in order to distin-
guish SP and giantin immunolabelling. 

Confocal microscopy 

To determine the intracellular localization of SP 
protein in the cells and its interaction with furin, 
FFPE sections from the frontal cortex of cases # 4, 5 
and 6 and from the lung (case # 4) were im-
munostained with the SP antibody (revealed with 
secondary antibody coupled with Alexa Fluor-
AF488), and doubly labelled with antibodies against 
BIP, giantin, furin, TGN46 or cathepsin B (Table 2), 
revealed with secondary antibody coupled with 
Alexa Fluor-AF555. The sections were counter-
stained with DAPI. Distribution and colocalization of 
immunofluorescent signals were analyzed with a 
confocal microscope (Leica SP8 DLS). 
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Table 2: Immunohistochemical methods 

CC1, a proprietary high pH (=8) buffer at 95°C; CC2, a proprietary pH (=6) buffer; FA: formic acid; RT: room temperature. 

Antigen 
Poly/mono-

clonal 
Producer Immunogen Clone Pretreatment Dilution 

Incubation 
time 

Aβ 
Monoclonal 

(mouse) 
Dako® Deposits of beta-amyloid 6F/3D Formic acid 1:200 

Overnight 
RT 

Angiotensin 
conversion 
enzyme-2 
(ACE2) 

Polyclonal 
(rabbit) 

Abcam® 
Synthetic peptide within 
Human ACE2 aa 750 to 

the C-terminus 
– 

CC1® 
64 min 

1:1500 60 min 

Aquaporin-4 
(AQP4) 

Polyclonal 
(rabbit) 

Sigma® 
Aquaporin-4 

water channel 
– CC2® 1:3000 32 min 

BIP 
GRP78 

Polyclonal 
(rabbit) 

Abcam® Synthetic peptide – 
CC1® 

52 min 
1:200 60 min 

Cathepsin B 
Polyclonal 

(rabbit) 
Calbiochem® Lysosomes Ab-3 

CC1® 
52 min 

1:200 60 min 

CD147/basigin 
Monoclonal 

(rabbit) 
Abcam® Synthetic peptide EPR4053 

CC1® 
36 min 

1:500 
Overnight 

+4°C 

CD163 
Monoclonal 

(mouse) 
Cell Marque® 

Acute phase-regulated 
transmembrane protein 

on monocytes 
MRQ-26 

CC1® 
64 min 

1:50 32 min 

CD20 
Monoclonal 

(mouse) 
Dako® 

Transmembrane protein 
expressed on B cells 

L26 
CC1® 

36 min 
1:100 32 min 

CD3 
Monoclonal 

(rabbit) 
Ventana® 

Epsilon chain of the 
human CD3 

2GV6 
CC1® 

30 min 
prediluted 32 min 

CD34 
Monoclonal 

(mouse) 
Dako® Human endothelial cells QBEend10 

CC1® 
30 min 

1:50 20 min 

CD4 
Monoclonal 

(mouse) 
Dako® T helper cells 4B12 

CC1® 
36 min 

1:40 60 min 

CD8 
Monoclonal 

(mouse) 
Dako® 

Suppressor/ 
cytotoxic T cells 

C8/144B 
CC1® 
8 min 

1:50 32 min 

Cytomegalo- 
virus 

Monoclonal 
(mouse) 

Dako® 
CMV immediate early 

antigen and early antigen 
CCH2+ 
DDG9 

Protease 
4 min 

1:50 32 min 

Fibrinogen 
Polyclonal 

(rabbit) 
Dako® 

Fibrinogen, fibrin and the 
fibrinogen fragments 

D and E 
– – 1:500 32 min 

Furin 
Monoclonal 

(rabbit) 
Abcam® 

Recombinant 
human furin 

EPR14674 
CC1® 

52 min 
1:100 60 min 

GFAP 
Monoclonal 

(mouse) 
Dako® 

Glial Fibrillary Acidic Pro-
tein 

6F2 – 1:500 28 min 

Giantin 
Polyclonal 

(rabbit) 
Abcam® 

Cis-media cisternae of the 
Golgi complex 

– 
CC1® 

52 min 
1:200 60 min 

HSV1 
Monoclonal 

(mouse) 
Roche® ICP8 10A3 

CC1® 
36 min 

prediluted 32 min 

IgG 
Polyclonal 

(rabbit) 
Dako® – – – 1:40 120 min 

Measles Rabbit IgG Quartett® – – 
CC1® 

56 min 
1:40 60 min 

Myelin basic 
protein (MBP) 

Monoclonal 
(rabbit) 

BioSB® – EP207 
CC1® 

36 min 
1:50 60 min 
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Antigen 
Poly/mono-

clonal 
Producer Immunogen Clone Pretreatment Dilution 

Incubation 
time 

Neurofilament 
(NF) 

Monoclonal 
(mouse) 

Dako® 
70 kDa subunit of 

neurofilament (axons) 
2F11 CC1® 1:2000 32 min 

p62 Mouse IgG BD Biosciences® P62-lck ligand 3/p62 
CC2® 

44 min 
1:500 1 h 36 

Polyomavirus 
Polyclonal 

(rabbit) 

Courtesy 
Dr Walker, 

Madison, WI 
Large T antigen – CC1® 1:500 32 min 

SARS-CoV 
Monoclonal 

(mouse) 
Abcam® Spike protein 3A2 

CC1® 
36 min 

1:100 60 min 

SARS-CoV2 
Monoclonal 

(rabbit) 
Clinisciences® Nucleocapsid (N) protein 019 

CC1® 
36 min 

1:100 32 min 

Smooth muscle 
actin (SMA) 

Monoclonal 
(mouse) 

Dako® 
N-terminal of the α 
smooth cell actin 

1A4 
CC1® 
8 min 

1:500 20 min 

Tau 
Monoclonal 

(mouse) 
ThermoFisher® 

Phospho-Tau 
(Ser202, Thr205) 

AT8 
CC1® 
8 min 

1:500 32 min 

TGN46 
Polyclonal 

(rabbit) 
ThermoFisher® Trans-Golgi network  

CC1® 
20 min 

1:400 32 min 

Toxoplasma 
gondii 

Polyclonal 
(rabbit) 

Biogenex® – – 
CC1® 
8 min 

prediluted 32 min 

Varicella-Zoster-
virus 

Monoclonal 
(mouse) 

Monosan® – 
7 clones cock-

tail 
– prediluted 32 min 

Table 2: Immunohistochemical methods 
 

Electron microscopy 

In patient # 4, 1-mm3 samples from altered 
white matter were fixed immediately with glutaral-
dehyde (2.5%, pH 7.4), post fixed with osmium te-
troxide (2%), dehydrated and embedded in resin. Ul-
tra-thin sections were obtained at different depths 
from three blocks and stained with uranyl acetate 
and lead citrate. The grids were observed using a Hi-
tachi HT 7700 electron microscope (ElexienceTM, 
Verrières-le-Buisson, France) operating at 100kV. 

Molecular SARS-CoV-2 analyses 

Various morphological methods (in situ hybrid-
ization-ISH, RNAscope) and non-morphological 
methods (RT-PCR, NGS) were used to detect SARS-
CoV-2 virus RNA in the tissues. 

RT – PCR (Real time polymerase chain reaction) 

To detect viral RNA in cases # 1 to 3, samples 
snap-frozen at -80°C were used. In case # 4, for 
which abundance of tissue was available, samples 
snap-frozen at -80°C from nine regions of the central 
nervous system and from multiple extra cerebral tis-
sues were tested (Table 3). Total RNA was extracted 

with the RNeasy mini kit (QiagenTM), after a mechan-
ical disruption with TissueLyserLT (QuiagenTM). Total 
RNA samples were treated by DNase to avoid resid-
ual genomic DNA contamination. RT-PCR was subse-
quently performed using the RealStar SARS-CoV-2 
RT-PCR kit (Altona diagnosticsTM) to estimate the 
SARS-CoV-2 viral load. 

Next Generation sequencing (NGS) 

NGS-based transcriptomic analysis to search 
for viral transcripts was used in tissue samples from 
four cases (cases # 1 to 4) as previously described 
[42]. This technique is agnostic and provides se-
quences of the human transcriptome, possibly 
mixed with exogenous sequences of pathogens. 
Those are identified by comparison with the se-
quences of known microbes. In addition, NGS-based 
target capture was used to increase the sensitivity 
towards SARS-CoV-2 RNA (Twist BiosciencesTM, San 
Francisco, USA). 

ISH (in situ hybridization) 

To explore further the presence of virus in var-
ious tissues, ISH was performed as previously de-
scribed [42] on FFPE sections of lung and frontal lobe 
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in case # 4. ViewRNA ISH Tissue Assay Kit 2-plex 
(Thermo Fisher ScientificTM) was used with a cocktail 
of custom branched DNA (bDNA) probes targeting 
six segments of known opening reading frames 
(ORFs) for COVID-19 Wuhan-Hu-1 strain based on 
GenBank MN909847 and a mix of control probes tar-
geting human GAPDH, ACTB and PPI transcripts. The 
oligonucleotide probes were conjugated to alkaline 
phosphatase. Chromogens were Fast Red (for SARS-
CoV-2 probe) and Fast Blue (for the control probes). 

Table 3: Post mortem RT PCR autopsy case # 4 

 Organ/region 
RT PCR 
result 

Cardio-respiratory 
system 

Right lung + 

Left lung + 

Trachea – 

Myocardium – 

Hematopoietic or-
gans 

Mediastinal lymph node + 

Cervical lymph node + 

Spleen +/– 

Bone marrow – 

Tonsil – 

Digestive system 

Tongue – 

Esophagus – 

Small intestine – 

Colon – 

Liver – 

Pancreas – 

Urinary tract 
Kidney – 

Bladder – 

Muscle and nerve 
Brachial plexus – 

Deltoid – 

Central nervous 
system 

Leptomeninges – 

Frontal lobe (F2) – 

Temporal lobe (T1) – 

Hippocampus – 

Calcarin – 

Caudate nucleus – 

Thalamus – 

Cerebellum – 

Olfactory bulb – 

 

RNAscope 

In another attempt to detect viral RNA in the 
autopsy samples fixed for 15 days, FFPE RNA ISH was 
performed using the RNAscope TM SARS-CoV-2 
probes for the S gene encoding SP (catalogue 
#848561, Advanced Cell DiagnosticsTM) and the 
RNAscope TM 2.5 HD Reagent Kit-BROWNTM (cata-
logue #322300). RNA integrity in tissue samples was 
controlled by a preliminary step using the RNAscope 
TM Positive Control Probe - Hs-UBC (catalogue 
#310041). All experiments were carried out manu-
ally according to the manufacturer’s instructions. 

Cell Culture 

To improve our understanding of the interac-
tion of the virus with endothelial cells and furin, cul-
tures of four cell lines were used: human endothelial 
cells derived from Induced pluripotent stem cells 
(iPSC-d-ECs), a human cerebral microvessel endo-
thelial cell line (hCMEC/D3), a Human Umbilical Vein 
Endothelial Cell line (HUVEC) and a primate kidney 
cell line (Vero E6 cells). 

The control iPSC-d-ECs line (Welcome Trust 
Sanger Institute, HipSci, Cell line name: bHip-
Sci0914i-zerv_8 catalogue number: 77650327) was 
differentiated into endothelial cells from an in vitro 
monolayer following a previously developed proto-
col [41]. After differentiation, the iPSC-d-ECs were 
purified using Fluorescence Activated Cell Sorting 
(FACS). Cells were incubated with either Alexa Fluor 
488-conjugated CD31 (PECAM1) antibody for 30 
minutes, or isotype-matched secondary antibody in 
the absence of primary antibody serving as negative 
control. The purified iPSC-d-ECs were expanded in 
Endothelial Growth Medium-2 (EGM-2 Bullet kit, 
#cc86 3202, Lonza TM) and characterized by immu-
nofluorescence for the expression of the endothelial 
markers CD31/PECAM1, CD144/VE-cadherin and 
von Willebrand factor. The hCMEC/D3 was kindly 
donated by P. O. Couraud from the Cochin Institute, 
Université de Paris, France. It was derived from mi-
crovessels obtained from tissue excised during sur-
gery for epilepsy. The cells were immortalized by 
lentiviral transduction with the catalytic subunit of 
human telomerase (hTERT) and SV40 large T antigen 
[56]. These cells, which express a brain endothelium 
phenotype, were cultured as previously described 
[55]. 
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iPSC-d-ECs and hCMEC/D3 were grown on sur-
faces coated with Matrigel (CorningTM #354277) or 
Type I Collagen (CorningTM, #354236: Collagen I, Rat 
Tail Natural 100mg), respectively. The cells were cul-
tured at 37°C with 5% CO2 in EGM-2 medium, sup-
plemented with 0.1% penicillin-streptomycin (P/S; 
GibcoTM). 

HUVEC cells (a gift from the lab of Pr. Yong 
Chen) were grown at 37°C with 5% CO2 in EGMTM -2 
BulletKitTM Medium with 0.1% P/S. At passage 7 the 
cells were seeded on 12-well plate on coverslips (12 
mm). 

Vero E6 cells (ATCC No. CRL-1586) correspond 
to a cell line isolated from kidney epithelial cells of 
African green monkey. The cells have lost the type I 
interferon gene cluster and are particularly sensitive 
to viral infection. They were used as controls for the 
in vitro infection by SARS-CoV-2 viruses. The line was 
cultured in Dulbecco’s modified Eagle’s medium 
(DMEM), supplemented with 10% fetal bovine se-
rum (FBS), 1% non-essential amino-acids and 1% P/S 
(GibcoTM). 

In vitro infection of iPSC-d-EC and hCMEC/D3 cell line 

iPSC-d-ECs at passage 2 (p2) or hCMEC/D3 cell 
line at p33 were seeded on coated glass coverslips. 
At 50 % of confluence, the iPSC-d-EC or hCMEC/D3 
were incubated with 0.1, 0.5 and 1 multiplicities of 
infection (MOI). The supernatants and the cells were 
harvested at 48, 72 and 96 hours. Viral RNA (gene E) 
was quantified by RT-PCR in the supernatant and in 
the intra-cellular compartment. Vero E6 cells were 
used as controls. 

Cell fixation and Immunofluorescence 

The cells were fixed with phosphate buffer sa-
line (PBS)-4% paraformaldehyde (Electron Micros-
copy Sciences) at room temperature, then 
quenched for 10 minutes with 50 mM PBS-NH4CL. 
For permeabilization, cells were incubated in PBS 
supplemented with 2 g/L bovine serum albumin 
(BSA) and 0.5 g/L saponin for 20 minutes at room 
temperature. The antibodies were diluted in the 
permeabilization buffer. The cells were im-
munostained with the polyclonal rabbit anti-SP anti-
body (Abcam, #ab272504, 1:300) for one hour in a 
humid chamber at room temperature. After washes 

with PBS, the cells were incubated with Alexa Fluor-
555 anti-rabbit secondary antibody (1:500) and co-
stained with DAPI (Vector Laboratories, 1:10000). 
Slides were mounted in VectashieldTM antifade me-
dium and observed with a Nikon A1R HD25 confocal 
microscope with resonant scanning at the x60 objec-
tive. 

Cell incubation with SP peptides 

HUVEC cells were incubated with recombinant 
SP S1 full length peptide (Val16-Arg685 ; ProSci #10-
300) and control RBD peptide (Arg319-Phe541 ; Pro-
SCi #10-303), as described in Nuovo et al. [38]. In 
brief, cells were incubated with 70ng/ml of S1 and 
RBD peptide for 48 hours. Cell fixation was per-
formed with paraformaldehyde 4% for 10 min at 
room temperature. For permeabilization, cells were 
incubated in PBS supplemented with BSA 2g/L and 
saponin 0.5g/L for 20 min at room temperature. 
Rabbit anti -S1 (ProSCI 9083) and anti RBD (ProSCI 
9087) were incubated in the permeabilization 
buffer. The secondary antibody was an anti-rabbit 
conjugated to Alexa Fluor 568. Coverslips were 
mounted in VECTASHIELD antifade mounting me-
dium. 

Results 

Microangiopathy seen as microhemorrhages of 
small arteries is a common trait in a subset of 
SARS-CoV-2 infected patients. 

As mentioned previously, radiological findings 
shared common features in the cases for whom MRI 
was available (Fig. 1, a-p). The same was true for 
neuropathology. 

In the biopsy samples, multiple well-delineated 
foci of CD163 positive macrophages were observed 
in the white matter (Fig. 1. q, t, u, v). Macrophages 
were clustered around small caliber blood vessels 
(Fig. 1. q, r, w). They were not laden with luxophilic, 
Myelin Basic Protein (MBP) positive debris, nor was 
there myelino-axonal dissociation (Fig. 1. r, v). CD3 
CD8 positive T lymphocytes were scattered among 
the macrophages and around the foci (Fig 1. s ). In 
the foci, numerous and large axonal swellings were 
seen and white matter was vacuolized (Fig. 1. x). At 
the periphery of the lesions, apoptotic nuclei and 
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Fig 2. Case # 4 : neuropathology. (a) Small foci of necrosis in the white matter were centered by a small caliber blood vessel. H&E (a : 
scale bar = 40 µm). (b and c) Double labelling of SMA (in red) and of CD163 (in brown) labeled the compact wall of an arteriole surrounded 
by macrophages (b: scale bar = 80 µm; c: scale bar = 40 µm). (d and e) Within the foci, swollen axons were numerous (d: HE; scale bar = 
20 µm), associated with a vacuolization of the cerebral tissue (e: HE-Luxol; scale bar = 80 µm). (f) Some lesions were centered by a recent 
hemorrhage (f: HE-Luxol; scale bar = 80 µm). (g) Perls positive siderophages indicated older bleedings (g: scale bar = 80 µm). (h) Fibrinogen 
immunoreactivity was evidence of blood brain barrier leakage (h: scale bar = 80 µm). (i) AQP4 immunoreactivity showed positive rings 
(arrows) in the subcortical and deep white matter (i: scale bar = 5 mm). (j) Large reactive astrocytes formed AQP4 positive rings around 
the lesions (arrows), contrasting with the depletion of AQP4 in the surrounding white matter - * (j: scale bar = 400 µm). 

 

occasional glial nuclear alterations, reminiscent of 
Creutzfeldt-Peters cells, were seen (Fig. 1. y). Some 
recent blood extravasation (Fig. 1. r) and a few sider-
ophages were observed. There was no fibrinoid ne-
crosis or inflammatory cells seen within the vessel 
walls. We did not observe vascular occlusion, lym-
phocytic perivascular cuffing or neuronophagia. IHC 
against the proteins of herpes simplex virus 1, cyto-
megalovirus, varicella-zoster virus, polyomavirus, 
measles and toxoplasma gondii was negative, as was 
negative ISH with the Epstein-Barr virus EBER probe. 

The lesions observed on the biopsies were 
more thoroughly studied in the autopsy cases that 
provided more material. Macroscopic examination 
of the three autopsied brains was characterized by 
multiple hemorrhages scattered in the deep and 
subcortical white matter. In case # 4 these were pre-
dominant in the supramarginal gyrus, first and sec-
ond temporal gyri, where they were particularly nu-
merous, and also in the pons and cerebellum. There 
was a 4 mm hemorrhage in the left occipital pole. 

In cases # 5 and # 6 the hemorrhages were predom-
inant in the frontal lobe with additional bleeds in the 
striatum (case # 5) and in the pons (case # 6). 

Microscopic examination of the autopsied 
cases showed similar lesions as those seen in the bi-
opsies. The most conspicuous lesions were small foci 
rich in CD163 positive macrophages centered by a 
small caliber arteriole (Fig. 2. a, b, c) associated with 
swollen axons and vacuolization of the surrounding 
white matter (Fig. 2. d, e). As in the biopsies, there 
was no lymphocytic perivascular cuffing, demye-
lination, vascular occlusion or fibrinoid necrosis. 
Compared to biopsy cases, perivascular bleeding 
was more frequent and of different age (Fig. 2. f, g). 
Fibrinogen and IgG IHC were positive in the lesions, 
evidencing blood-brain barrier leakage (Fig. 2. h). 
Large reactive astrocytes formed aquaporin-4 
(AQP4) positive rings around the lesions, contrasting 
with a low immunoreactivity in the normal looking 
white matter (Fig. 2. i, j). Aβ IHC was negative indi-
cating absence of amyloid angiopathy. In summary,  
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Fig 3. Localization of SARS-CoV-2 in brain tissue (case # 4). (a and b) SARS-CoV-2 was detected in the endothelial cells with two different 
antibodies (a, b: scale bars = 20 µm). With the anti-N antibody from CliniscienceTM the immunoreactivity was predominant in endothelial 
cells, with a diffuse endothelial labelling and paranuclear enhancement (a, arrowhead). With the AbcamTM anti-SP antibody, immunore-
activity was limited to the endothelial cells with paranuclear inclusions (b, arrowheads). Inset: higher magnification of cells indicated by 
arrow heads. (c) Immunoreactivity limited to paranuclear inclusions was also found with the AbcamTM anti-SP antibody in the endothelial 
cells of the olfactory bulb (c, arrowheads) and (d) in the epithelial cells of the choroid plexus (d, arrowheads) (c, d: scale bars = 8 µm). 
Anti-giantin (e) and anti-furin (f) immunoreactivity showed a paranuclear distribution in cerebral endothelial cells (e, f: scale bar = 20 µm). 
Insets : higher magnification of cells indicated by arrow heads. ACE2 immunoreactivity was present in brain endothelial cells (g: scale bar 
= 8 µm). SP was detected in blood vessels labeled with a CD147 receptor antibody (h: scale bar = 8 µm). 

 

the lesions of the white matter can be described as 
CCM. 

For the detection of SARS-CoV-2, two different anti-
bodies were used, yielding similar results in the bi-
opsied and autopsied cases. Within the foci, the 
hemorrhage and cellular debris interfered with a 
thorough analysis of endothelial cells. However at a 
short distance from the hemorrhagic foci, both anti-
bodies labelled numerous inclusions in endothelial 
cells of apparently spared vessels (Fig. 3. a, b). Most 
positive vessels where observed in the frontal, pari-
etal and temporal white matter, although some la-
beling was observed in the brain stem and striatum 
in autopsied cases. With the monoclonal anti-N an-
tibody, immunoreactivity was predominant in endo-
thelial cells, with a diffuse endothelial labelling and 

para-nuclear enhancement (Fig. 3. a). With the mon-
oclonal antibody directed against SP (Fig. 3. b), the 
labelling was paranuclear in a topography sugges-
tive of the Golgi apparatus. 

In the cortical gray matter, a few SP positive dots 
were also seen in the endothelial cells, however, no 
sign of microangiopathy was detected. Thus, CCM 
appeared to be confined to the white matter. In the 
olfactory bulb, SP immunoreactivity was detected in 
the endothelial cells only (Fig. 3. c), as in the other 
regions of the nervous system. In the choroid plexus, 
around 20% of the villi’s epithelial cells contained SP 
(Fig. 3. d). The intracellular localization was similar 
to what was previously seen. No SP was observed in 
the COVID-19 cases that did not develop brain vas-
cular lesions.
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Fig. 4. Human endothelial and Vero E6 cells. (a) Furin immunoreactivity colocalizes with GM130 immunoreactivity in human iPSC-derived 
endothelial cells (iPSC-d- EC). (b) Vero E6 and Human endothelial cells (iPSC-d-ECs and hCMEC/D3) were infected with SARS-CoV-2 (MOI 
0.1, 0.5, 1) for 48, 72 and 96 hours. SP was detected in Vero E6 but not in infected human endothelial cells. The not infected condition is 
a negative control for the infection (scale bar in a and b = 10μm). (c,d) The RT-PCRs were determined over time (48, 72 and 96 hours post-
infection) in (c) cell extract or (d) cell supernatant of iPSC derived endothelial cells infected or not with SARS-CoV-2. No evidence of viral 
RNA amplification was observed. 

Absence of viral genome or viral particles in brain 
parenchyma 

Different molecular and histological techniques 
were used to detect viral genome or viral particles 
of SARS-CoV-2, all of them with negative results. 

RT-PCR was negative in the three brain biopsy 
samples (cases # 1 to 3). In case # 4, RT-PCR was pos-
itive in the lungs, mediastinal and cervical lymph 
nodes, and spleen, but negative elsewhere, includ-
ing the different brain samples analyzed (Table 3). 

No viral sequence was found by agnostic Next Gen-
eration Sequencing (NGS) in the three biopsy sam-
ples (cases # 1 to 3). Regarding autopsy case # 4, 
SARS-CoV-2 sequence was not detected in any of the 
brain samples tested (frontal, temporal and parietal 
lobes). Instead, one read of HSV-1 was identified in 
the frontal lobe. Both SARS-CoV-2 and HSV-1 viral 
sequences were found in the lung, spleen, lymph 
node and tongue. In situ hybridization (ISH) for 
SARS-CoV-2 was negative in the brain in case # 4, but 
positive in the lung where large metaplastic pneu-
mocytes were positive (supplementary material).
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Fig 5. SP localizes to the Golgi apparatus and differs in its distribution between brain and lung. (a) Spike protein colocalizes with giantin, 
furin and TGN46 in the endothelial cells of brain vessels. First row: BIP protein is seen dispersed throughout the cytoplasm of the endo-
thelial cell and does not colocalize with SP. Second row: Giantin immunoreactivity is paranuclear similarly to SP and is found partially 
colocalizing with SP. Third row: Furin is seen in a paranuclear location in endothelial cells and colocalizes with SP. Fourth row: TGN46, 
which localizes next to the nucleus in the endothelial cell, colocalizes with SP. Fifth row: Cathepsin B is seen dispersed throughout the 
cytoplasm of the endothelial cells with no colocalization with SP. (First, third and fourth row: case # 4; Second and fifth row: case # 6; 
Scale bars in all rows = 5μm). (b) Spike protein colocalizes with TGN46 and Cathepsin B in type II pneumocytes. First row: BIP protein is 
dispersed throughout the cytoplasm of type II pneumocytes and does not colocalize with SP. Second row: Giantin is distributed diffusely 
in type II pneumocytes and does not colocalize with SP. Third row: Furin is seen as fine granular positivity and is dispersed in the cytoplasm 
of type II pneumocytes. It does not colocalize with SP. Fourth row: TGN46 is seen as fine granular diffuse positivity and partially colocalizes 
with SP. Fifth row: Cathepsin B is dispersed throughout the cytoplasm of the endothelial cells and colocalizes partially with SP. (All rows: 
case # 4) (Scale bars in all rows = 20μm). 

 

Lack of detectable viral genome in brain tissue was 
confirmed with high-amplification and target-spe-
cific ISH (RNAscope technology, data not shown). 
Electron microscopy examination of white matter 
tissue from case # 4 did not reveal the presence of 
viral particles. Instead, many clathrin coated parti-
cles were identified (data not shown). 

SP immunocytochemistry was positive in in-
fected Vero E6 cells (Fig.4. b) but negative in both 
iPSC-d-ECs and hCMEC/D3 infected cell lines (Fig. 4. 
b). In addition, SARS-CoV-2 RT-PCRs on samples 

from the cell culture supernatant and from the in-
tracellular compartment of endothelial cells derived 
from control iPSC-d-ECs, showed no amplification of 
the viral RNA either in the cells (Fig. 4. c) or in the 
supernatant (Fig. 4. d) at the three MOI done. Fur-
thermore, after incubation of HUVEC cells with re-
combinant SP S1 full length peptide and control RBD 
peptide, no staining was detected using anti-S1 and 
anti-RBD antibodies (data not shown), although con-
trol VERO E6 cells, infected with SARS-CoV-2 virus, 
showed immunoreactivity for both anti-S1 and anti-
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RBD antibodies. These results suggest that endothe-
lial cells are refractory to SARS-CoV-2 in vitro infec-
tion. 

SP is localized in the Golgi apparatus and is asso-
ciated with furin 

As mentioned above, SP immunoreactivity was 
paranuclear suggesting a localization of the viral par-
ticles in the Golgi apparatus. This was confirmed by 
giantin and TGN46 immunoreactivity (Fig 3. e & 5. a). 
Giantin is a protein of the cis-media cisternae and 
TGN46 is found in the trans-Golgi network. Both pro-
teins were partly colocalized with SP in brain endo-
thelial cells (Fig. 5 a). By contrast, BIP, a protein of 
the endoplasmic reticulum and cathepsin B, a pro-
tein of the lysosomal pathway, did not show colocal-
ization with SP in the brain endothelial cells (Fig. 5 
a). 

The IHC labelling of furin, which is also a Golgi 
protein that can migrate into the lysosomal system 
[29], was detected in the same paranuclear localiza-
tion as SP in patients (Fig. 3. f) and colocalization of 
the two proteins was confirmed by confocal micros-
copy (Fig. 5 a). We then looked for furin immunore-
activity in cases with vascular lesions due to ECMO, 
amyloid angiopathy or intravascular lymphoma and 
could not detect furin expression. This ruled out 
furin expression as a non specific reaction of the en-
dothelium. After infection of iPSC-d-ECs and 
hCMEC/D3 cell lines we observed that furin was 
mainly localized in the Golgi apparatus and in cyto-
solic vesicles (Fig. 4. a). This localization was the 
same as previously reported [29]. 

We also investigated the association of ACE2 
and CD147/basigin in the vascular lesions of SARS-
CoV-2 cases with CCM. ACE2 and CD147/basigin 
have both been considered receptors of SARS-CoV-
2. ACE2 immunoreactivity was seen in most endo-
thelial cells (Fig. 3. g) whereas CD147/basigin was 
expressed at the luminal surface of endothelial cells 
in some vessels. Double labeling showed that SP im-
munoreactivity was present in CD147/basigin posi-
tive vessels and in furin positive endothelial cells (Fig 
3. h). 

The distribution of SP was different between 
brain and lung. While in the brain SP was compact 

and had a paranuclear localization limited to the en-
dothelial cells, it was spread as small particles in the 
cytoplasm of type II pneumocytes of the lung (Fig. 5 
a, b). In the brain, SP colocalized with the Golgi pro-
teins: giantin, furin, and TGN46 (Fig. 5. a), while in 
the lung, colocalization was seen with TGN46 and 
cathepsin B (Fig 5. b). 

Discussion 

In six COVID-19 cases with neurological symp-
toms, multiple microvascular lesions were found in 
the white matter. They were made of foci of vacu-
olized tissue with red blood cells, macrophages, ax-
onal swellings, a few T lymphocytes and perivascular 
fibrinogen deposits. The vessels were not occluded 
and the alteration of perivascular tissue was differ-
ent from acute necrosis such as seen in recent lacu-
nae. Perivascular cuffing commonly seen in enceph-
alitides was absent. The small number of lympho-
cytes was in contrast with the abundance of macro-
phage infiltration. The high number of macrophages 
and the absence of polymorphonuclear leukocytes 
suggest that the lesions occurred at least several 
days earlier. The absence of myelino-axonal dissoci-
ation and of myelin laden macrophages suggested 
that demyelination was not involved. The nuclear 
abnormalities in the glial cells observed in the biopsy 
cases could not be related to a cytopathogenic ef-
fect since no viral presence in these cells could be 
detected with the techniques used. On the other 
hand, these astrocytes evoke Creutzfeldt-Peters 
cells, initially described in multiple sclerosis but pre-
sent, in a non-specific way, in a wide spectrum of 
cerebral diseases including anoxic encephalopathy 
[51]. The pattern of AQP4 IHC was different from 
that described in demyelinating diseases such as 
multiple sclerosis, neuromyelitis optica (NMO) or 
ADEM [33]. In our cases, AQP4 was strongly ex-
pressed by astrocytes at the periphery of the foci. 
Vacuolization of the perivascular tissue and fibrino-
gen extravasation were evidence of a blood-brain 
barrier leakage. In addition to the observations 
made by Lee et al. [24, 25] (macrophages, few lym-
phocytes, blood-brain barrier leakage), we stress the 
presence of axonal injury and astrocytic alterations 
in the foci. 
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Arterial damage could be explained by critical 
care in itself [23]. However these lesions are partic-
ularly frequent in COVID-19 patients and may occur 
in the absence of severe cardiovascular failure or ex-
tracorporeal membrane oxygenation (ECMO) [6]. In 
addition, the presence of SP in the endothelial cell in 
our patients argues for the specificity of the lesions. 

Despite the use of different techniques (RT-
PCR, nested-PCR, agnostic and targeted NGS, in situ 
hybridization, electron microscopy) SARS-CoV-2 vi-
ral sequences or particles were not detected in the 
brain parenchyma, in agreement with previous ob-
servations [12, 24, 53]. We could, however, show 
the presence of viral proteins in the endothelial 
cells, as Meinhardt et al. who used the same anti-
body (Abcam, ab272420; 1:100) as us [32]. We could 
confirm this result with another antibody against the 
nucleocapsid (Cliniscience). We found an associa-
tion between the presence of significant SP immu-
noreactivity in the endothelial cells and the tissue 
damage. The detection of SP was not limited to the 
most injured vessels (whose wall was too altered to 
analyze the endothelial cells) but to the vessels 
around the regions in which the lesions were ob-
served. These anomalies could be interpreted as a 
preparation of the vessel for a more severe damage. 
Our study was limited by the small number of autop-
sies obtained, that restrained the access to more 
representative cases of a relatively rare event. When 
only biopsy was available, the material was not suf-
ficient to reproduce all the techniques. Nevertheless 
our results suggest that the role of SARS-CoV-2 SP in 
microangiopathy, described in animal models [38], 
could apply to humans. 

The discrepancy between the presence of SP 
and nucleocapsid immunoreactivity and the ab-
sence of viral genomes suggests that RNA levels 
were too low at this stage to be detected, while SP 
and nucleocapsid protein immunoreactivity have 
persisted after the RNA degradation, several weeks 
after acute infection. 

The detection of these viral proteins in the en-
dothelium and epithelial cells of the choroid plexus 
suggests that the virus could enter the CNS via the 
vessels rather than through nerve processes. SP 
could be transported in the bloodstream, cross the 
blood brain barrier [46] and enter endothelial cells 
by endocytosis [38]. Nevertheless, the hypothesis of 

an isolated protein transport seems implausible 
given the presence not only of SP but also of nucle-
ocapsid protein in the endothelial cells. In addition, 
our attempts to incubate recombinant SP S1 full 
length peptide with HUVEC cells did not lead to in-
ternalization of the protein. In cell culture, neither 
the virus nor the SP could not penetrate the endo-
thelial cells, in accordance with recent data from the 
literature [1, 30, 35], suggesting that endothelial 
cells are refractory to SARS-CoV-2 in vitro infection. 
Both CD147/basigin and ACE2 were expressed in the 
iPSC-d-EC and hCMEC/D3 lines underlining that re-
sistance to infection was not due to the absence of 
these receptors. We are aware that our models do 
not fully account for the brain endothelial cell be-
havior towards SARS-CoV-2 infection, since they 
were not specific for this type of cells and did not 
reproduce the complex structure and function of the 
blood-brain barrier. 

However, we propose that the vascular abnor-
malities we observed are related to peculiarities of 
pathways followed by the virus once it has entered 
a cerebral endothelial cell, precluding its subse-
quent replication. The paranuclear topography of 
SP1 and its association with giantin and TGN46 are 
evidence that SP molecules were located in the Golgi 
apparatus. The Golgi and trans-Golgi immunoreac-
tivity was in strong contrast with that observed in 
the lung where there was colocalization between SP 
not only with TGN46 but also with cathepsin B, a ly-
sosomal marker, suggesting that SP follows a com-
plete cycle of replication in the lung. Thus, it appears 
that the metabolism of SP is different in brain endo-
thelial cells and in pneumocytes. In the latter, the vi-
rions egress from the cell by a lysosomal pathway 
[14]. In the former, SP accumulates in the Golgi and 
trans-Golgi network. The cause of the differential 
use of these pathways and their impact on pathol-
ogy remains to be further explored. 

Since the start of the present study, several pa-
pers have proposed mechanisms leading to SARS-
CoV-2 specific vascular lesions. SARS-CoV-2 protein 
(Mpro) could interact with the host protein nuclear 
factor NF-κB essential modulator (NEMO), which is 
part of the signaling cascade that regulates the tran-
scription of several genes, some of which are in-
volved in inflammation [57]. Other authors have 
identified an SP (Spike)-triggered transcriptional re-
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sponse associated with extracellular matrix reorgan-
ization and TGF-β signaling [3]. We have found colo-
calization of SP immunoreactivity with furin prote-
ase in the trans-Golgi network. Our observations 
suggest that SP, in association with furin and possi-
bly other molecules, may play a role in the develop-
ment of vascular pathologies. Among the genomic 
features that differentiate SARS-CoV-2 from the 
other members of the CoV family, the insertion of 
four amino acid residues (PRRA) at the junction of 
the S1 and S2 subunits of SP has generated a cleav-
age site for furin and other proteases [9]. Furin inac-
tivation has been shown to decrease SARS-CoV-2 in-
fectivity, virus production and cytopathic effect [5, 
19]. Besides its role in SARS-CoV-2 infectivity, furin 
is highly expressed in vascular endothelial cells and 
modulates endothelial permeability [29]. Furin has 
been considered as a possible therapeutic target 
[19]. Inhibition of furin may indeed have a protective 
effect against hypoxia and blood brain barrier dis-
ruption [2, 31]. 

These observations not only shed light on the 
neurological lesions observed in some COVID-19 pa-
tients in the acute phase but may provide insight 
into the mechanism of later onset dysfunction. A 
network-based approach linked cerebral microvas-
cular lesions to late cognitive impairment after the 
COVID-19 episode, suggesting that microangiopathy 
could have long-term consequences [58]. 

In conclusion, we have defined additional his-
tological characteristics of CCM associated with 
leakage of the blood brain barrier: foci of vacuolized 
white matter, axonal swellings, AQP4 redistribution 
in astrocytes. We detected the presence of SP in the 
trans-Golgi network associated with furin protease. 
The accumulation of SP in the Golgi of endothelial 
cells was in contrast with the aspect of infected 
pneumocytes in which SP and nucleocapsid protein 
immunoreactivity was spread in the whole cell body. 
The difference in the metabolism of the virus in the 
two cell types explain the differences in pathogenic 
effect. In the brain, the tight association between SP 
and furin suggests that their interaction is involved 
in the pathogenesis of COVID associated microangi-
opathy. The late effects of the microangiopathy are 
not known. As furin plays a role in the modulation of 

vascular permeability, our findings may provide fur-
ther arguments in the control of late effects of mi-
croangiopathy. 
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