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SARS-CoV and SARS-CoV-2 display limited neuronal infection and lack
the ability to transmit within synaptically connected axons in stem
cell-derived human neurons
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Abstract

Sarbecoviruses such as SARS and SARS-CoV-2 have been responsible for two major outbreaks in humans, the latter resulting
in a global pandemic. While sarbecoviruses primarily cause an acute respiratory infection, they have been shown to infect
the nervous system. However, mechanisms of sarbecovirus neuroinvasion and neuropathogenesis remain unclear. In this
study, we examined the infectivity and trans-synaptic transmission potential of the sarbecoviruses SARS and SARS-CoV-2
in human stem cell-derived neural model systems. We demonstrated limited ability of sarbecoviruses to infect and replicate
in human stem cell-derived neurons. Furthermore, we demonstrated an inability of sarbecoviruses to transmit between
synaptically connected human stem cell-derived neurons. Finally, we determined an absence of SARS-CoV-2 infection in
olfactory neurons in experimentally infected ferrets. Collectively, this study indicates that sarbecoviruses exhibit low potential
to infect human stem cell-derived neurons, lack an ability to infect ferret olfactory neurons, and lack an inbuilt molecular
mechanism to utilise retrograde axonal trafficking and trans-synaptic transmission to spread within the human nervous system.
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Background

The COVID-19 pandemic caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) (genus Betacoro-
navirus, subgenus Sarbecovirus) has infected millions of
people worldwide. The long-term human health impact of
this pandemic is yet to be fully understood. There is now
extensive evidence for acute and post-acute neurological
symptoms from COVID-19. Acute COVID-19 neurological
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symptoms include myopathy, headache, encephalopathy,
loss of smell or taste, delirium, seizures, and confusion
(Rogers et al. 2021; Garcia-Monco et al. 2021; Misra et al.
2021; Romero-Sanchez et al. 2020; Flores-Silva et al. 2021;
Douaud et al. 2022). However, people who have recovered
from COVID-19 with initial mild symptoms can develop
post-acute neurological sequela such as stroke, cognition
and memory deficits, musculoskeletal disorders, mental
health and psychiatric disorders (including psychosis), and
peripheral nervous system disorders (Xu et al. 2022; Vara-
tharaj et al. 2020; Nolen et al. 2022; Tang et al. 2022). A
longitudinal study has further reported changes in brain
structure following SARS-CoV-2 infection (Douaud et al.
2022). These neurological symptoms contribute to post
COVID-19 chronic conditions collectively termed as long
COVID. Furthermore, whether these neurological complica-
tions could increase risk of chronic neurological illness or
neurodegenerative diseases in COVID-19 patients remains
to be investigated. The cellular mechanisms contributing to
COVID-19 neurological complications are still unclear, and
there is limited evidence for SARS-CoV-2 central nervous
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system (CNS) invasion and direct neuronal cytopathol-
ogy (Khan et al. 2021; Bauer et al. 2021; Butowt and von
Bartheld 2022). Other sarbecoviruses such as severe acute
respiratory syndrome coronavirus (SARS) and Middle East
respiratory syndrome have also been associated with neu-
rological complications (Kwong et al. 2020; Netland et al.
2008; Algahtani et al. 2016; Kim et al. 2017). Hence, it is
essential to understand the potential mechanisms of sarbe-
covirus entry into the brain and the cause for associated neu-
rological complications.

The brain is usually well protected from the entry of path-
ogens such as viruses by biological barriers including the
blood-brain barrier; however, some neuroinvasive viruses
have developed specific axonal trafficking and trans-synaptic
transmission mechanisms to travel within the nerves and
invade the brain. Since the onset of the COVID-19 pan-
demic, it has been widely suggested that the neurological
symptoms observed could be caused by the virus invading
the brain from the olfactory epithelium (Jiao et al. 2021;
Rutkai et al. 2022; Meinhardt et al. 2021). The olfactory
and other cranial nerves directly connect the olfactory epi-
thelium with the olfactory bulb and the brain (Butowt and
von Bartheld 2022; Sonne and Lopez-Ojeda 2022) which
provides a direct anatomical route for SARS-CoV-2 to
invade the brain from the nose. Such a potential mechanism
has also been suggested during the 2003 SARS outbreak
(Netland et al. 2008). Another human coronavirus, HC043,
has been shown to enter the brain via the olfactory epi-
thelium and cause encephalitis in mouse models (Netland
et al. 2008; Desforges et al. 2019). To enable transmission
within the nervous system via axons, viruses are known to
interact and repurpose axonal trafficking machinery such as
cytoskeletal proteins, molecular motors, and cargo adap-
tor molecules which are commonly present in all neuronal
subtypes (Taylor and Enquist 2015). It is unknown whether
sarbecoviruses have such an inherent ability to hijack axonal
trafficking machinery and transmit between interconnected
human neurons. Without an appropriate in vitro model, such
an examination currently relies on analysing post-mortem
tissues along the olfactory route and a correlation of viral
positivity with the possible route taken by the virus.

To date, several studies have shown a potential for direct
infection of SARS-CoV-2 in human brain neural cells
including neurons both in in vitro neuronal models (Bauer
et al. 2021; Zhang et al. 2020; McMabhon et al. 2021; Ram-
ani et al. 2020; Lyoo et al. 2022; Crunfli et al. 2022; Pepe
et al. 2022; Kong et al. 2022) as well as following naturally
acquired human infections and experimentally infected ani-
mals (Rutkai et al. 2022; Meinhardt et al. 2021; Bauer et al.
2022a; Beckman et al. 2022; Sia et al. 2020; de Melo et al.
2021; Kaufer et al. 2022; Stein et al. 2022). However, the
efficiency of SARS-CoV-2 virus infection and replication
in neurons is still unclear. While some initial studies reported
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a high degree of infection (Zhang et al. 2020; Ramani et al.
2020; Lyoo et al. 2022), others have reported limited ability
of SARS-CoV-2 to infect and replicate in stem cell-derived
human neuronal models (Bauer et al. 2021, 2022b). Studies
have also identified higher infection rate of SARS-CoV-2
in non-neuronal CNS cells such as astrocytes (Kong et al.
2022; Andrews et al. 2021), microglia (Jeong et al. 2022;
Albornoz et al. 2022), and choroid plexus epithelial cells
(Jacob et al. 2020; Pellegrini et al. 2020), suggesting that
replication in the brain could occur in non-neuronal cells and
contribute to neuropathology. In post-mortem human brain
tissues, studies have identified viral RNA and protein associ-
ated with neurons (Meinhardt et al. 2021; Stein et al. 2022;
Matschke et al. 2020; Song et al. 2021). In addition, a recent
study has isolated infectious virus from the thalamus and
hypothalamus of one patient (Stein et al. 2022). However,
other studies have reported exclusion of neuronal infection
in COVID-19 patients (Khan et al. 2021; Butowt and von
Bartheld 2022). It is unknown, whether this variability could
be due to differences in viral probing techniques, individual
patient heterogeneity, or stages of viral infection. The infec-
tivity of SARS-CoV-2 in stem cell-derived neural models
also appears to differ depending on whether culture system
is a monolayer of co-cultured neural cells (Bauer et al. 2021,
2022b) or a complex three-dimensional (3D) organoid sys-
tem (Zhang et al. 2020; Ramani et al. 2020; Mesci et al.
2022) composed of multiple neural cell types and layers.
Another factor to be considered is whether the maturity of
neurons during stem cell differentiation could influence the
levels of SARS-CoV-2 infection and replication.

In this study, we used induced pluripotent stem cell
(iPSC)—derived human forebrain neural cultures consisting
of neurons and astrocytes to examine the infection and rep-
lication of the sarbecoviruses, SARS (Hong Kong strain),
and SARS-CoV-2 ancestral and delta strains. Infection and
replication of these sarbecoviruses were compared in stem
cell-derived neural precursor cells (NPCs) as well as human
neurons differentiated over medium (20-24 days) and long
(50 days) terms. In this study, we observed infection of a
small subset of neurons without productive replication over
time (up to 72 h). In addition, for the first time, we tested the
ability of SARS and SARS-CoV-2 virus to transfer between
interconnected human neurons. We utilised our recently
developed ex vivo model mimicking human neural network
in a microfluidics device to examine the trans-synaptic
transmission of sarbecoviruses. In this examination, we
identified that both SARS and SARS-CoV-2 strains lack an
inherent ability to transmit between human neurons within
neurites. We then used SARS-CoV-2-infected ferret nasal
turbinate tissues (Au et al. 2022) to examine SARS-CoV-2
infection of olfactory neurons. Consistent with our human
ex vivo models, there was no detectable infection of olfac-
tory neurons but a likely infection of sustentacular cells in
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the nasal epithelium similar to a previous finding in human
tissues (Khan et al. 2021). Hence, our study adds further
evidence for low potential of SARS and SARS-CoV-2 sarbe-
coviruses to infect and replicate in neurons. In addition, we
demonstrate that these sarbecovirus strains do not possess
an inherent ability to trans-synaptically transmit between
interconnected human neurons in vitro. This supports the
notion that sarbecoviruses do not cause widespread nervous
system infection in humans and that neurologic complica-
tions could be consequences of immunopathology down-
stream to infection of non-neuronal cells such as astrocytes,
or other pathology involving non-neural components such
as blood vessels. Our findings also warrant investigation of
alternate mechanisms of sarbecovirus entry into brain and
the cause for observed neurological abnormalities independ-
ent of direct neuropathology.

Methods
Continuous cell lines

VERO C1008 (Vero E6) cells (ATCC CRL-1586™) were
maintained in Dulbecco’s Modified Eagle Medium, high glu-
cose, pyruvate, L-glutamine (Gibco) supplemented with 10%
foetal bovine serum (CellSera), 10 mM HEPES (MP Bio-
medicals), and 1 X penicillin—streptomycin (Gibco) at 37 °C
and 5% CO,.

BHK-21 cells (ATCC CCL-10™) were maintained in
Minimum Essential Media supplemented with 10% foe-
tal bovine serum, 10% tryptose phosphate broth, 10 mM
HEPES, 2 mM glutamine (Gibco), and 1 X penicillin—strep-
tomycin at 37 °C and 5% CO,.

Stem cell-derived human neural cultures

The HDF51i-509iPSCs were differentiated into NPCs as
described previously (Murphy et al. 2017). NPCs were
then maintained in STEMdiff™ Neural Progenitor Medium
(STEMCELL Technologies) supplemented with 1 X STEM-
diff neural progenitor supplement A (STEMCELL Technol-
ogies) and 1 X STEMdiff neural progenitor supplement B
(STEMCELL Technologies) at 37 °C and 5% CO,. Neural
differentiation was initiated by replacing 50% v/v of the
culture medium every 2—3 days with BrainPhysTM neural
medium (STEMCELL Technologies) supplemented with 2%
v/v Neurocult™ SM1 Neuronal Supplement (STEMCELL
Technologies), 1% v/v N2 Supplement-A (STEMCELL
Technologies), 20 ng/mL human recombinant brain-derived
neurotrophic factor, 20 ng/mL human recombinant glial cell
line—derived neurotrophic factor (Peprotech), I mM dibu-
tyryl cyclic-AMP sodium salt (Sigma-Aldrich), and 200 nM

ascorbic acid (STEMCELL Technologies), making complete
BrainPhys™ neural medium (Sundaramoorthy et al. 2020a).

Viruses

Severe acute respiratory syndrome coronavirus, HKU-
39849 isolate (SARS-HK) (NCBI accession: AY278491.2),
and SARS-CoV-2 SARS-CoV-2/human/AUS/VIC01/2020
(VICO1) (NCBI accession: MT007544.1), SARS-CoV-2/
human/AUS/VIC02/2020 (VIC02) (NCBI accession:
MT450919.1), and B.1.617.2 variant SARS-CoV-2/human/
AUS/18440/2021 (Delta) strains were propagated in VERO
C1008 cells, harvested by freeze—thaw <3 days post-inoc-
ulation, clarified by centrifugation, and stored at — 80 °C.
Sarbecovirus titres were quantitated by titration in VERO
C1008 cells. Infectious tissue culture supernatants were
titrated tenfold and added to Vero C1008 monolayers in
quadruplicate. Plates were incubated at 37 °C and 5% CO,
for 5 days, and cytopathic effect was visualised by light
microscopy.

Rabies virus (RABV) CVS-11 strain was propagated in
BHK-21 cells, harvested by freeze—thaw 5 days post-inocula-
tion, clarified by centrifugation, and stored at— 80 °C. Virus
titre was quantitated by titration in BHK-21 cells. Briefly,
infectious tissue culture supernatants were titrated tenfold
and added to BHK-21 monolayers in quadruplicate and
incubated for 5 days at 37 °C and 5% CO,. RABV-infected
monolayers were fixed with 4% paraformaldehyde (Sigma)
in phosphate-buffered saline (PBS) (Thermo Fisher Scien-
tific) at room temperature for > 1 h or 4 °C overnight. Fixed
monolayers were washed twice with PBS and FITC-con-
jugated anti-RABV monoclonal antibody cocktail (1:200)
(Fujirebio Diagnostics) in PBS supplemented with 0.005%
Evan’s Blue (Sigma), and 1% bovine serum albumin was
added, and monolayers were incubated at 37 °C for 30 min.
Monolayers were washed three times with PBS before add-
ing PBS to each well. Fluorescence was visualised by fluo-
rescent microscopy.

Virus stock titres were calculated by Reed and Muench
method (Reed and Muench 1938). All work with infectious
sarbecoviruses was performed at PC4/BSL4. All work with
inactivated sarbecoviruses and RABV was performed at
PC3/BSL3.

Sarbecovirus infection of human iPSC-derived NPCs
and neural cultures

HDF51i-509 NPCs (passage 11) were seeded at a density of
8 x 10 cells/well in complete Neural Progenitor Medium in
24-well plates coated with 15 pg/mL poly-L-ornithine and
10 pg/mL laminin with or without glass coverslips (13 mm;
Menzel Glaser). Undifferentiated NPCs were infected 24 h
after seeding, or NPCs were differentiated for up to 50 days
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before infection. Neural cultures were infected at a multiplic-
ity of infection (MOI) of 1 for up to 72 h. Briefly, appropri-
ate volume of viral inoculum to infect at MOI 1 for each
well was prepared in a total of 150 pL of BrainPhys™ neural
medium. After removing the existing culture media in each
well, 150 pL of diluted viral inoculum was added to the well,
incubated at 37 °C and 5% CO, for 30 min, and then, addi-
tional 500 pL of BrainPhys™ neural medium was added.
Infected cultures were incubated at 37 °C and 5% CO, for
up to 72 h.

Ex vivo model of interconnected human neurons
using microfluidics

Xona microfluidic devices (Xona Microfluidics,
Cat#SND450) were sterilised and plasma bonded to glass
coverslips (24 x40 mm; Menzel Glaser) using a plasma
cleaner (PDC-32G-2, Harrick Plasma). After bonding,
the devices were coated with 15 pg/mL poly-L-ornithine
(Sigma) and 10 yg/mL laminin (Sigma). HDF51i-509 NPCs
were seeded in both panels of a microfluidic device at a
density of 8 x 10* cells per panel in BrainPhys™ complete
neural differentiation media to initiate differentiation. The
media in the wells were replenished every 2-3 days and the
differentiation was continued for up to 21 days.

Microfluidic chambers were infected as described previ-
ously (Sundaramoorthy et al. 2020a) with sarbecoviruses or
RABYV at a MOI 1 at day 20-21 of differentiation. Briefly,
media from the panel to be infected was removed and the
appropriate volume of viral inoculum in BrainPhys™ neural
medium required to infect at MOI 1 was added. A unidi-
rectional flow of media was strictly maintained by a higher
volume of media in the non-infected panel (200 uL) and a
lower volume in the infected panel (100 pL). Sarbecovirus-
or RABV-infected microfluidic chambers were incubated at
37 °Cand 5% CO, for 24 h.

Replication of SARS-CoV-2 in ferret nasal
neuroepithelium

SARS-CoV-2 VICOI infection of ferrets is described in Au
et al. (2022). Briefly, ferret turbinates at 7 days post infec-
tion were fixed in 10% neutral buffered formalin (Austral-
ian Biostain). Preserved ferret turbinates were processed
according to routine histological methods, embedded in
paraffin wax (Leica Biosystems), and 4-um serial sections
were mounted on glass slides (Menzel Gliser). Tissue sec-
tions were deparaffinised using routine histological meth-
ods. Antigen retrieval was performed using Target Retrieval
Solution, high pH (Dako) at 97°C for 30 min on a PT Link
pre-treatment module (Agilent).
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Immunofluorescence staining and confocal imaging

Sarbecovirus-infected HDF51i-509 iPSC-derived neu-
ral cultures were fixed with 4% paraformaldehyde in
PBS at room temperature for > 1 h or overnight at 4 °C
and labelled using immunocytochemistry. Fixed cells
were washed twice with PBS, permeabilised with
0.1% Triton X-100 (Sigma) in PBS for 10 min, washed
with PBS, and blocked with 0.5% bovine serum albu-
min (Sigma Bovogen Biologicals) in PBS for 30 min.
Primary antibody incubation was performed overnight at 4 °C
in block buffer, washed three times with PBS, and secondary
antibody incubation was performed for 1 h at room tempera-
ture in block buffer. The following primary antibodies were
used: 1:2000 hyperimmune horse anti-SARS polyclonal
antiserum (Yu et al. 2008), 1:500 rabbit anti-SARS-CoV-2
Spike S1 (Sino Biological, cat#40,150-R007), and 1:1000
mouse anti-beta III tubulin (TuJ1), clone 2G10 (Abcam).
The following secondary antibodies were used: 1:500 goat
anti-horse IgG (H&L)-FITC (Abcam), 1:200 goat anti-rabbit
IgG (H&L)-Alexa Fluor (AF) 568 (Invitrogen), and 1:200
goat anti-mouse IgG (H&L)-AF 647 (Invitrogen). Follow-
ing secondary antibody incubation, monolayers were washed
twice with PBS, then twice with deionised water before
1:4000 DAPI (Invitrogen) was added for 10 min. Monolay-
ers were washed twice with deionised water and mounted
on glass slides (Menzel-Glaser) using Vectashield (Vector
Laboratories).

RABV-infected HDF51i-509 iPSC-derived neural cul-
tures were fixed and labelled using immunocytochemistry
as above with the following modification: 1:3000 rabbit
anti-RABYV nucleoprotein monoclonal antibody (Rahmadane
et al. 2017), 1:1000 chicken anti-MAP2 (Abcam) monoclo-
nal antibody, and 1:200 goat anti-chicken IgG (H&L)-AF
488 (Thermo Fisher) secondary antibody were used.

To assess sarbecovirus replication in ferret neuroepithe-
lium, tissue sections were washed twice with PBS before
permeabilising with 0.1% Triton X-100 in PBS for 10 min.
Tissue sections were blocked with 5% bovine serum albu-
min and 0.1% Triton X-100 in PBS overnight at 4 °C. Pri-
mary monoclonal antibody incubation was performed over-
night at 4 °C in block buffer in a humified chamber, washed
three times with PBS, and secondary antibody incubation
was performed for 3 h at room temperature in block buffer.
The following primary antibodies were used: 1:10,000
rabbit anti-SARS-CoV-2 nucleocapsid (Sino Bio), 1:1000
mouse anti-SARS-CoV-2 nucleocapsid (Sino Bio), 1:1000
mouse anti-TuJ1, and 1:3000 rabbit anti-olfactory marker
protein (OMP) [EPR19190] (Abcam). The following sec-
ondary antibodies were used: 1:200 goat anti-rabbit IgG
(H&L)-Alexa Fluor (AF) 488 and 1:200 goat anti-mouse
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IgG (H&L)-AF 568 (Invitrogen). Following secondary
antibody incubation, tissue sections were washed twice
with PBS, then twice with deionised water before 1:4000
DAPI (Invitrogen) was added for 10 min. Monolayers were
washed twice with deionised water and mounted on glass
slides using Vectashield.

Confocal imaging was performed using a LSM 800
inverted confocal microscope (ZEISS). Images were taken
as Z-stacks with or without tile scan and then maximum
intensity projection was generated. Airyscan™ module was
used to image ferret nasal turbinate tissues using 63 X objec-
tive with Z-stacks. All the confocal imaging and process-
ing were performed using ZEN 2.5 Blue software (ZEISS,
Oberkochen, BW, Germany).

Quantification of infected neurons from confocal
images

Confocal images of neural cultures stained with TUJ1 (neu-
ron, red), viral antigen (green, anti-SARS2-S1; magenta,
anti-SARS), and DAPI (blue, nucleus) were taken with
20 x objective covering 100—400 neural cells in a single
image. Total number of cells (DAPI stained nuclei) were
counted using ImagelJ particle analyser plugin and water-
shed function, with the following parameters: size (inch?)
0.005-infinity and circularity 0.00-1.00. The number of
TUJ1 and viral antigen—positive neurons were counted
manually in the same image to determine the % of infected
neurons.

Cell-associated sarbecovirus RNA quantitation

RNA was extracted from sarbecovirus-infected neural cul-
tures using MagMAX Viral RNA Isolation Kit (Applied
Biosystems) using a KingFisher magnetic particle proces-
sor (Thermo Fisher Scientific). cDNA was synthesised using
SuperScript IV VILO Master Mix with ezDNase enzyme
(Thermo Fisher Scientific) according to manufacturers’
instructions.

Cell-associated sarbecovirus RNA quantitation was per-
formed in duplicate by quantitative real-time PCR using
AgPath-ID One-Step RT-PCR kit (Applied Biosystems),
sarbeco E gene reverse primer and sarbeco hydrolysis probe
(Corman et al. 2020) with the 3’ quencher modified to MGB,
and a modified E gene forward primer (Marsh et al. 2021)
on a QuantStudio 6 Flex Real-Time PCR System (Thermo
Fisher Scientific) according to manufacturers’ instructions.
Sarbecovirus E gene copy numbers were calculated using
cycle threshold (C;) and a standard curve of known copy
number.

Statistical analysis

Statistical analyses (ordinary one-way ANOVA with
Tukey’s multiple comparison) were performed using
GraphPad Prism, version 9.3.1 (GraphPad Software).
Data are presented as mean + SEM. *p <0.05, **p <0.01,
*x#%p <0.0001.

Results

Sarbecoviruses display limited ability to infect
human iPSC-derived neural culture

To determine whether sarbecoviruses productively infect
CNS-origin neural cells, we generated human neural cul-
tures consisting of neurons and astrocytes from an iPSC line
(HDF51i-509), after initial derivation and expansion into
undifferentiated NPCs (Sundaramoorthy et al. 2020a). Undif-
ferentiated NPCs as well as differentiated human neural cul-
tures for medium term (21-24 days) or long term (50 days)
were infected with different strains of sarbecoviruses includ-
ing SARS (Hong Kong strain) and SARS-CoV-2 (ancestral
VICOI1 and VICO2 strains, and delta strain) for up to 72 h
(Fig. 1, Additional file 1, Additional file 2, Additional file 3).
SARS and SARS-CoV-2 infected only a minor proportion of
neurons (<2%) at 24-h post infection (hpi) in 21-24-day-old
neural cultures (Fig. 1A). Viral antigen was localised in
both the cell body and in the neurites (axons and dendrites,
Fig. 1A). Cell—cell fusion of infected neurons was observed,
which aligned with previous studies examining fusogenic
capacity of SARS-CoV-2 (Zhang et al. 2020; Zeng et al.
2022); however, this did not lead to the formation of virus-
induced syncytia (Fig. 1A, arrows). With the exception
of cell-cell fusion, we did not observe cytopathology in
infected neurons. Quantification of neuron-associated viral
antigen in confocal images at 24 hpi showed slightly higher
percentage of infection with the SARS-HK strain compared
to the SARS-CoV-2 strains (Fig. 1B). However, the per-
centage of infection at 24 hpi among all the strains studied
was <2%. To determine whether sarbecovirus infection of
neural cultures was productive, we analysed the course of
infection with SARS (SARS-HK) and SARS-CoV-2 (VICO01,
VICO02, and Delta; Additional file 1) in day 21-24 neural cul-
tures for up to 72 hpi. The rate of neuronal infection at 72 h
was similar to that observed at 24 hpi (Additional file 1),
indicating that the infection did not appear to increase over-
time and that sarbecoviruses displayed limited ability to
infect iPSC-derived neurons.

While neurons are postmitotic, neural progenitor cell
populations are capable of proliferating which could be more
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«Fig. 1 Infection of iPSC-derived human neural cultures with sarbe-
coviruses. A Representative confocal images of stem cell-derived
human neural cultures at differentiation day 21-24 infected with dif-
ferent strains of SARS and SARS-CoV-2 at MOI 1 for 24 h. Neurons
are identified by staining with TUJ1 (red) and viral antigen identi-
fied by staining with anti-SARS S1 antibody (green) and horse anti-
serum recognising SARS coronavirus (magenta). B Quantification
of sarbecovirus-infected day 21-24 differentiated neurons at 24 hpi.
C Quantification of sarbecovirus-infected undifferentiated NPCs
and day 50 differentiated neurons at 24 hpi. 100400 neural cells in
a single image, totalling at least 1000 neurons, were counted using
Image] from one to three independent experiments (n=1, Delta;
n=3, SARS-HK, VICO01, VIC02). Error bars represent mean + SEM.
*p<0.05, **p <0.001

susceptible to sarbecovirus infection and act as sites of viral
replication in human brain. Hence, we examined whether
neuronal infection in our model could vary with the stage of
neural cell differentiation from iPSC-derived NPCs. Undif-
ferentiated NPCs and neural cultures that were differentiated
for up to 50 days were infected with SARS (HK strain) and
SARS-CoV-2 (VICO1 and VICO?2 strains) for 24 and 72 hpi.
Day 50 differentiated neurons showed similar levels of infec-
tion to day 21-24 differentiated neurons (Additional file 2A),
but the undifferentiated NPC showed slightly higher levels
of infection (Additional file 3A, Fig. 1C). This indicated
that these SARS and SARS-CoV-2 strains may have reduced
potential to infect cells as they mature into neurons. How-
ever, as per results for day 21-24 differentiated neurons, viral
infection did not increase at 72 h in NPCs or day 50 infected
neural cultures (Additional file 2B; Additional file 3B).
We then examined the levels of cell-associated viral RNA
in infected neural cells by qPCR (Additional file 4A) and
virus titre in infected neural cultures (Additional file 4B).
While viral RNA was detected in infected neural cultures
and there was a low titre of infectious virus in the culture
media, this did not increase overtime at 48 and 72 h. Rather,
a gradual degradation of viral titres was observed at 48 and
72 h (Additional file 4B). These results were consistent with
confocal imaging and together indicates a lack of productive
viral replication in neural cultures infected with both the
SARS and SARS-CoV-2 strains.

Collectively, we observed infection of a minor proportion
of neurons by sarbecoviruses without productive replication,
consistent with other studies (Bauer et al. 2021, 2022b). Fur-
thermore, this low infectivity of sarbecoviruses in forebrain
neurons decreased with the maturity of the neural cultures.

Microfluidic-derived ex vivo model
of interconnected human neurons shows inability
of sarbecoviruses to transmit between neurons

To date, it remains unclear whether sarbecoviruses are capa-
ble of transmitting within neurites (axons and dendrites)
to neighbouring connected neurons. This would allow the

trans-synaptic spread of sarbecoviruses within a subset of
human neurons without active release outside the cell. To
examine this, we used an ex vivo model of interconnected
human neuronal network using microfluidics. In this previ-
ously described model (Sundaramoorthy et al. 2020a, b), two
populations of forebrain neural cultures are differentiated
from NPCs in panels on either side of microchannels. Upon
differentiation, the neurons develop neurites which grow
through the microchannels and connect the two neuronal
populations forming a network mimicking the circuits in
human brain (Fig. 2A).

We confirmed the synaptic connectivity between the two
neuronal populations in our microfluidic model using RABV
(Fig. 2B). RABV is known to exclusively transfer via syn-
aptic connections between neurons and hence widely used
as a trans-synaptic neural tracer (Suzuki et al. 2020). The
maintenance of unidirectional flow of culture media from
the uninfected to infected panel also prevents diffusion of
virus between the two panels. When RABV was added to
the infected panel, we observed efficient viral spread to the
non-infected panel within 24 h by trans-synaptic transmis-
sion (Fig. 2B). This demonstrated the presence of functional
connectivity between human neurons in our model. We then
infected this model with different strains of sarbecoviruses
(SARS-HK, SARS2-VICO01, and VIC02) for 24 h. In these
infections (Fig. 2C-E), we observed the infection of a sub-
set of neurons in the infected panel similar to our previous
observation (Fig. 1). However, while the viral antigen was
observed in the neurites of infected neurons (Fig. 2C-E,
boxed sections), this did not result in the trans-synaptic
spread of infection from the infected to non-infected micro-
fluid panel. This suggests that the both SARS and SARS-
CoV-2 strains lack the inherent ability to transfer between
human neurons by trans-synaptic transmission.

Absence of neuronal infection in the olfactory
epithelium of SARS-CoV-2-infected ferrets

We then examined whether the low potential for SARS-
CoV-2 to infect stem cell-derived neurons also applies to
olfactory neurons in an in vivo model of sarbecovirus infec-
tion. We used the olfactory epithelium tissue of SARS-CoV-
2-infected ferrets described previously (Au et al. 2022) and
performed high-resolution confocal imaging to examine the
infection in olfactory neurons (Fig. 3). The ferrets infected
in this previous study showed sparingly distributed viral
antigen in respiratory and olfactory epithelium at 5-7 days
post infection (Au et al. 2022). We used OMP (Fig. 3A) and
TUIJ1 (Fig. 3B) as markers for mature and immature olfac-
tory neurons, respectively, as well as cytoK-18 as a marker
of sustentacular cells (Fig. 3C) which wrap around the olfac-
tory neurons. Our confocal imaging showed patches of viral
antigen positivity distributed in the olfactory epithelium
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«Fig. 2 Sarbecovirus infection of ex vivo model of interconnected
human neural network to assess trans-synaptic transmission. A Stem
cell-derived NPCs were seeded in both panels of microfluidic device
separated by microchannels which allows only the neurites to pass
through. After seeding, NPCs were differentiated for 20 (RABV) to
21 days (sarbecoviruses) to generate neurons in both panels intercon-
nected by neurites through the microchannels. The neuronal network
is identified by TUJ1 staining (red) and F-actin stain to visualise the
neural architecture (magenta). The ex vivo models were infected MOI
1 with RABV for 48 h, which served as a positive control for trans-
synaptic transmission (B) or different strains of sarbecoviruses (C, D,
E) at for 24 h. To prevent passive diffusion of virus from the infected
panel into the non-infected panel, a higher volume of media is main-
tained in the non-infected panel. After 24 h of infection, neural cul-
tures were fixed, stained, and imaged in the microfluidic device. Tile
images were taken with 20X objective with Z-stacks and stitched
together. Image B shows trans-synaptic spread of RABV from the
infected to non-infected panel identified by staining with a rabies
anti-nucleoprotein antibody (green). Images C, D, and E show SARS
and SARS-CoV-2 infections stained with anti-SARS2-S1 antibody
(green) in a subset of neurons in the infected panel (boxed area) but
viral antigen was not observed in the non-infected panel

(Fig. 3, Additional file 5). While low-magnification imag-
ing indicated the viral antigen could be present in olfactory
neurons, high-resolution confocal imaging indicated that
this viral antigen is present within the sustentacular cells
surrounding the neurons (Fig. 3; Additional file 5, arrows,
Additional file 6). We did not observe any infection of TUJI
(Additional file 7) or OMP positive neurons in the olfac-
tory epithelium (Fig. 3, Additional file 5). This suggests
that sarbecovirus infection in the ferret nasal olfactory neu-
roepithelium is largely restricted to sustentacular cells with
no evidence for infection of olfactory neurons despite their
close proximity. Collectively, these results correlate with
the limited potential for SARS-CoV-2 to infect neurons, as
observed in our human ex vivo neural model.

Discussion

It has become clear that SARS-CoV-2, despite being a pri-
marily respiratory pathogen, affects multiple tissues and
organs including the nervous system. Many studies have
now explored the neurotropism and neuropathogenic poten-
tial of SARS-CoV-2, sometimes with contradicting results
(reviewed in Bauer et al. (2022a)). One important hurdle in
understanding the neuropathogenesis of sarbecoviruses is
the complexity of human brain with multiple cell types and
neuronal subtypes. Hence, it is difficult to model and inves-
tigate the tropism and progress of viral infection in different
parts of the nervous system. Investigation in post-mortem
tissues could also be affected by the stages of infection and
individual patient heterogeneity. But increasing evidence sug-
gests that neuropathogenesis of sarbecoviruses is likely to be
complex and not solely caused by direct neuronal infection.
Neurological complications in SARS-CoV-2 could be caused

by indirect non-neuronal mechanisms such as immune medi-
ated neuroinflammation including microglial overactivation
(Albornoz et al. 2022), astrocyte-mediated neuropathology
(Andrews et al. 2022; Huang and Fishell 2022), or neurovas-
cular thrombosis (Spudich and Nath 2022) due to hyperco-
agulable state during SARS-CoV-2 infection.

In this study, we demonstrated a low potential for
SARS and SARS-CoV-2 to infect and replicate in stem
cell-derived human neurons. We examined sarbecovirus
infection of stem cell-derived neurons at different stages
of differentiation which indicated that both SARS and
SARS-CoV-2 show lower potential to infect mature neurons
compared to NPCs. Our data suggests that in iPSC-derived
forebrain-type neuron enriched cultures (Sundaramoorthy
et al. 2020a), there is not productive viral replication despite
the infection of few neurons. Our data showing low neu-
ronal infection is consistent with earlier published studies
using similar stem cell model systems (Bauer et al. 2021,
2022b). However, these findings contradict previous studies
using NPCs or more complex 3D organoid model systems
containing multiple cell types (Zhang et al. 2020; Ramani
et al. 2020). In other studies, utilising 3D organoid models
(Kong et al. 2022; Jacob et al. 2020; Pellegrini et al. 2020),
infection was also primarily observed in non-neuronal cells
which could contribute to neuronal infection or neuropa-
thology. Further investigation is required to understand the
role of non-neuronal cell types in different parts of the nerv-
ous system in the tropism and replication of sarbecoviruses.

A widely suggested mechanism of SARS-CoV-2 neuroin-
vasion is entry from the upper respiratory tract where there is
high viral load, into the olfactory bulb and then the brain via
olfactory nerves or other cranial nerves. This route of entry
from the nose into the CNS has been described for other
clinically important respiratory pathogens such as influenza
A virus (reviewed in van Riel et al. (2015)). A potential
mechanism for viral entry into the CNS is axonal traffick-
ing within cranial nerves and trans-synaptic transmission
of SARS-CoV-2 to neurons of the olfactory bulb and then
transport into the brain. However, this requires mechanisms
to travel within the nerves using specific axonal trafficking
mechanisms and transmit across synapses. In this study, we
examined for the first time whether sarbecoviruses could
exhibit such a mechanism. Using a microfluidic derived
model of interconnected human forebrain-type neurons, we
demonstrated that both SARS and SARS-CoV-2 viruses do
not have the ability to transmit within axons. While we do
acknowledge the limitation of our model system consisting
of only forebrain-type neurons, we show that sarbecoviruses
lack an inbuilt ability to hijack and repurpose the axonal
trafficking machinery that is largely conserved across neu-
ronal subtypes from nose to brain (Beier et al. 2011). This
suggests both these viruses do not have the ability to utilise
axonal trafficking mechanisms to enter the brain from the
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Fig.3 Detection of SARS-
CoV-2 antigen in ferret nasal
neuroepithelium. High-
resolution Airyscan confocal
imaging of ferret nasal olfactory
epithelium infected with SARS-
CoV-2 (VICO1 strain). Ferrets
were inoculated with 4.64 x 10*
TCIDs, VICO1 via the intra-
nasal route and ferret tissue
collected 7 dpi (Au et al. 2022).
Ferret tissue sections analysed
herein were stained with anti-
SARS-CoV-2 nucleocapsid
antibody (red) (A—C), mature
olfactory neuronal marker
(OMP) (A), immature olfactory
neuronal marker (TUJ1) (B), or
epithelial (sustentacular) cell
marker (cytoK-18) (C). The top
two panels of images A—C are
images taken with 20 X objec-
tive, while the bottom three
panels are images taken with
63 X objective using a high-
resolution Airyscan module. All
images were taken as z-stacks
and the maximum intensity
projection of z-stacks is shown.
Images show that the viral
antigen (green) is more promi-
nently co-localised with the
sustentacular cells (cytoK-18,
red), indicated by white arrows.
While virus antigen is observed
close to the OMP or TUJ1 posi-
tive neurons in images A and B,
a clear localisation within the
neurons is not observed com-
pared to sustentacular cells (C)
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nose. However, other possible ways of virus transfer along
the cranial nerve such as passive diffusion between olfac-
tory ensheathing cells needs to be examined (van Riel et al.
2015). Alternatively, the virus may also enter the brain
by hematogenous spread through the blood brain barrier
(reviewed in Bauer et al. (2022a)). Interestingly, the S1 pro-
tein of SARS-CoV-2 has also been shown to have an ability
to transfer across the blood brain barrier in the mouse model
(Rhea et al. 2021).

Conclusions

In summary, this study adds further evidence towards under-
standing the mechanisms behind neurotropism and neuropa-
thology of sarbecoviruses. Our data suggests that invasion
of SARS and SARS-CoV-2 into the brain is likely mediated
by mechanisms other than axonal trafficking. Additionally,
we demonstrated low potential for sarbecovirus infection of
human iPSC—derived neurons. Together, our data warrants
investigation of mechanisms of neuropathogenesis that are
alternative to direct neuronal targeting and intraneuronal
transmission in sarbecovirus infections.

Supplementary information

Additional file 1. Sarbecovirus infection of iPSC-derived
human neural cultures at differentiation day 21-24. A)
Infection of stem cell-derived human neural cultures at dif-
ferentiation day 21-24 with different strains of sarbecovi-
ruses at MOI 1 for 72 h. Neurons are stained with TUJ1 (red)
and viral antigen were stained with anti-SARS S1 antibody
(green) and horse antiserum recognising SARS coronavi-
rus (magenta). B) Quantification of sarbecovirus-infected
neurons after 72 h infection at MOI 1 in 21-24 days dif-
ferentiated neural cultures. 100—400 neural cells in a single
image, totalling at least 1000 neurons, were counted using
image] from 1-3 independent experiments (n=1, Delta;
n=23, SARS-HK, VICO1, VICO02). Error bars represent
mean + SEM. ns, not significant.

Additional file 2. Sarbecovirus infection of iPSC-
derived human neural cultures at differentiation day 50.
A) Infection of stem cell-derived human neurons at differen-
tiation day 50 with different strains of coronaviruses at MOI
1 for 24 or 72 h. Neurons are marked by TUJI (red) staining
and virus antigen with anti-SARS S1 antibody (green) and
horse anti-SARS coronavirus staining (magenta). B) Quan-
tification of infected neurons after 24 h or 72 h infection at
MOI 1 in 50 days differentiated neural cultures. 100-400
neural cells in a single image, totalling at least 1000 neurons,

were counted using imageJ from 3 independent experiments.
Error bars represent mean + SEM. ns, not significant.

Additional file 3. Sarbecovirus infection of iPSCs-
derived undifferentiated NPCs. A) Infection of undifferen-
tiated neuronal precursor cells (NPCs) with different strains
of coronaviruses at MOI 1 for 24 or 72 h. Immature neu-
rons are identifed by TUJ1 (red) staining and viral antigen
identified using anti-SARS S1 antibody (green) and horse
anti-SARS coronavirus antiserum (magenta). B) Quantifica-
tion of infected NPCs after 24 h or 72 h infection at MOI
1. 100—400 neural cells in a single image, totalling at least
1000 neurons, were counted using imageJ from 3 independ-
ent experiments. Error bars represent mean +SEM. ns, not
significant.

Additional file 4. Replication of sarbecoviruses in
human neural cultures. To assess susceptibility of neural
cultures to sarbecovirus infection and examine replication
dynamics, cell associated viral genome (A) or infectious
virus titre in tissue culture supernatant (B) were quanti-
tated. A) RT-qPCR to determine cell-associated sarbecovi-
rus genome in stem cell-derived neural cultures (21-24 days
differentiation) infected with sarbecoviruses at MOI 1 for 24,
48 and 72 h. B) Virus titres as determined by TCID5, assay
of neural cultures infected with coronaviruses at MOI 1 for
24, 48 and 72 h. Individual data points shown. Quantitation
of cell associated viral genome and virus titres were per-
formed on 1 independent experiment. Dotted line indicates
limit of assay detection.

Additional file 5. Detection of SARS-CoV-2 antigen
in ferret nasal neuroepithelium. Additional representative
confocal images of ferret nasal olfactory epithelium infected
with SARS-CoV-2 (VICO1 strain). Anti-SARS-CoV-2 nucle-
ocapsid antibody is used to detect viral antigen (red) with
TUJ1, OMP (olfactory neurons) or cytoK-18 (sustentacular
cells). Representative images shown from two regions in the
same tissue for each stain. High-resolution confocal images
were taken using 63 X objective with airy-scan module. All
images were taken as z-stacks and the maximum intensity
projection of z-stacks is shown. Images show co-localisation
of viral antigen with sustentacular cells but not with olfac-
tory neurons.

Additional file 6. Z-stack visualisation of SARS-CoV-2
antigen in ferret nasal neuroepithelium. Representative
videos showing the Z-stack series of confocal images of
SARS-CoV-2 (VICO1 strain) infected ferret nasal olfactory
epithelium stained with anti-SARS-CoV-2 nucleocapsid
antibody to detect viral antigen (red) and sustentacular cell
marker cytokeratin 18 (green).

Additional file 7. Z-stack visualisation of SARS-CoV-2
antigen in ferret nasal neuroepithelium. Representative
videos showing the Z-stack series of confocal images of
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SARS-CoV-2 (VICO1 strain) infected ferret nasal olfactory
epithelium stained with anti-SARS-CoV-2 nucleocapsid anti-
body to detect viral antigen (red) and neuronal marker TUJ1
(green).

Abbreviations CNS: Central nervous system; hpi: Hours post infec-
tion; iPSCs: Induced pluripotent stem cells; MOI: Multiplicity of infec-
tion; NPC: Neuronal precursor cell; OMP: Olfactory marker protein;
PBS: Phosphate-buffered saline; RABV: Rabies virus; SARS: Severe
acute respiratory syndrome coronavirus; SARS-CoV-2: Severe acute
respiratory syndrome coronavirus 2; TuJ1: Beta III tubulin

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13365-023-01187-3.

Acknowledgements The iPSC line HDF51i-509, previously derived by
Sendai-mediated reprogramming of human dermal fibroblast cells [65],
was kindly provided under materials transfer agreement by Professor
Jeanne Loring (The Scripps Research Institute, La Jolla, CA, USA).
The authors thank Shane Riddell for assistance with PC4/BSL4.

Author contribution Conceptualization: VS. Methodology: VS, IML,
SJE, KA. Formal analysis: VS, JIML, SJE, KA. Investigation: VS, JIML,
SJE, KA. Resources: WS, GA, NG, CLR. Writing—original draft: VS,
JML. Writing—review and editing: JML, VS, SJE. Supervision: JB.
Funding acquisition: VS, JB. All authors read and approved the final
manuscript.

Funding Open access funding provided by CSIRO Library Services.
VS is the recipient of an Australian Research Council Discovery Early
Career Award (project number DE210101145) funded by the Austral-
ian Government.

Availability of data and materials The datasets used and/or analysed
during the current study are available from the corresponding author
on reasonable request.

Declarations

Ethics approval SARS-CoV-2-infected ferret turbinates were obtained
through tissue sharing. The original animal experiments were reviewed
and approved by the CSIRO Australian Centre for Disease Prepared-
ness Animal Ethics Committee (AEC 1990) and complied with the
National Health and Medical Research Council Australian code for the
care and use of animals for scientific purposes (8th edition).

Consent to participate All work using human iPSC lines and their
derivative neural lineage cell types were reviewed and approved by
Commonwealth Scientific and Industrial Research Organization
(CSIRO) Health and Medical Research Ethics Committee (LR 16/2017
29/11/2017 and 2022_017_LR).

Consent for publication Not applicable.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in

@ Springer

the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Albornoz EA et al (2022) SARS-CoV-2 drives NLRP3 inflamma-
some activation in human microglia through spike protein. Mol
Psychiatry

Algahtani H, Subahi A, Shirah B (2016) Neurological complications
of Middle East respiratory syndrome coronavirus: a report of
two cases and review of the literature. Case Rep Neurol Med
2016:3502683

Andrews MG et al (2021) Tropism of SARS-CoV-2 for developing
human cortical astrocytes. bioRxiv

Andrews MG et al (2022) Tropism of SARS-CoV-2 for human cortical
astrocytes. Proc Natl Acad Sci USA 119(30):e2122236119

Au GG et al (2022) Characterisation and natural progression of SARS-
CoV-2 infection in ferrets. Sci Rep 12(1):5680

Bauer L et al (2021) Replication kinetics, cell tropism, and associated
immune responses in SARS-CoV-2- and H5N1 virus-infected
human induced pluripotent stem cell-derived neural models.
mSphere 6(3):¢0027021

Bauer L et al (2022a) The neuroinvasiveness, neurotropism, and neu-
rovirulence of SARS-CoV-2. Trends Neurosci 45(5):358-368

Bauer L et al (2022b) In vitro and in vivo differences in neuroviru-
lence between D614G, Delta And Omicron BA.1 SARS-CoV-2
variants. Acta Neuropathol Commun 10(1):124

Beckman D et al (2022) SARS-CoV-2 infects neurons and induces
neuroinflammation in a non-human primate model of COVID-
19. Cell Rep 41(5)

Beier KT et al (2011) Anterograde or retrograde transsynaptic labe-
ling of CNS neurons with vesicular stomatitis virus vectors.
Proc Natl Acad Sci USA 108(37):15414-15419

Butowt R, von Bartheld CS (2022) The route of SARS-CoV-2 to
brain infection: have we been barking up the wrong tree? Mol
Neurodegener 17(1)

Corman VM et al (2020) Detection of 2019 novel coronavirus (2019-
nCoV) by real-time RT-PCR. Eurosurveillance 25(3):2000045

Crunfli F et al (2022) Morphological, cellular, and molecular basis
of brain infection in COVID-19 patients. Proceedings of the
National Academy of Sciences of the United States of America
119(35)

de Melo GD et al (2021) COVID-19-related anosmia is associated
with viral persistence and inflammation in human olfactory epi-
thelium and brain infection in hamsters. Sci Transl Med 13(596)

Desforges M et al (2019) Human coronaviruses and other respiratory
viruses: underestimated opportunistic pathogens of the central
nervous system? Viruses 12(1)

Douaud G et al (2022) SARS-CoV-2 is associated with changes in
brain structure in UK Biobank. Nature 604(7907):697-707

Flores-Silva FD et al (2021) Neurologic manifestations in hospi-
talized patients with COVID-19 in Mexico City. PLoS ONE
16(4):¢0247433

Garcia-Monco JC et al (2021) Neurologic manifestations in a pro-
spective unselected series of hospitalized patients with COVID-
19. Neurol Clin Pract 11(2):e64—e72

Huang S, Fishell G (2022) In SARS-CoV-2, astrocytes are in it for
the long haul. Proc Natl Acad Sci USA 119(30):¢2209130119

Jacob F et al (2020) Human pluripotent stem cell-derived neural
cells and brain organoids reveal SARS-CoV-2 neurotropism


https://doi.org/10.1007/s13365-023-01187-3
http://creativecommons.org/licenses/by/4.0/

Journal of NeuroVirology (2024) 30:39-51

51

predominates in choroid plexus epithelium. Cell Stem Cell
27(6):937-950 €9

Jeong GU et al (2022) SARS-CoV-2 infection of microglia elicits
proinflammatory activation and apoptotic cell death. Microbiol
Spectr 10(3)

Jiao L et al (2021) The olfactory route is a potential way for SARS-
CoV-2 to invade the central nervous system of rhesus monkeys.
Signal Transduct Target Ther 6(1)

Kaufer C et al (2022) Microgliosis and neuronal proteinopathy in
brain persist beyond viral clearance in SARS-CoV-2 hamster
model. Ebiomedicine 79

Khan M et al (2021) Visualizing in deceased COVID-19 patients how
SARS-CoV-2 attacks the respiratory and olfactory mucosae but
spares the olfactory bulb. Cell 184(24):5932-+

Kim JE et al (2017) Neurological complications during treatment of
middle east respiratory syndrome. J Clin Neurol 13(3):227-233

Kong WL et al (2022) Neuropilin-1 mediates SARS-CoV-2 infection
of astrocytes in brain organoids, inducing inflammation leading
to dysfunction and death of neurons. Mbio 13(6)

Kwong KCNK et al (2020) COVID-19, SARS and MERS: a neuro-
logical perspective. J Clin Neurosci 77:13-16

Lyoo KS et al (2022) Direct neuronal infection of SARS-CoV-2
reveals cellular and molecular pathology of chemosensory
impairment of COVID-19 patients. Emerg Microbes Infect
11(1):406-411

Marsh GA et al (2021) ChAdOx1 nCoV-19 (AZD1222) vaccine can-
didate significantly reduces SARS-CoV-2 shedding in ferrets. npj
Vaccines 6(1):67

Matschke J et al (2020) Neuropathology of patients with COVID-
19 in Germany: a post-mortem case series. Lancet Neurol
19(11):919-929

McMahon CL et al (2021) SARS-CoV-2 targets glial cells in human
cortical organoids. Stem Cell Reports 16(5):1156-1164

Meinhardt J et al (2021) Olfactory transmucosal SARS-CoV-2 inva-
sion as a port of central nervous system entry in individuals with
COVID-19. Nat Neurosci 24(2):168-175

Mesci P et al (2022) SARS-CoV-2 infects human brain organoids caus-
ing cell death and loss of synapses that can be rescued by treat-
ment with Sofosbuvir. PLoS Biol 20(11):e3001845

Misra S et al (2021) Frequency of neurologic manifestations in
COVID-19: a systematic review and meta-analysis. Neurology
97(23):2269-e2281

Murphy AR et al (2017) Tailored emulsion-templated porous polymer
scaffolds for iPSC-derived human neural precursor cell culture.
Polym Chem 8(43):6617-6627

Netland J et al (2008) Severe acute respiratory syndrome coronavirus
infection causes neuronal death in the absence of encephalitis in
mice transgenic for human ACE2. J Virol 82(15):7264-7275

Nolen LT, Mukerji SS, Mejia NI (2022) Post-acute neurological conse-
quences of COVID-19: an unequal burden. Nat Med 28(1):20-23

Pellegrini L et al (2020) SARS-CoV-2 infects the brain choroid plexus
and disrupts the blood-CSF barrier in human brain organoids. Cell
Stem Cell 27(6):951-961 e5

Pepe A et al (2022) Tunneling nanotubes provide a route for SARS-
CoV-2 spreading. Sci Adv 8(29)

Rahmadane I et al (2017) Development and validation of an immunop-
eroxidase antigen detection test for improved diagnosis of rabies
in Indonesia. PLoS Negl Trop Dis 11(11):e0006079

Ramani A et al (2020) SARS-CoV-2 targets neurons of 3D human brain
organoids. EMBO J 39(20):e106230

Reed LJ, Muench H (1938) A simple method for estimating fifty per
cent endpoints. Am J Epidemiol 27(3):493-497

Rhea EM et al (2021) The S1 protein of SARS-CoV-2 crosses the
blood-brain barrier in mice. Nat Neurosci 24(3):368-378

Rogers JP et al (2021) Neurology and neuropsychiatry of COVID-19: a
systematic review and meta-analysis of the early literature reveals
frequent CNS manifestations and key emerging narratives. J Neu-
rol Neurosurg Psychiatry 92(9):932-941

Romero-Sanchez CM et al (2020) Neurologic manifestations in hos-
pitalized patients with COVID-19: The ALBACOVID registry.
Neurology 95(8):e1060-1070

Rutkai I et al (2022) Neuropathology and virus in brain of SARS-
CoV-2 infected non-human primates. Nature Commun 13(1)

Sia SF et al (2020) Pathogenesis and transmission of SARS-CoV-2 in
golden hamsters. Nature 583(7818):834-+

Song ER et al (2021) Neuroinvasion of SARS-CoV-2 in human and
mouse brain. ] Exp Med 218(3)

Sonne J, Lopez-Ojeda W (2020) Neuroanatomy, cranial nerve, in Stat-
Pearls. 2022: Treasure Island (FL)

Stein SR et al (2022) SARS-CoV-2 infection and persistence in the
human body and brain at autopsy. Nature

Sundaramoorthy V et al (2020a) Modelling lyssavirus infections in
human stem cell-derived neural cultures. Viruses-Basel 12(4)

Sundaramoorthy V et al (2020b) Novel role of SARM1 mediated
axonal degeneration in the pathogenesis of rabies. PLoS Pathog
16(2):e1008343

Suzuki T et al (2020) Multiplex neural circuit tracing with G-deleted
rabies viral vectors. Front Neural Circuits

Spudich S, Nath A (2022) Nervous system consequences of COVID-
19. Science 375(6578):267-269

Tang SW, Leonard BE, Helmeste DM (2022) Long COVID, neuropsy-
chiatric disorders, psychotropics, present and future. Acta Neu-
ropsychiatr 34(3):109-126

Taylor MP, Enquist LW (2015) Axonal spread of neuroinvasive viral
infections. Trends Microbiol 23(5):283-288

van Riel D, Verdijk R, Kuiken T (2015) The olfactory nerve: a short-
cut for influenza and other viral diseases into the central nervous
system. J Pathol 235(2):277-287

Varatharaj A et al (2020) Neurological and neuropsychiatric complica-
tions of COVID-19 in 153 patients: a UK-wide surveillance study.
Lancet Psychiatry 7(10):875-882

Xu E, Xie Y, Al-Aly Z (2022) Long-term neurologic outcomes of
COVID-19. Nat Med 28(11):2406-2415

Yu M et al (2008) Determination and application of immunodominant
regions of SARS coronavirus spike and nucleocapsid proteins rec-
ognized by sera from different animal species. J Immunol Methods
331(1):1-12

Zhang BZ et al (2020) SARS-CoV-2 infects human neural progenitor
cells and brain organoids. Cell Res 30(10):928-931

Zeng C et al (2022) SARS-CoV-2 spreads through cell-to-cell transmis-
sion. Proc Natl Acad Sci 119(1):e2111400119

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	SARS-CoV and SARS-CoV-2 display limited neuronal infection and lack the ability to transmit within synaptically connected axons in stem cell–derived human neurons
	Abstract
	Background
	Methods
	Continuous cell lines
	Stem cell–derived human neural cultures
	Viruses
	Sarbecovirus infection of human iPSC–derived NPCs and neural cultures
	Ex vivo model of interconnected human neurons using microfluidics
	Replication of SARS-CoV-2 in ferret nasal neuroepithelium
	Immunofluorescence staining and confocal imaging
	Quantification of infected neurons from confocal images
	Cell-associated sarbecovirus RNA quantitation
	Statistical analysis

	Results
	Sarbecoviruses display limited ability to infect human iPSC-derived neural culture
	Microfluidic-derived ex vivo model of interconnected human neurons shows inability of sarbecoviruses to transmit between neurons
	Absence of neuronal infection in the olfactory epithelium of SARS-CoV-2-infected ferrets

	Discussion
	Conclusions
	Supplementary information
	Acknowledgements 
	References


