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ABSTRACT Human coronaviruses (HCoV) are respiratory pathogens which have
been known since the 1960s. In December 2019, a new betacoronavirus, severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), was reported, and it is re-
sponsible for one of the biggest pandemics of the last 2 centuries. Available evi-
dence suggests that similar to the case with the HCoV-OC43 strain, SARS-CoV-2 neu-
roinvasion is associated with potential neurological disorders. Coronavirus infection
of the central nervous system (CNS) is largely controlled by a viral factor, the spike
glycoprotein (S), and a host factor, innate immunity. However, the interaction
between these two factors remains elusive. Proteolytic cleavage of the S protein can
occur at the interface between receptor binding (S1) and fusion (S2) domains (S1/
S2), as well as in a position adjacent to a fusion peptide within S2 (S29). In this study,
using HCoV-OC43 as a surrogate for SARS-CoV-2, we determined that both S protein
sites are involved in neurovirulence and are required for optimal CNS infection.
Whereas efficient cleavage at S1/S2 is associated with decreased virulence, the
potentially cleavable putative S29 site is essential for efficient viral infection.
Furthermore, type 1 interferon (IFN-1)-related innate immunity also plays an impor-
tant role in the control of viral spread toward the spinal cord, by preventing infec-
tion of ependymal cells. Our results underline the link between the differential S
cleavage and IFN-1 in the prevention of viral spread, to control the severity of infec-
tion and pathology in both immunocompetent and immunodeficient mice. Taken to-
gether, these results point toward two potential therapeutic antiviral targets: cleav-
age of the S protein in conjunction with efficient IFN-1-related innate immunity to
prevent or at least reduce neuroinvasion, neural spread, and potential associated
neurovirulence of human coronaviruses.

IMPORTANCE Human coronaviruses (HCoV) are recognized respiratory pathogens. The
emergence of the novel pathogenic member of this family in December 2019 (SARS-
CoV-2, which causes COVID-19) poses a global health emergency. As with other
coronaviruses reported previously, invasion of the human central nervous system
(CNS), associated with diverse neurological disorders, was suggested for SARS-CoV-2.
Herein, using the related HCoV-OC43 strain, we show that the viral spike protein
constitutes a major neurovirulence factor and that type 1 interferon (IFN-1), in con-
junction with cleavage of S protein by host proteases, represents an important host
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factor that participates in the control of CNS infection. To our knowledge, this is the
first demonstration of a direct link between cleavage of the S protein, innate immu-
nity, and neurovirulence. Understanding mechanisms of viral infection and spread in
neuronal cells is essential to better design therapeutic strategies, and to prevent
infection by human coronaviruses such as SARS-CoV-2 in the human CNS, especially
in vulnerable populations such as the elderly and immunocompromised individuals.

KEYWORDS coronavirus, SARS-CoV-2, CNS, neuroinvasion, neuropropagation, olfactory
sensory neuron, S protein, cleavage, type 1 interferon, IFN-1, central nervous system
infections

Human coronaviruses (HCoV) were first identified in the 1960s (1–3). Since the begin-
ning of the 21st century, several new members of the Coronaviridae family have been

identified, including five that infect humans: severe acute respiratory syndrome coronavi-
rus (SARS-CoV), HCoV-NL63, HCoV-HKU1, Middle East respiratory syndrome coronavirus
(MERS-CoV), and, in December 2019, severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), the etiologic agent responsible for coronavirus disease 19 (COVID-19), asso-
ciated with one of the largest pandemics of the last 2 centuries (4–12).

These viruses are recognized respiratory pathogens (1, 13, 14); however, SARS-CoV,
SARS-CoV-2, HCoV-OC43, and HCoV-229E all have been shown to be naturally neuroin-
vasive and neurotropic in humans (14–18), and evidence has accumulated to support
the idea that HCoV, including SARS-CoV-2, the COVID-19-inducing agent, could be
associated with pathologies outside the respiratory tract, including the human central
and peripheral nervous systems (19–37). Moreover, by infecting the neurons, SARS-
CoV and HCoV-OC43 induce neuronal cell death associated or not with encephalitis in
susceptible mice (38–41), and HCoV-OC43 and HKU-1, like SARS-CoV-2, have been
associated with cases of encephalitis (42–45), acute disseminated encephalomyelitis
(20), and encephalopathy (32) in humans.

Coronavirus infection is largely controlled by the spike glycoprotein (S), which bears
both receptor binding and membrane fusion capabilities (46, 47). Being a class 1 viral
fusion protein, this protein is proteolytically processed during infection of the host cell, a
mechanism involved in the initiation of infection, tissue tropism, propagation and in even-
tual pathogenesis, including within the central nervous system (CNS) for several coronavi-
ruses, such as SARS-CoV-2 (48–59). Different host proteases can cleave and activate the co-
ronavirus spike, making these viruses very efficient at adapting to new environments,
based on protease availability and on a multitude of mechanisms and strategies that have
evolved to ensure infection (51, 57, 60). Proteolytic cleavage events that lead to membrane
fusion can occur both at the interface between the receptor binding (S1) and fusion (S2)
domains (S1/S2) and in a position adjacent to a fusion peptide within S2 (S29) (61, 62).
Fusion activation can be triggered by low pH, receptor binding, or a combination of the
two, as the cleavage event occurs in the vicinity of the viral fusion peptide (63). We have
reported that persistent HCoV-OC43 infections of human neural cell lines led to the
appearance of point mutations in the S gene (64) and that these mutations were sufficient
to significantly increase neurovirulence and modify neuropathology in mice (38). Moreover,
a predominant mutation identified in the S gene of HCoV-OC43 variants detected in clinical
isolates (Gly758Arg) introduces a furin-like protease cleavage site, RRSR;R, in the S protein
and modulates neurovirulence in mice (55). Type 1 interferon (IFN-1)-related innate immu-
nity has also been shown to control coronavirus infection of the CNS (65, 66), and the host
response to viral infection associated with this cytokine may involve host proteases in the
airway and in the CNS (67–69).

While cleavage of the S protein has previously been shown to be important for infection
in different cell culture models (56, 57, 70) and suggested to play a role in pathogenesis for
the feline and murine coronaviruses as well as for SARS-CoV-2 (71–73), the contribution to
neurovirulence is unclear. Here, we provide evidence of direct implication of putative cleav-
age sites (S1/S2 and S29) in HCoV-OC43 neurovirulence and identify processes that may
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directly govern the severity and/or nature of human coronavirus neuropathogenesis. Our
study also revealed that the IFN-1-related response plays a role in cell tropism and eventual
dissemination within the CNS. Taken together, our results suggest that cellular proteases
that modulate cleavage of the S protein, in combination with IFN-1, could be targeted to
prevent CNS infection and potential neurovirulence of coronaviruses in humans.

RESULTS
Mutation at putative S protein cleavage sites influences HCoV-OC43 infectivity.

Coronaviruses have their S protein cleaved by host cell proteases during infection (51,
54–57, 61, 74, 75). We previously reported that cleavage of the HCoV-OC43 S protein at
the S1/S2 site was not essential for viral infectivity, as HCoV-OC43 variants were able to
infect cells despite the degree of cleavage at S1/S2. On the other hand, this cleavage
was an important determinant of virus spreading in the CNS. By homology to other
CoVs, we previously suggested (55) that a second cleavage site (S29), already predicted
by others through bioinformatics analysis and modeling (51), was present in the HCoV-
OC43 S protein (Fig. 1A), and we have evaluated its importance during infection (51,
61, 74–76). We thus sought to investigate the potential relevance of the viral sequence
KASSRS, located in the HCoV-OC43 S protein at the putative S29 cleavage site before
the peptide fusion (amino acids 899 to 904). Making use of our cDNA infectious clone
(pBAC-OC43FL) (77), we wished to push further our understanding of the S cleavage
mechanism and to evaluate the relative involvement of the identified S1/S2 and

FIG 1 Mutation at putative S protein cleavage sites influences the production of HCoV-OC43 infectious virus. (A) Representation of the full-
length HCoV-OC43 genome found within the pBAC-OC43FL infectious clone with a schematic representation of the HCoV-OC43 S gene with
the two cleavage sites: S1/S2 and putative S29 cleavage site (black arrows). The S protein is composed of two subunits, S1, containing the
receptor binding domain (RBD) and hypervariable region (HVR), and S2, containing the fusion subunit. L, linker region between S1/S2 and S29
sites; FP, putative fusion peptide; HR1, heptad repeat 1; HR2, heptad repeat 2; TM, transmembrane domain; E, endodomain; ORF, open
reading frame. Not drawn to scale. Data in table represent corresponding cleavage sequences of the different viruses, including reference
pBAC-OC43FL. (B) Infectious virus production evaluated after transfection of BHK-21 cells (BHK-P0) and two rounds of amplification in HRT-18
cells (HRT-18 P1 and P2). (C) RT-PCR analysis for the presence of viral RNA after transfection of BHK21. Lane 1 is the negative control (ctrl)
(transfected with wild-type pBAC-OC43FL without reverse transcription step), lane 2 is wild-type pBAC-OC43FL, lane 3 is pBAC-OC43/SG758R, lane
4 is clone 1 of pBAC-OC43/SR903A, lane 5 is clone 2 of pBAC-OC43/SR903A, lane 6 is clone 1 of pBAC-OC43/SG758R-R903A, lane 7 is clone 2 of pBAC-
OC43/SG758R-R903A, and lane 8 is clone 3 of pBAC-OC43/SG758R-R903A. MW, molecular weight standards. (D) RT-PCR analysis for the presence of
viral RNA in HRT-18 cells. Lane 1 is the negative ctrl (RNA extracted from OC43-infected cells without reverse transcription step), and lane 2 is
the positive ctrl (RNA extracted from OC43-infected cells). Other lanes show RT-PCR performed on RNA extracted after two rounds of
amplification (infection) in HRT-18 cells (HRT-18 P2): lane 3 comes from clone 1 of pBAC-OC43/SG758R-R903A, lane 4 comes from clone 2 of
pBAC-OC43/SG758R-R903A, lane 5 comes from clone 3 of pBAC-OC43/SG758R-R903A, lane 6 comes from clone 1 of pBAC-OC43/SR903A, lane 7 comes
from clone 2 of pBAC-OC43/SR903A, lane 8 comes from pBAC-OC43/SG758R, and lane 9 comes from wild-type pBAC-OC43FL.
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putative S29 cleavage sites (Fig. 1A) during infection. Using recombineering (78), we
generated cDNA infectious clones with mutations at either putative cleavage site (S1/
S2 [pBAC-OC/SG758R] and S29 [pBAC-OC/SR903A]) or at both sites (S1/S2 and S29 [pBAC-
OC/SG758R-R903A]) (Fig. 1A). Transfection of BHK-21 cells was performed, followed by
amplification of infectious viruses in HRT-18 cells (77). However, using 3 different cDNA
molecular clones for the double mutant (pBAC-OC/SG758R-R903A) (for which the entire S
gene was sequenced), we were never able to harvest any detectable infectious viral
particles compared to reference and single mutant viruses (Fig. 1B). This suggests that
the S1/S2 and putative S29 cleavage sites both play a role in the capacity to produce in-
fectious virus. As expected, reverse transcription-PCR (RT-PCR) analysis revealed that
transfections of all infectious clones produced viral RNA at comparable levels in BHK-
21 cells (Fig. 1C). However, the viral RNA was already lost for the double mutant after
the first viral amplification in HRT-18 cells (HRT-P1) (Fig. 1D), likely explaining the inca-
pacity to detect infectious virus even after two rounds of amplification (HRT-P2) (Fig.
1B).

Given that no difference in infectivity between the rOC/SG758R virus and reference
rOC/ATCC virus was observed in our previous study (55), we next sought to evaluate if
inactivation of the S29 putative cleavage site would impact infection. Statistical analysis
revealed no significant difference in infectivity, defined as the ratio of infectious par-
ticles over total particles evaluated by the amount of viral RNA genome (55), between
the three variants in viral stocks produced in human epithelial HRT-18 cells (average of
1 infectious viral particle for each 100 copies of viral RNA) and in the capacity to enter
these epithelial cells (Fig. 2A and B). On the other hand, even though the infectivities
were similar for rOC/ATCC and rOC/SG758R in neuronal cells, with an average of 1 infec-
tious viral particle for each 1,000 and 3,000 viral RNA copies in LA-N-5 cells and primary
cultures of the CNS, respectively, this parameter was drastically reduced for the rOC/
SR903A variant. Indeed, the latter presented an average of infectivity of only 1 infectious
viral particle for each 100,000 and 1,000,000 viral RNA copies in LA-N-5 neuronal cells
and primary cultures of the CNS, respectively (Fig. 2C and E). The multiplicity of infec-
tion (MOI; calculated from titration on HRT-18 cells as described in Materials and
Methods) used for infection of the different cell types was the same for all three var-
iants in all experiments. Our data indicate that significantly fewer rOC/SG758R and rOC/
SR903A virions were able to enter LA-N-5 neuronal cells in the early steps of infection.
Indeed, after 20min at 37°C, averages of only 11% and 14% for rOC/SR903A and rOC/
SG758R viruses, respectively, entered neuronal cells, compared to 27% for rOC/ATCC.
However, when evaluating global entry by calculating the slope over a 50-min time
span, we determined that although a higher fraction of rOC/ATCC had entered cells at
an earlier time point, overall all three variants were similarly successful at entering host
cells (Fig. 2D).

The S glycoprotein may be cleaved by cathepsins B and L and by TMPRSS5
(transmembrane serine protease 5)/spinesin.We next sought to evaluate the impor-
tance of the cleavage steps in infection. We first looked at the S protein processing in
the LA-N-5 neuronal cell line and first confirmed previous results (55) showing that the
cleavage of the S protein in S1/S2 fragments was mostly efficient for rOC/SG758R mutant
virus at 48 h postinfection (hpi) (Fig. 3A) compared to the protein associated with cells
(Fig. 3B). Our results also showed a very faint intermediate size band between the
uncleaved and S1/S2 cleaved forms of the S protein for reference virus and rOC/SG758R
mutant virus which we also already previously reported (55) (Fig. 3A and B, black arrow
S29). No data are presented for the rOC/SR903A virus because infection of human neuro-
nal LA-N-5 cells is highly inefficient and consequently does not produce enough viral
proteins (including S) to be detectable even at 48 hpi.

Cleavage at S29 appears to occur mostly during viral entry and is likely transient in
nature, rendering the phenomenon difficult to observe (51). Therefore, we sought to
identify which proteases could potentially play a role in cleavage of the HCoV-OC43 S
glycoprotein by designing synthetic peptides, described in Materials and Methods and
representing all viruses at the S1/S2 site (RRSRG [rOC/ATCC] and RRSRR [rOC/SG758R])
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FIG 2 Mutation in S1/S2 and S29 sites significantly impairs viral infectivity and entry of HCoV-OC43 into neuronal cells. An infectivity
assay between viruses was conducted for quantification of viral RNA in viral stock (absolute quantity in RNA copy representative of
total viral particles) over the number of infectious particles in viral stocks produced in HRT-18 cells (A), differentiated LA-N-5 cells (C),
and murine primary CNS mixed cultures (E). For the evaluation of time of entry, HRT-18 cells (B) and differentiated LA-N-5 cells (D)
were seeded in 24-well plates and incubated for 1h on ice with either rOC/ATCC, rOC/SG758R, or rOC/SR903A at an MOI of 1. Then cells
were incubated for 20, 30, and 50min at 37°C, medium was replaced with new medium containing chloroquine (200nM), and cells were
incubated for 16 h at 37°C. Positive controls were incubated for 16 h without chloroquine. Viral entry was evaluated by
immunofluorescence assay and quantified with CellProfiler software. Percentage of infection was set at 100% in control for
each virus, and data at different time points were compared to this value. Tables below panels B and D represent the slope
calculated over a 50-min time period. Differences were significant (*, P# 0.05, **, P# 0.01, and ***, P# 0.001) or not
significant (ns), and results shown are the mean values (with standard deviations) from three independent experiments.
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(55) or at the S29 site (KASSRS [rOC/ATCC] and KASSAS [rOC/SR903A]). The Km values of
the graphs represent the situation when the enzymes are in the presence of a small
amount of substrate (corresponding to beginning of infection), and the Vmax values
represent the situation when the amount of substrate is high (corresponding to the
end of the replicative cycle of the virus) (Fig. 3C to F). As shown in Fig. 3C, we con-
firmed previous results (55) showing that furin was effective at cleaving the peptides
representing the S1/S2 site and that it was much more efficient for the peptide con-
taining the rOC/SG758R virus sequence (RRSRR). Our new data clearly indicate that this
proprotein convertase has a very low affinity for the putative cleavage site at S29, espe-
cially for the Km portion (Fig. 3C). Cathepsin B was highly active at cleaving peptide
containing the rOC/SG758R sequence (RRSRR) at both Km and Vmax but was unable to

FIG 3 Cathepsins B and L and TMPRSS5/spinesin are potential players in S glycoprotein cleavage. Differentiated LA-N-
5 cells were infected with rOC/ATCC or rOC/SG758R at an MOI of 0.2. Proteins in association with cells or in supernatant
were extracted at 48 hpi, and Western blot analysis of cell culture supernatant (A) or whole-cell lysates (B) (10mg of
proteins loaded in all wells as measured by BCA) revealed the presence of oligomers of S proteins (250 kDa), the
uncleaved monomer form of the S glycoprotein (180 kDa), a cleaved form at about 100 kDa (S1/S2), and presumably
the second cleaved site at about 120 kDa (S29). Synthetic peptides represent all virus S protein at the S1/S2 site,
RRSRG (rOC/ATCC; black) and RRSRR (rOC/SG758R; red), or at S29 site, KASSRS (rOC/ATCC; green) and KASSAS (rOC/SR903A;
blue). The different peptides were incubated with furin (C), cathepsin B (D) or L (E), or TMPRSS5/spinesin (F) for
30min, and percent cleaved peptide was measured as described in Materials and Methods. Cleavage at Km is a
representation of an early step of viral infection (small amount of peptide) and Vmax a late step of viral infection (large
amount of peptide).
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cleave peptide RRSRG (Fig. 3D), whereas cathepsin L was only able to partially cleave
peptide KASSAS (mutant S29 site) at Km while being much more effective at Vmax (Fig.
3E). We are aware that data obtained by such in vitro biochemical studies need to be
interpreted with all prescribed caution. However, this method was previously used for
studying the potential cleavage of SARS-CoV-2 S protein (79, 80), and our data con-
firmed previous results related to cleavage by furin-like proteases and presage that at
the beginning of infection (entry), cathepsin B would be able to efficiently cleave the S
glycoprotein at the S1/S2 and S29 sites and that the cleavage by cathepsin L would be
less efficient for all viruses. The Vmax values presage that cathepsins B and L would also
be active and efficient later during infection but not equally for all viruses. Our data on
TMPRSS5/spinesin suggest that virus rOC/SG758R would not use this protease for its
cleavage at S1/S2 in the early steps of infection but that all viruses could use it at later
stages (Fig. 3F).

S protein potential cleavage sites differentially influence entry in neuronal
cells. Having shown that cathepsins and TMPRSS5/spinesin are potential host pro-
teases able or not to cleave peptides representing the S protein S1/S2 and S29 sites
(Fig. 3) and knowing that these types of proteases (members of cathepsins and
TMPRSSs) can be involved in early steps of infection (entry) for many viruses, including
CoVs (51, 56, 57, 60, 61, 74, 75, 81, 82), we evaluated if they could be involved during
infection of neuronal cells by our different viruses. As cathepsins are predominantly
and typically found in endosomes (cathepsin B) and lysosomes (cathepsin L), where
they are optimally active at low pH, and as the endocytic path was shown to be used
by CoVs (83–85), we evaluated the importance of these proteases during endocytosis.
We first evaluated viral entry, with chloroquine. Entry of mutant rOC/SR903A virus was
mostly affected in LA-N-5 cells in a dose-dependent manner when endosomal acidifi-
cation was neutralized. Indeed, 10 nM chloroquine significantly decreased mutant rOC/
SR903A entry, by 80%, whereas this reduction was 40% for rOC/ATCC and not significant
for rOC/SG758R. These results indicate a difference in sensitivity to chloroquine and suggest
that the mutant G758R is less dependent on acidification and low-pH-active proteases. As
S protein mutants arise during infection by coronaviruses, including SARS-CoV-2, this sug-
gests that variants such as the G758R mutant may represent chloroquine-resistant mutants
that may arise during the course of infection. With a higher concentration of chloroquine
(50nM), all three variants were affected (Fig. 4A). Moreover, acidification of endosomes
was also demonstrated to be necessary for viral entry in primary CNS cultures of mice (Fig.
4B). These data suggest that the rOC/SG758R virus, harboring mostly an already cleaved S
protein at the S1/S2 site (55) (Fig. 3), relies less on endosome/lysosome acidification to
enter cells.

Having shown that endosomal acidification influenced entry (Fig. 4) and that cathe-
psins could potentially be involved in the process (Fig. 3), we sought to evaluate the
implication of these endosomal proteases during infection. For this, we infected LA-N-
5 cells in the presence of either MDL-28170 (chemical inhibitor of cathepsin B [Fig. 4C])
or Z-FA-FMK (chemical inhibitor of both cathepsin B and L [Fig. 4D]). In both cases,
entry of rOC/ATCC and rOC/SR903A mutant virus (which both harbor a suboptimal cleav-
age site RRSRG at S1/S2) was mostly altered compared to that of rOC/SG758R virus (Fig.
4C and D). All these data suggest that the 3 viruses use the endosomal pathway to
enter neuronal cells and that cathepsins have a differential impact depending on the
presence or absence of optimal S1/S2 or S29 sites. Vesicular stomatitis virus (VSV) was
used as a negative control, as its glycoprotein G does not need to be cleaved by cellu-
lar proteases within the endocytic pathway to enable virus entry (82). Endocytosis (pH
and cathepsin inhibition) experiments on epithelial HRT-18 cells also revealed that the
three viruses partly rely on this pathway for infection of epithelial cells (data not
shown). However, inhibitors of cathepsins were highly cytotoxic on CNS primary cul-
tures even at low doses and thus could not be tested for inhibition of infection.

Other host proteases, such as members of the membrane-bound TMPRSSs, may
also influence coronavirus infection (70, 82, 86), supposedly by initiating direct mem-
brane fusion at the cell surface and subsequent viral entry in susceptible cells (51, 74,
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FIG 4 Endosomal acidification and proteases are necessary for efficient entry of HCoV-OC43 into neuronal cells. Unless stated otherwise,
infections were performed with either rOC/ATCC, rOC/SG758R, or rOC/SR903A at an MOI of 1 and cells were incubated for 16 h at 37°C and each
virus is compared to itself under all different conditions. Thus, for each virus, infection without inhibitor is set at 100%. (A and B)
Differentiated LA-N-5 cells (A) or mixed primary cultures of mouse brain (B) were incubated as described in Materials and Methods with the
indicated concentration of chloroquine. (C and D) Differentiated LA-N-5 cells were incubated with 20 mM MDL 28170 (C) or 20 mM Z-FA-FMK

(Continued on next page)
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76, 82, 87). To first investigate if TMPRSSs are involved in HCoV-OC43 entry in neuronal
cells, we used the chemical inhibitor camostat mesylate, and no difference in efficiency
of entry between viruses was observed in LA-N-5 cells. RT-PCR revealed that TMPRSS2
and -5 were expressed below the limit of detection in LA-N-5 cells but that TMPRSS5/
spinesin, a form of TMPRSS usually expressed in CNS cells, was highly expressed in mu-
rine primary CNS cultures (data not shown). We thus tested the implication of
TMPRSS5/spinesin in these primary cultures, by performing infection in the presence
of camostat mesylate (51) and found that entry of rOC/ATCC and rOC/SR903A viruses
was more affected than rOC/SG758R virus (Fig. 4E). These data strongly suggest that
viruses that harbor a suboptimal cleavage S1/S2 site (RRSRG; rOC/ATCC and rOC/SR903A)
rely more on cleavage by TMPRSS (most probably TMPRSS5 in the CNS) for efficient
entry, and again, the modification of the wild-type S29 site KASSRS (rOC/ATCC) to
KASSAS (as in the rOC/SR903A virus) does not prevent this potential cleavage and even-
tual associated entry path, such as the proposed fusion at the cell membrane.
Considering that camostat mesylate had a significant effect on viral infection in pri-
mary cells (Fig. 4E), which express TMPRSS5/spinesin, we decided to ectopically express
this host protease in LA-N-5 cells and monitor its effect at early stages of viral infection.
Ectopic expression in the presence of camostat mesylate significantly reduced infec-
tion by reference rOC/ATCC in a dose-dependent manner and had a lower effect dur-
ing infection by the other two viruses (Fig. 4F and G).

The arginine in the putative S29 site in the S glycoprotein is necessary to
produce infectious viral particles that efficiently propagate in neuronal cell
culture. To push further our investigation on the role of the S29 site during HCoV-
OC43 infection, we evaluated the kinetics of viral replication and spreading in cell cul-
ture. Even though a slight difference in replication and spread was observed between
all three viruses in HRT-18 human epithelial cells (data not shown), statistical analysis
revealed that it was not significant. On the other hand, even though both rOC/ATCC
and rOC/SG758R variants were able to spread and produce infectious particles in LA-N-5
human cells and in murine mixed primary CNS cultures (Fig. 5), the mutant rOC/SR903A
was heavily restricted for both parameters of infection (Fig. 5A to D). However, ectopic
expression of TMPRSS5/spinesin increased production of infectious virus and propaga-
tion for all three viruses in LA-N-5 cells (Fig. 5E and F). Moreover, we previously showed
that HCoV-OC43 spread in neuronal cell cultures could partially be attributed to axonal
transport associated with a cell-to-cell mode of propagation (88). Using both LA-N-5
cells and murine primary CNS cultures in both fluid (cell-free propagation of viral par-
ticles in medium) and semifluid/methylcellulose (cell-to-cell propagation), we thus
evaluated the relative spreading capacities of all three viruses and found that mutant
rOC/SR903A cell-to-cell propagation was almost totally abrogated in both LA-N-5 cells
and murine primary cells (Fig. 5G to J).

Mutation at both S1/S2 and S29 sites reduces infection and early propagation
among olfactory sensory neurons (OSN). We previously reported that cleavage of
the HCoV-OC43 S protein at the S1/S2 site by host cell proteases was not essential for
neuroinvasion but was an important determinant of virus spread in the CNS. Therefore,
10-day-old C57BL/6 mice were inoculated intranasally (i.n.) and the presence of viral
RNA was evaluated in olfactory bulb, cortex, brain stem, and spinal cord to compare
the levels of neuroinvasion and propagation within the CNS between the reference vi-

FIG 4 Legend (Continued)
(D). Infections were performed with either rOC/ATCC, rOC/SG758R, rOC/SR903A, or VSV at an MOI of 1. After incubation with inhibitors for 2 h,
medium was removed, fresh medium with 200 nM chloroquine was added, and cells were put back at 37°C for another 16 h. (E) Mixed
primary cultures of mouse brain incubated with 200 mM camostat mesylate were infected with either rOC/ATCC, rOC/SG758R, or rOC/SR903A at
an MOI of 0.2 for 16 h at 37°C. After fixation, viral antigens were stained with rabbit antiserum against the S viral glycoprotein and neurons
with a monoclonal antibody (MAb) against MAP2. Percentage of infection was set at 100% in control (0mM) for each virus. (F) Evaluation of
TMPRSS5/spinesin levels of expression in different puromycin-selected populations and isolated clones of LA-N-5 cells transduced by lentiviral
vector. Boxed populations and clones were evaluated for panel G. (G) Differentiated LA-N-5 cells ectopically expressing TMPRSS5 (pop A and
clone C3) or LA-N-5 control (pop X) were incubated with 200 mM camostat mesylate and were infected with virus rOC/ATCC, rOC/SG758R, or
rOC/SR903A at an MOI of 0.2 for 16 h at 37°C. Viral entry was evaluated by immunofluorescence assay and quantified with CellProfiler software.
Results are the mean values (with standard deviations) from three independent experiments. *, P# 0.05; **, P# 0.01; ***, P# 0.001.
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FIG 5 The wild-type S29 site in S glycoprotein is necessary to efficiently produce infectious viral particles and for efficient propagation
in neuronal cell cultures. Differentiated LA-N-5 cells or mixed primary cultures were infected with rOC/ATCC, rOC/SG758R, or rOC/SR903A at

(Continued on next page)
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rus and both single mutant viruses (Fig. 6). Viral RNA was first detected in the olfactory
bulb and later in other structures of the mouse CNS, suggesting that neuroinvasion per
se was not altered for any virus. However, the reduction in the number of infected
mice, the delay in RNA detection, and the lower RNA copy number of rOC/SR903A may
underline a defect in early propagation in the CNS via by the olfactory route.

To determine whether these variations in viral RNA content could result in a differ-
ence in cell type infection in the olfactory epithelium, we performed an immunofluo-
rescence assay at 3 days postinfection (dpi) on mouse decalcified whole heads after i.n.
inoculation. Our data correlated with the amount of viral RNA found in the mouse CNS
for all 3 viruses. Indeed, rOC/ATCC (Fig. 7A, left image) was able to efficiently invade

FIG 6 Mutation at either S1/S2 or S29 site delays viral neuroinvasiveness and propagation within discrete regions of the brain. Ten-day-old C57BL/6 mice
received 103.5 TCID50/10 ml of rOC/ATCC, rOC/SG758R, rOC/SR903A, or PBS by the i.n. route. Different regions of the brain were harvested at 2 (A), 3 (B), and
4 (C) dpi, and viral RNA was quantified by qRT-PCR. Each bar (x axis numbers 1 to 5) represents one single infected mouse, and “mock” represents a mock-
infected mouse.

FIG 5 Legend (Continued)
an MOI of 0.2 or 0.03, respectively. Kinetics of infectious virus production (A) and viral spreading (B) in LA-N-5 cells, mixed primary
cultures from mouse brain (C and D), and LA-N-5 cells ectopically expressing TMPRSS5 (E and F) was determined. LA-N-5 cells (G and H)
or mixed primary cultures from mice brain (I and J) were infected (MOI of 0.01) and then overlaid with fluid or semifluid medium for 16
to 72 h as described in Materials and Methods. Cells were then fixed and immunostained. For LA-N-5 cells, MAb against the S
glycoprotein and DAPI for cell nucleus were used, and for mixed primary cultures, rabbit antiserum against the S glycoprotein, MAb
against the neuronal protein MAP2, and DAPI for cell nucleus were used. The propagation efficiency was plotted as the ratios between
the percentages of infected cells at 72 h versus 16 h. Differences were significant (*, P# 0.05, **, P# 0.01, and ***, P# 0.001), and
results are the mean values (with standard deviations) from three independent experiments. Cells were counted with CellProfiler
software. LoD, limit of detection.
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and spread in the CNS, and conversely, both mutants (Fig. 7B and C, left images) pre-
sented a defect in their infection capacities. Reference virus rOC/ATCC was clearly the
most efficient virus to infect and spread among OSN in the olfactory epithelium (Fig.
7A, right images, which are higher magnifications of the left image), followed by rOC/
SG758R and rOC/SR903A mutants, respectively (Fig. 7B and C, right images, top and bot-
tom). Whereas these data could presage a relative defect in neuroinvasion for mutants
particularly important for rOC/SR903A, the observation that fewer OSN were infected
may rather reveal a decreased capacity to propagate between the OSN in the nasal
cavity, similar to the delay observed in neuronal cell cultures (Fig. 5). Together, these
data clearly indicate that S1/S2 and mostly S29 sites in the S protein play a crucial role
during HCoV-OC43 infection of the CNS.

FIG 7 Mutation at either the S1/S2 or S29 site reduces infection of olfactory sensory neurons (OSN) and delays
viral neuroinvasiveness and propagation within discrete regions of the brain. Ten-day-old C57BL/6 mice
received 103.5 TCID50/10 ml of rOC/ATCC, rOC/SG758R, or rOC/SR903A by the i.n. route, and histological examination
of decalcified whole head was performed to visualize virus spread in the CNS at 3 dpi for rOC/ATCC (A), rOC/
SG758R (B), or rOC/SR903A (C). Detection of viral antigens (green; MAb against the S viral glycoprotein) and cell
nucleus (DAPI) is presented on the left. Pictures at the top right represent olfactory epithelium, and pictures at
the bottom right represent higher magnifications of infected olfactory sensory neurons. Magnifications are �10
for left images, �20 for upper right images, and �63 for lower right images. 1, nasal cavity; 2, olfactory bulb; 3,
pyriform cortex; 4, hippocampus; 5, brain stem.
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The rOC/SR903A mutant virus is avirulent compared to rOC/ATCC and rOC/SG758R.
Intranasal injections of virus result in infection of the CNS only 68% of the time; there-
fore, we decided to evaluate the different parameters of infection using intracranial
(i.c.) injection, a method by which 100% of the mice are efficiently infected with the
same propagation pathway within the brain (88). Therefore, C57BL/6 mice were
infected by i.c. injection and their survival, neurological symptoms, and weight gain
were assessed as previously described (55). There was a significant difference in sur-
vival after inoculation of either virus (Fig. 8A): like the sham control, the rOC/SR903A virus
induced no mortality compared to rOC/SG758R and rOC/ATCC, which induced 10% and
55% mortality, respectively. On the other hand, there was a significant delay in body
weight gain with rOC/ATCC and the mutant rOC/SG758R virus compared to rOC/SR903A
and the sham control (Fig. 8B). Using the clinical score scale previously described (55),
we next studied the neurological symptoms of mice. Mice infected by the mutant rOC/
SR903A virus, or by the sham control, did not develop any clinical sign. Conversely, mice

FIG 8 The rOC/SR903A mutant virus is avirulent in C57BL/6 mice. Twenty-two-day-old C57BL/6 mice received 101.5

TCID50/10 ml of rOC/ATCC, rOC/SG758R, rOC/SR903A, or PBS by the i.c. route. (A) Survival curves of mice over a 21-day period.
Differences between the three viruses were significant compared to sham control and to each other (*, P# 0.05,
**, P# 0.01, and ***, P# 0.001). (B) C57BL/6 mice were weighed every 2days over a 21-day period to estimate weight
variations, which were expressed as percentages, compared to day 0 (100%). Differences were significant between 7 and
17dpi, when the three conditions (rOC/ATCC, rOC/SG758R, and rOC/SGR903A) were compared to sham control. (C) Evaluation
of the clinical scores (percentage of mice at each level of the scale) of mice infected by rOC/ATCC, rOC/SG758R, or rOC/
SGR903A based on neurological symptoms described in a clinical score scale between level 0 and 4 (see Materials and
Methods).
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infected by the mutant rOC/SG758R developed the 4 levels of symptoms, but less fre-
quently (10%) than with reference rOC/ATCC, which induced encephalitis associated
with the 4 different levels of clinical score more frequently (70% of infected mice) (Fig.
8C). Taken together, survival and weight curves coupled with the clinical scores indi-
cated that the mutant virus rOC/SR903A was totally avirulent.

Viral propagation and replication in the CNS of infected mice are reduced for
mutant rOC/SR903A virus compared to rOC/SG758R and reference wild-type virus. In
order to decipher the mechanisms associated with the differential neurovirulence, i.c.
injections were again performed with all three HCoV-OC43 variants. Even though the
infected regions were similar for all 3 viruses, spread of the mutant rOC/SR903A virus
was abrogated compared to that of rOC/ATCC and rOC/SG758R. Indeed, whereas rOC/
ATCC can already spread in almost all regions of the brain at 7 dpi (Fig. 9A, left image)
and is able to travel through the brain stem to reach the spinal cord (Fig. 9A, right
image), mutant viruses rOC/SG758R and rOC/SR903A were both less efficient in spreading
within different regions of the brain, as fewer viral antigens were detected, especially
in the brain stem, where only scarce cells appeared infected (Fig. 9B and C, left
images).

Given our observations on in vivo neuropropagation (Fig. 9), we evaluated whether
this correlated with a difference in viral replication in the CNS. Brains and spinal cords
were harvested and infectious virus production was assayed every 2 days for a period
of 21 days. A very important reduction in the amount of infectious viral particles in the
brain was observed for rOC/SR903A, and there was a drastic difference in the production
of infectious virus in the spinal cord for both mutants compared to the rOC/ATCC.
Infectious titers of rOC/ATCC were almost identical to those detected in the brain,
whereas the less virulent mutant rOC/SG758R (55) and the avirulent rOC/SR903A appa-
rently poorly reached the spinal cord, as infectious virus particles were below the limit
of detection in almost all of the 30 infected mice (Fig. 9D and E). In order to determine
if the mutant viruses were able to reach spinal cord even in the absence of detectable
infectious virus in the vast majority of mice, we investigated for the presence of viral
RNA in all spinal cord samples where no infectious viral particles had been detected
between 3 and 13 dpi. Viral RNA was present for all three viruses, although there was a
delay for the mutant viruses. Indeed, rOC/ATCC RNA was detected as early as 3 dpi,
whereas viral RNA was first detected only at 5 and 7 dpi for mutants rOC/SG758R and
rOC/SR903A, respectively (Fig. 9F), indicating an important defect in viral propagation
within mice CNS that correlates with the very rare detection of infectious virus.

HCoV-OC43 capacity to enter CSF and reach the spinal cord is not related to S
protein S1/S2 and S29 sites and is not influenced by infection of ependymal cells.
As both mutant viruses were able to reach the spinal cord (viral RNA detected [Fig.
9F]), despite an apparent inefficiency to achieve that through the brain stem and to
produce detectable infectious virus, we wished to evaluate if cerebrospinal fluid (CSF)
could be used for further spreading toward spinal cord as described for other neuro-
tropic viruses (89, 90). Between 3 and 5 dpi, all 3 viruses were found at equivalent levels
in the CSF (Fig. 10A). We also harvested brains at 5 dpi for histological observation and
noticed that rOC/ATCC virus could very efficiently infect nonneuronal cells surrounding
the lateral ventricles (Fig. 10B, left image) conversely to both mutant rOC/SG758R and
rOC/SR903A viruses, which barely infected these cells (Fig. 10C and D, left image). A
higher magnification allowed us to identify these cells as rOC/ATCC virus-infected ep-
endymal cells (Fig. 10B, right image, and data not shown) and confirmed that both
mutants were scarcely detected in these nonneuronal cells (Fig. 10C and D). These
results presage another route of propagation for reference virus (rOC/ATCC) within the
CNS, which may suppose a change in cell tropism, as both mutant viruses almost com-
pletely lost their ability to infect ependymal cells.

Innate immunity reduces propagation in the CNS and associated neurovirulence for
all three HCoV-OC43 variants.We previously showed that innate immunity (astrogliosis
and microgliosis) was induced differentially by diverse HCoV-OC43 variants in direct
correlation with viral propagation and neurovirulence (38, 55, 91). Therefore, we next
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sought to compare the relative importance of innate immunity in controlling CNS infection
by our three HCoV-OC43 variants (harboring a potentially differentially cleaved S protein).
Making use of IFNAR knockout (IFNAR-KO) mice, we examined if the differences between
the three variants would remain, regardless of innate immunity status. Intracranial injection

FIG 9 rOC/SR903A mutant virus spread in the CNS is abrogated compared to that of rOC/ATCC and rOC/SG758R. (A to C) Histological examination of virus
spread within the brains of 22-day-old C57BL/6 mice infected with 101.5 TCID50/10 ml of rOC/ATCC (A), rOC/SG758R (B), or rOC/SR903A (C) by the i.c. route.
Detection of viral antigens in whole brain (left) or in the brain stem (right) of infected mice at 7 dpi is shown. White arrows represent infected cells that
were stained in green with MAb against the S viral glycoprotein. Blue staining is DAPI staining the nucleus (DNA). Magnifications are �10 for left images
and �20 for right images. 1, olfactory bulb; 2, pyriform cortex; 3, lateral ventricle; 4, hippocampus; 5, brain stem. (D and E) Production of infectious viral
particles was measured in brains (D) and spinal cords (E) every 2 days between 3 and 13 dpi. Results are the mean values (with standard deviations) from
three independent experiments. (F) In spinal cord samples where no infectious virus was detected, RNA of each virus was quantified by qRT-PCR between
3 and 13 dpi after i.c. injection in C57BL/6 mice. Every symbol represents one single infected mouse.
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FIG 10 Viral RNA of all variants is present in CSF, but ependymal cells are efficiently infected only by reference
virus rOC/ATCC. Twenty-two-day-old C57BL/6 mice received 101.5 TCID50/10 ml of rOC/ATCC, rOC/SG758R, rOC/
SR903A, or PBS by the i.c. route. (A) RNA of each virus was quantified by qRT-PCR at 3 and 5 dpi in CSF of C57BL/
6 mice after i.c. injection. Every symbol represents one single infected mouse. (B to D) Histological examination
of virus spread after 5 dpi. (B) rOC/ATCC; (C) rOC/SG758R; (D) rOC/SR903A. Sections of brains were stained with
MAb against the S viral glycoprotein (green). Blue is DAPI, which stains the nucleus (DNA). Left images
represent lateral ventricles (white arrows) and surrounding region in mouse brain (magnification, �10), and
right images represent higher magnification (63�) of ependymal cells surrounding ventricles seen in
immunofluorescence and bright field, respectively.
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of all three variants into IFNAR-KO mice revealed an increased neurovirulence for rOC/
ATCC and rOC/SG758R, but with the exception of a weight gain defect (compare Fig. 11B to
Fig. 8B), the phenotype (clinical scores and survival) of rOC/SR903A remained the same as
what was observed in immunocompetent C57BL/6 mice. Even though the differences in
viral propagation between all three variants also remained similar to what was observed in
C57BL/6 mice (compare Fig. 12A to C to Fig. 9), higher levels of infectious viruses were
detected in the spinal cord of IFNAR-KO mice than of C57BL/6 mice infected by rOC/SG758R
and rOC/SR903A (compare Fig. 12D and E to Fig. 9D and E). Interestingly, this increase in in-
fectious virus production was associated with a modification of cell tropism, as in immuno-
compromised mice, both mutants were able to infect ependymal cells almost as efficiently
as reference rOC/ATCC (compare Fig. 13 to Fig. 10).

DISCUSSION

Like the newly discovered SARS-CoV-2, the human coronavirus OC43 (HCoV-OC43)
is an opportunistic pathogen, with potential neuroinvasive and neurotropic properties,

FIG 11 The rOC/SR903A mutant virus remains avirulent even in the absence of an adequate IFN-1 response. Twenty-two-
day-old IFNAR-KO mice received 101.5 TCID50/10 ml of rOC/ATCC, rOC/SG758R, rOC/SR903A, or PBS by the i.c. route. (A) Survival
curves of mice over a 21-day period. (B) IFNAR-KO mice were weighed every 2days over a 21-day period to estimate
weight variations, which were expressed as percentages, compared to day 0 (100%). (C) Evaluation of the clinical scores
(percentage of mice at each level of the scale) of mice infected by rOC/ATCC, rOC/SG758R, or rOC/SGR903A based on
neurological symptoms described in a clinical score scale between level 0 and 4 (see Materials and Methods).
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which raises interest in studying its potential involvement in neurological disease (26,
36, 39, 44, 55, 92–94).

Activation of viral envelope glycoproteins like coronaviruses S glycoprotein by host
cell proteases is often a critical step during infection, and modulation of this process
can have a profound effect by influencing early (entry) and late stages of viral infection

FIG 12 Differences between kinetics of viral propagation remain the same in the brains of IFNAR-KO mice, but both mutant
viruses produce detectable levels of infectious virus in the brain and spinal cord. (A to C) Histological examination of virus spread
within the CNS of 22-day-old IFNAR-KO mice infected with 101.5 TCID50/10 ml of rOC/ATCC (A), rOC/SG758R (B), or rOC/SR903A (C) by
the i.c. route. Detection of viral antigens in whole brain (left images) or in the brainstem (right images) of infected mice at 7 dpi
is shown. White arrows represent infected cells that were stained in green with MAb against the S viral glycoprotein. Blue is DAPI,
which stains the nucleus (DNA). Magnifications are �10 for left images and �20 for right images. 1, is olfactory bulb; 2, pyriform
cortex; 3, lateral ventricle; 4, hippocampus; 5, brain stem. (D and E) Production of infectious viral particles was measured in brains
(D) and spinal cords (E) every 2 days between 3 and 7 dpi. Results are the mean values (with standard deviations) from three
independent experiments.
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and cell-cell transmission and potentially in modulation of cell tropism (51–54, 56, 57,
59, 60, 74–76, 85, 95–99). Having previously shown that HCoV-OC43 S protein cleavage
is involved in CNS infection, we herein describe a novel feature of HCoV-OC43 S protein,
which better characterizes the importance of the process from entry to propagation
between CNS cells, and show that this process also involves adequate IFN-1 response.

During entry, coronaviruses can use acid-dependent late endosome-associated
cathepsins (54, 61, 81, 84, 85, 96, 100–102), furin (early endosome) (62, 103), and

FIG 13 All three variants are present in CSF and replicate in ependymal cells of IFNAR-KO mice. Twenty-two-
day-old IFNAR-KO mice received 101.5 TCID50/10 ml of rOC/ATCC, rOC/SG758R, rOC/SR903A, or PBS by the i.c. route.
(A) RNA of each virus was quantified by qRT-PCR between 3 and 7 dpi in CSF. Every symbol represents one
single infected mouse. (B to D) Histological examination of virus spread after 5 dpi. (B) rOC/ATCC; (C) rOC/SG758R;
(D) rOC/SR903A. Sections of brains were stained with MAb against the S viral glycoprotein (green). Blue is DAPI,
which stains the nucleus (DNA). Left images represent lateral ventricles (white arrows) and surrounding region
in mouse brain (magnification, �10) and right images represent higher magnification (�63) of ependymal cells
surrounding ventricles seen in immunofluorescence and bright field, respectively.
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TMPRSS2, at or near the cell surface (56, 57, 59, 74, 76, 85, 101, 104–106). Therefore,
the S29 putative cleavage site in the OC43 S protein could be used by these cell pro-
teases (51, 60, 107, 108) to participate in the complete activation of the S protein. As
previously mentioned, our data obtained by in vitro biochemical studies need to be
interpreted with all prescribed caution, as peptide may not resemble the “real” confor-
mation of the complete S protein. However, this method was previously used for
studying the potential cleavage of SARS-CoV-2 S protein (79, 80), and our data con-
firmed previous results related to cleavage by furin-like proteases (55). Interestingly, ca-
thepsin B was able to cleave all peptides except peptide 322 (RRSRR site), and cathep-
sin L cleaved more efficiently the KASSAS peptide (corresponding to mutated putative
S29 site) than the reference sequence peptide (KASSRS). This suggests that the latter
protease would not play an important role in the endosomal pathway during infection
by naturally circulating HCoV-OC43 variants detected in clinical isolates, which all pos-
sess the KASSRS sequence at the S29 site. On the other hand, our data also presage
that this member of the cathepsin family may rather play an important role at a later
stage of infection (Fig. 3E, Vmax data) on the S1/S2 site (RRSRR), also present in all
HCoV-OC43 known clinical isolates. These data corroborate what was observed for
other coronaviruses, including the newly identified SARS-CoV-2 (57, 81, 84, 85), for
which cathepsins allowed efficient cleavage and activation of S glycoprotein.
Moreover, reference virus rOC/ATCC S29 site is critical for fast and optimal entry of neu-
ronal cells by HCoV-OC43 (Fig. 2). These results are reminiscent of data on MERS-CoV,
for which a circulating variant harboring a mutation at the critical P19 cleavage position
in the S29 site modulates spike-mediated fusion and viral entry into cells (109). Mutant
rOC/SG758R was the least affected by cathepsin inhibitors (Fig. 4), possibly because
its S protein is already cleaved at S1/S2. This was previously demonstrated for the
murine coronavirus (mouse hepatitis virus [MHV]), for which a cathepsin-related
cleavage was important for strain MHV-2 but not for strain A59 (81), the latter being
cleaved at S1/S2.

TMPRSSs may also serve in entry for MERS-CoV, SARS-CoV, and SARS-CoV-2 (56, 59,
85, 99, 101), as well as for circulating HCoV (76, 86, 110). Camostat mesylate signifi-
cantly decreases infection in murine CNS primary cells and in LA-N-5 cells, which
ectopically express TMPRSS5 (Fig. 4), suggesting that HCoV-OC43 S protein may also
be activated by members of the TMPRSS family, including the CNS-expressed
TMPRSS5/spinesin. The mutant virus rOC/SG758R was the least affected by the TMPRSS
inhibitor. Together with data presented in Fig. 3, this may underscore that cleavage by
furin-like proteases at the optimal S1/S2 site in the S protein of rOC/SG758R (Fig. 3) (55)
modifies the three-dimensional (3D) structure of the glycoprotein, rendering the S29
site poorly accessible to TMPRSSs, or alters the virus-cell interaction in a way that these
proteases become less efficient in cleaving the rOC/SG758R virus S protein during viral
entry into the cells. Moreover, the observations that wild-type rOC/ATCC appears less
sensitive to chloroquine inhibition in CNS primary cultures (Fig. 4B) and is heavily
inhibited by camostat mesylate in these cells (Fig. 4E) and in LA-N-5 cells, which ectopi-
cally express spinesin (Fig. 4G), also suggest that it can use TMPRSS5 to activate its
fusion to the cell membrane to infect the cells. Studies are under way to validate these
potential cleavage-related results with full-length proteins and during infection with
pseudotyped particles (111, 112).

In agreement with our previous results (55), the spreading of the rOC/SG758R mutant
virus was delayed, but our new data underline that the S29 site of the S glycoprotein is
much more important for efficient spreading in cell culture and in mice. These results
are reminiscent of data on porcine epidemic diarrhea coronavirus (PEDV) and SARS-
CoV, for which introduction of a cleavage site in S29 sequence positively impact viral
replication in cell culture (61, 113). In addition to their possible role in viral entry,
TMPRSSs have been shown to be involved in later stages of infection and virus release
for other coronaviruses (51, 110, 114). Altogether, even though we did not show that
cleavage of the S protein at the S29 site was essential during infection per se, our
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observations strongly suggest that the S29 spike cleavage (by TMPRSSs and/or cathe-
psins) is a prerequisite for efficient cell-cell propagation. Moreover, the suboptimal S29
cleavage site (KASSAS) renders HCoV-OC43 totally avirulent (absence of neurological
symptoms and mortality) and the corresponding rOC/SR903A variant is associated with
an important defect in replication in both the brain and spinal cord (Fig. 6, 9, and 10).

Different pathways of neuroinvasion have been suggested for human coronavi-
ruses, including the olfactory pathway, which could be related to the symptoms of dys-
osmia reported for a significant portion of SARS-CoV-2-infected individuals (14, 88, 94,
115–117). Even though the main cell target appears to be different than SARS-CoV-2
(93, 94), like this novel coronavirus, all three HCoV-OC43 variants used in our study
invade the CNS through the olfactory epithelium (Fig. 7). The decreased efficiency of
OSN infection by S1/S2 and S29 HCoV-OC43 mutants may indicate a problem with viral
entry and/or with neuropropagation between susceptible cells for mutant viruses
rather than a change in cellular tropism in the first step of neuroinvasion in contrast to
what has been previously reported for MERS-CoV infecting other cell types (75).

Although spread toward the spinal cord was delayed for both mutant viruses, they
were able to reach it, as revealed by the presence of viral RNA after infection (Fig. 6
and 10). As all 3 viruses were also detected in CSF, the difference in spreading through
neuronal cells in the brain stem may partially explain the differential capacity to reach
the spinal cord and produce high levels of infectious virus associated with neuroviru-
lence. The presence of viruses in the CSF is a typical feature of a viral CNS infection and
has been suggested as a potential route of dissemination toward the spinal cord for
other viruses, including SARS-CoV-2 (44, 89, 90, 94, 118–120). The presence of all 3
HCoV-OC43 variant RNAs in the CSF may indicate a plausible pathway of spread from
the brain to the spinal cord. However, as there was no significant difference in the rela-
tive amounts of RNAs, this pathway probably does not account for the differential
capacities of propagation toward spinal cord between the three viruses. On the other
hand, the glymphatic system, a clearance system that utilizes a unique system of peri-
vascular channels to make the bridge between CSF and interstitial fluid in the brain
and promote efficient elimination of soluble proteins and metabolites from the central
nervous system (121), can be evoked, as it was proposed to participate in neuropropa-
gation for viruses like chikungunya virus (122), SARS-CoV (41), and SARS-CoV-2 (94,
116, 123) and may account for the presence of the 3 viruses in CSF in our study. The
capacity of viruses to infect ependymal cells surrounding the ventricles was also sug-
gested to help dissemination toward the spinal cord (89, 90). Our data indicate that ref-
erence virus rOC/ATCC was the only HCoV-OC43 variant able to efficiently infect epen-
dymal cells (Fig. 7) and produce large amounts of infectious particles in the spinal cord
(Fig. 10) in immunocompetent mice. Our data support the hypothesis that infected ep-
endymal cells serve to produce new infectious particles that will disseminate toward
the spinal cord. The IFN-1 pathway has been shown to be cell type dependent for the
murine coronavirus (MHV), as protection against infection seems to require the activity
of different cell types altogether (66, 124) and this innate immunity-related pathway
was also shown to efficiently abrogate infection of ependymal cells, diminish lethality,
and reduce reovirus replication in the CNS (125). Like for the latter virus, increased
infection of ependymal cells by our two S mutant viruses in IFNAR-KO mice strongly
suggests that the efficient antiviral effect of IFN-1 depends on the status of the S pro-
tein cleavage. As shown for MHV (66) and other neurotropic viruses such as VSV (126),
our data presage that the IFN-1 response would be of greater importance in specific
cells (in our case, ependymal cells) in order to efficiently control viral spread and neuro-
pathogenesis in immunocompetent mice in relation to the cleavage status of the S
protein. As both mutant viruses almost completely lost their ability to efficiently infect
ependymal cells in wild-type mice, these results presage that differential cleavage of
the S protein may influence HCoV-OC43 tropism once the virus has already reached
the brain and may partially help explain the slower and less efficient spread of the S
mutant viruses in the whole CNS. The antiviral function of ependymal cells in the CNS
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was shown to be related to the IFN-1 pathway, as these cells constitutively express
high levels of the IRF3 transcription factor (69). Furthermore, the interferon-stimulated
gene (ISG) plasminogen activator inhibitor 1 (PAI-1), a member of the serine protein in-
hibitor (serpin) superfamily expressed in the CNS (127, 128), was shown to target host pro-
teases, therefore modulating the cleavage of the influenza virus glycoprotein in response
to IFN-1, thus reducing its infectivity (68). Our data presage that the same relation may
occur between an efficient IFN-1 response and the cleavage of coronavirus S glycoprotein.

The observation that SARS-CoV-2 and other coronaviruses that infect humans are
naturally neuroinvasive and neurotropic in both mice and humans (14, 15, 18, 20, 55,
94, 116, 129) underlines the need to further characterize viral and cellular determinants
of these “neuroproperties.” Understanding mechanisms of CNS infection, from viral
entry into neuronal cells to propagation to neighboring neurons, is essential to better
conceive therapeutic strategies. IFN-1 response and coronavirus S protein cleavage
have both been identified as potential targets to control infection in cell culture and in
animal models before. However, the possible link between the two has still not been
thoroughly studied. Our data point toward the importance of a differential cleavage of
the S protein by diverse cellular proteases and presage that an adequate IFN-1 response
participates by interfering with cell tropism and eventual dissemination within the CNS in
relation to the S protein cleavage status. Here, our data suggest targeting both the IFN-1
response to ensure an effective immune response (especially in vulnerable populations
such as the elderly and immunocompromised individuals) and cleavage of the S protein
by host proteases at the same time. This would certainly constitute an interesting avenue
to further investigate in order to identify more precise therapeutic targets to control viral
dissemination in the specific context of CNS infection and potential short- and long-term
neurovirulence of human coronaviruses.

MATERIALS ANDMETHODS
Ethics statement. All animal experiments were approved by the Institutional Animal Care and Use

Ethics Committee (IACUC) of the Institut national de la recherche scientifique (INRS) and conform to the
Canadian Council on Animal Care (CCAC). Animal care and use protocol numbers 1304-02 and 1604-02
were issued by the IACUC of INRS for the animal experiments described herein.

Viruses and cell lines. The wild-type reference virus HCoV-OC43 (VR-759) was obtained in 1980
from the American Type Culture Collection (ATCC). The recombinant HCoV-OC43 virus (rOC/ATCC) was
generated using the full-length cDNA clone pBAC-OC43FL and displayed the same phenotypic properties
as the wild-type virus, as previously described (77). The recombinant virus rOC/SG758R harbors a mutation
in the gene coding for the spike glycoprotein of HCoV-OC43 at nucleotide (nt) 2272, corresponding to
an amino acid change at position 758 (described elsewhere [55]). Both molecular clones pBAC-OC/SR903A
(single mutation R903A; mutated at nucleotides 2707 and 2708) and pBAC-OC/SG758R-R903A (double mu-
tant G758R and R903A; mutated at nucleotide 2272 and nucleotides 2707 and 2708) has been created
using a recombineering approach with the en passant mutagenesis system described elsewhere (78).
Each cDNA infectious clone was transfected into BHK-21 cells (ATCC CCL-10), amplified by two passages
in the HRT-18 cell line, and sequenced to make sure that only the introduced G758R or R903A mutation
was present and that no other mutations appeared. The HRT-18 cell line (a gift from the late David Brian,
University of Tennessee) was cultured in minimal essential medium alpha (MEM-alpha; Life
Technologies) supplemented with 10% (vol/vol) fetal bovine serum (FBS; PAA GE Healthcare) and
was used to produce viral stocks. The LA-N-5 cell line (a kind gift of Stephan Ladisch, George
Washington University School of Medicine) was cultured in RPMI medium supplemented with 15%
(vol/vol) FBS, 10mM HEPES, 1mM sodium pyruvate, and 100mM nonessential amino acids (Gibco-
Invitrogen). LA-N-5 cells were differentiated into human neurons as previously described (130).
Briefly, 1.25� 104 LA-N-5 cells were seeded in RPMI medium supplemented with 20% (vol/vol) FBS,
10mM HEPES, 1mM sodium pyruvate, and 100mM nonessential amino acids on 24-well glass cover-
slips previously coated with 0.1% gelatin for 2 h. The next day and every 2 days for 8 days, the me-
dium was replaced with fresh RPMI medium supplemented with 10% (vol/vol) FBS, 10mM HEPES,
1mM sodium pyruvate, 100mM nonessential amino acids, 50mg/ml of gentamicin (Wisent), and
10mM all-trans retinoic acid (Sigma-Aldrich). LA-N-5 cells were transduced with lentiviral vector par-
ticles expressing only the puromycin resistance gene (control; Origene; catalog no. PS100092V) or
the puromycin resistance gene and human TPMRSS5/spinesin (Origene; catalog no. RC223774L3V),
and stable populations and clones were selected with puromycin (Sigma-Aldrich; catalog no. P8833
at 1mg/ml in complete RPMI medium). Total RNA was extracted with the RNeasy minikit (Qiagen) fol-
lowing the manufacturer’s instructions. The TMPRSS5/spinesin level of expression in different puro-
mycin-selected populations and isolated clones of LA-N-5 cells was evaluated by RT-quantitative
PCR (qRT-PCR) on the human TMPRSS5 gene (forward primer, 59-GGCAGTGTGCTGGCGTTCCAT-39,
and reverse primer, 59-CAGGGCCACGCTGGCCTGCCA-39) and the glyceraldehyde-3-phosphate
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dehydrogenase (GAPDH) gene (forward primer, 59-CGGAGTCAACGGATTTGGTCGTAT-39, and reverse
primer, 59-AGCCTTCTCCATGGTGGTGAAGAC-39).

Inhibitors. The following inhibitors were used in this study: chloroquine phosphate [N4-(7-chloro-4-
quinolinyl)-N1,N1-dimethyl-1,4-pentanediamine diphosphate salt; Sigma; catalog no. 50-63-5], MDL
28170 (EnzoBML; PI130), Z-FA-FMK (R&D Systems; FMKC01), and camostat mesylate (catalog no. 3193;
Tocris Bioscience). The inhibitors were used at the concentrations indicated in the appropriate figure
legends.

Protein extraction and Western blot analysis. Proteins in the cell culture medium and cell-associ-
ated proteins were extracted using RIPA buffer (150mM NaCl, 50mM Tris [pH 7.4], 1% [vol/vol] NP-40,
0.25% [wt/vol] sodium deoxycholate, 1mM EDTA) supplemented with the protease cocktail inhibitor
(Sigma) and the Halt phosphatase inhibitor (Pierce). Harvested cells were pipetted up and down into
RIPA buffer, incubated on ice for 20min, and centrifuged for 10min at 4°C and 17,000� g, and superna-
tants were stored at 280°C until further analyzed. Protein concentrations were determined using the
bicinchoninic acid (BCA) protein assay kit (Novagen) according to the manufacturer’s instructions. Equal
amounts of proteins were subjected to SDS-PAGE using a Criterion 4 to 12% gradient gel or a Tris-gly-
cine 4 to 15% gradient gel, transferred to a polyvinylidene difluoride (PVDF) membrane with a semidry
Trans-Blot apparatus (Bio-Rad). Membranes were blocked overnight at 4°C with Tris-buffered saline (TBS)
containing 1% (vol/vol) Tween (TBS-T) and 5% (wt/vol) nonfat milk and then incubated with monoclonal
mouse anti-S protein antibody (1/2 of 4.3E4 hybridoma supernatant) for 1 h at room temperature. After
three washes for 10min with TBS-T, the membranes were incubated with a secondary anti-mouse anti-
body coupled to horseradish peroxidase (GE Life Sciences) and detection was performed using the
enhanced chemiluminescence (ECL) kit (Bio-Rad) using Kodak-X-Omat L-S film (Kodak).

Neutralization of endosomal acidification. Before infection, differentiated LA-N-5 cells in 24-well
plates were pretreated with chloroquine phosphate at different concentrations indicated in the figure
legends for 1 h at 37°C. The RPMI medium was removed and cells were infected at a defined multiplicity
of infection (MOI) of 0.2 with reference and mutant viruses and incubated for 2 h at 37°C with chloro-
quine. Then, virus inocula were removed and fresh RPMI medium with chloroquine was added. At 16
hpi, cells were fixed 15min in 4% paraformaldehyde (PFA). Immunofluorescence assay and cell count
with the CellProfiler software were performed (https://cellprofiler.org/).

Protease inhibitor assay. Before infection, differentiated LA-N-5 cells in 24-well plates were pre-
treated with MDL 28170, Z-FA-FMK, or camostat mesylate at different concentrations (indicated in figure
legends) for 1 h at 37°C. The RPMI medium was removed and cells were infected at an MOI of 0.2 with
reference and mutant viruses and incubated for 2 h at 37°C with inhibitors. Then, virus inocula were
removed and fresh RMPI medium with chloroquine at 200 nM was added. At 16 hpi, cells were fixed for
15min in 4% PFA. Immunofluorescence assay and cell count with the CellProfiler software were per-
formed. Mixed primary cultures of mouse CNS, differentiated in 12-well plates, were pretreated with
camostat mesylate at different concentrations for 1 h at 37°C. The neurobasal medium was removed
and cells were infected at an MOI of 0.03 with reference and mutant viruses and incubated for 2 h at 37°
C with inhibitors. The next step was identical to that for LA-N-5 cells.

Kinetics of HCoV-OC43 internalization assay. To test virus internalization by the cells, HRT-18 and
differentiated LA-N-5 cells in 24-well plates were incubated for 2min with fresh cold RPMI medium.
Then the medium was removed and viruses were incubated for 1 h on ice for virus binding. Ice-cold
phosphate-buffered saline (PBS) was added to completely remove unbound viruses, and then fresh cold
RPMI medium was added. Cells were then shifted to 37°C to allow internalization. After incubation for
the desired time spans, cells were treated with chloroquine phosphate at 200 nM in order to prevent
reinfection. At 16 hpi, cells were fixed with 4% PFA and an immunofluorescence assay (described below)
was performed.

Mixed primary cultures of mouse CNS cells. Embryos at 15 days of gestation were removed from
pregnant anesthetized CD1 mice. The cortex and hippocampus of the embryonic pup brains (obtained
from pregnant females; Charles River Canada) were harvested and placed in Hanks balanced salt solu-
tion (HBSS) medium, without Ca21 and Mg21, supplemented with 1.0mM sodium pyruvate and 10mM
HEPES buffer. The tissues were incubated in 5ml of HBSS plus trypsin-0.5% EDTA (ratio, 10:1) for 15min
at 37°C with gentle tilting to mix. After digestion, the tissues were washed for 5 min three times with
HBSS, and the medium was removed and replaced with fresh HBSS medium (without Ca21 and Mg21,
supplemented with 1.0mM sodium pyruvate and 10mM HEPES buffer). Tissues were gently pipetted up
and down with a Pasteur pipette to dissociate the cells. After a decantation step of 5min at room tem-
perature, supernatants were transferred to a 50-ml tube with 36ml of neurobasal medium (Invitrogen)
supplemented with 0.5mM GlutaMAX-I (Life Technologies), 10mM HEPES buffer, B27 supplement (Life
Technologies), gentamicin, and 10% (vol/vol) horse serum (Life Technologies). This step was performed
twice to increase the final amount of cells. Cells were then seeded at 1� 105/cm2 and grown on poly-D-
lysine (50mg/ml)-treated glass coverslips in the same medium, which was replaced with fresh neuro-
basal medium without horse medium the next day. The medium was changed every 2 days after, and
the cultures were ready for infection after 7 days.

Infection of human cell lines and primary mouse CNS cultures. The LA-N-5 cells and primary
mouse neuronal cell cultures (PMNCs) were infected with recombinant HCoV-OC43 virus at the desired
MOI for 2 h in neurobasal medium with B27-GlutaMAX-I (PMNCs) or RPMI medium supplemented with
1% (vol/vol) FBS (LA-N-5 cells). The inoculum was then discarded and replaced with fresh neurobasal
medium with B27-GlutaMAX-I (PMNCs) or fresh RPMI medium supplemented with 2.5% (vol/vol) FBS
(LA-N-5 cells) and incubated for different periods of time at 37°C.
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Immunofluorescence on infected cells. For immunofluorescence staining, HRT-18 cells, LA-N-5
cells, and primary murine CNS cell cultures were washed with sterile PBS and then fixed with 4% (wt/vol)
paraformaldehyde for 30min at room temperature. After washing, HRT-18 or LA-N-5 cells were perme-
abilized with 100% methanol at 220°C for 5min and then incubated with primary antibody: a monoclo-
nal mouse anti-S protein antibody (1/2 of 4.3.E4 hybridoma supernatant) for 1 h at room temperature.
After three washes with PBS, cells were incubated in the dark for 1 h at room temperature with the sec-
ondary fluorescent antibody Alexa Fluor 488 goat anti-mouse (1/1,000; Life Technologies). Fixed and
permeabilized primary murine cultures were incubated for 1 h at room temperature with a blocking so-
lution (2% bovine serum albumin [BSA] in PBS supplemented with 0.1% Triton X-100) and then stained
with primary antibodies: a polyclonal rabbit anti-S protein of bovine coronavirus (BCoV) at a 1/1,000 dilu-
tion and mouse monoclonal anti-microtubule-associated protein 2 (MAP2; at a dilution of 1/1,000) for 1
h at room temperature. After three washes with PBS, cells were incubated in the dark for 1 h at room
temperature with the secondary fluorescent antibody Alexa Fluor 568 goat anti-rabbit (1/1,000; Life
Technologies) or Alexa Fluor 488 anti-mouse (1/1,000; Life Technologies).

Virus propagation assay in cell cultures. For propagation assays, cells were always seeded on glass
coverslips following seeding procedures (see “Viruses and cell lines” above). Immediately after infection
of LA-N-5 cells or murine primary cultures from the CNS (as described above), inocula were replaced
with propagation media. Propagation medium was prepared as follows: 2� DMEM (Multicell) was sup-
plemented with 2mM GlutaMAX-I, 20mM HEPES buffer, 100mg/ml of gentamicin, 2mM sodium pyru-
vate, and 200mM nonessential amino acids. FBS at 5% (vol/vol) and 4% (vol/vol) B27 plus cobalamin at
0.013698mg/ml were also respectively added for LA-N-5 cells and primary cultures. Supplemented 2�
DMEM was then diluted 1/2 in either 4% (wt/vol) methylcellulose (semifluid medium) or H2O (fluid me-
dium). Cells were overlaid with semifluid or fluid medium and incubated at 37°C for the desired time
periods, after which supernatants were discarded and cells directly fixed with 4% PFA and stained as
described above. Pictures were taken with a Zeiss LSM780 confocal microscope. Each sample was quan-
tified (number of infected cells) using the cell image analysis software CellProfiler (https://cellprofiler
.org/).

Mice, survival curves, body weight variations, and evaluation of clinical scores. C57BL/6 mice
(Charles River Laboratories) and IFNAR-KO mice (gift from Alain Lamarre, INRS-Institut Armand-Frappier)
aged 22days postnatal (dpn) or 10 dpn were inoculated respectively by the i.c. route with 101.5 50% tis-
sue culture infective doses (TCID50) or the intranasal route with 103.5 TCID50 of recombinant virus, as pre-
viously described (38). Groups of 10 mice infected by each recombinant virus were observed on a daily
basis over a period of 21 dpi, and survival and weight variations were evaluated. Clinical scores were
evaluated using a scale with 5 distinctive levels (0 to 4), where 0 was used for the asymptomatic mouse,
1 for mice with early hunched back, 2 for mice presenting slight social isolation, weight loss, and abnor-
mal gait, 3 for mice presenting total social isolation, ruffled fur, hunched back, weight loss, and almost
no movement; and 4 for mice that were in a moribund state or dead (55).

Evaluation of neuroinvasiveness. Ten-day-old mice were subjected to intranasal (5ml/nostril) inoc-
ulation of rOC/ATCC, rOC/SG758R, or rOC/SR903A using 103.5 TCID50 per 10 ml. Sham-infected mice received
PBS. Different regions of the brain (Fig. 6) from peritoneally anesthetized mice (ketamine at 200mg/kg
of body weight and xylazine at 10mg/kg) were harvested at 2, 3, and 4 dpi and frozen at280°C until fur-
ther analysis. Tissue was shredded/lysed by extensive agitation in 1ml of QIAzol lysis reagent (Qiagen)
supplemented with shredding beads, and total RNA was extracted by the QIAzol/chloroform/propanol man-
ufacturer’s procedure, dosed using a NanoDrop 1000 spectrophotometer (NanoDrop), and frozen at 280°C.
Virus RNA copy numbers were quantified in triplicate by real-time RT-PCR using the TaqMan RNA-to-CT 1-
step kit (Applied Biosystems/Life Technologies) in a 20-ml reaction mixture with 10ml of 2� TaqMan RT-PCR
mix (containing ROX [carboxyrhodamine] as a passive reference dye), 900nM forward and reverse primers
targeting a 68-bp region of the HCoV-OC43 M gene (forward primer OC43-FP, 59-ATGTTAGGCCGATAATT
GAGGACTAT-39, nt 433 to 458, and reverse primer OC43-RP, 59-AATGTAAAGATGGCCGCGTATT-39, nt 479 to
500), 200nM 6-carboxyfluorescein (FAM) BHQ1-TP probe (OC43-TP, FAM-59-CATACTCTGACGGTCACAAT-39,
nt 459 to 478), 0.5ml of 40� TaqMan RT enzyme mix, and 800ng of extracted brain RNA. Serially diluted
cRNA standards were used for the generation of a standard curve. Amplification and detection were per-
formed in a StepOnePlus real-time PCR system apparatus and analyzed with StepOne software version 2.3
(Applied Biosystems). The limit of detection was defined as the average signal obtained in corresponding
negative controls for each organ.

Viral RNA extraction from mouse tissue after intracranial infection. Brain, spinal cord, and CSF
were collected as previously described (131). Viral RNA was then extracted as described above, and
quantification by TaqMan qRT-PCR was performed.

Evaluation of infectious virus production.Mouse brain and spinal cord or cell culture supernatants
were processed for the presence and quantification of infectious virus by an indirect immunoperoxidase
assay (IPA) on HRT-18 cells, as previously described (132). Briefly, HRT-18 cells were incubated with the
mouse primary antibody 4.3E4 (dilution, 1/50), which detects the S protein of HCoV-OC43. After three
PBS washes, cells were incubated with a secondary horseradish peroxidase-conjugated goat anti-mouse
immunoglobulin antibody diluted 1/500 (Kierkegaard & Perry Laboratories). Finally, immune complexes
were detected by incubation with 0.025% (wt/vol) 3,3-diaminobenzidine tetrahydrochloride (Sigma-
Aldrich) and 0.01% (vol/vol) hydrogen peroxide in 1� PBS, and infectious virus titers were calculated by
the Karber method, as previously described (132).

Immunofluorescence on CNS sections. Confocal immunofluorescence was performed either after
intracranial infection of 22-day-old mice by either rOC/ATCC, rOC/SG758R, or rOC/SR903A, for which perfu-
sion with 4% (wt/vol) PFA was performed every 2 days between 3 and 7 days postinfection, or after
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intranasal infection on 10-day-old mice, for which perfusion was performed every day for 5 days. For in-
tracranial infection, brain sections were sagittally sliced in 50-mm-thick sections with a cryostat (HM 525;
Microm), and for intranasal infection, heads were harvested and fur, skin, and lower jaw were removed.
Whole heads were decalcified in 6% EDTA (pH 8) at 4°C for 7 days then transferred to a 30% sucrose so-
lution before being processed 3 days later. Serial sections were collected in PBS, treated for 10min with
H2O2 to disrupt erythrocytes, washed twice for 5min in PBS, and permeabilized for 2 h in PBS supple-
mented with 0.1% (vol/vol) Triton X-100. Sections were further incubated for 1 h in 0.1% Triton X-100–
PBS supplemented 1% (vol/vol) horse serum and then overnight at 4°C in 0.05% Triton X-100–PBS con-
taining 1% horse serum and BCoV anti-S (1/500) (55). Sections were washed 3 times (15 min each) in
0.05% Triton X-100–PBS and incubated for 2 h in 0.05% Triton X-100–PBS supplemented with 1% horse
serum and 1/500 adequate Alexa Fluor 488-coupled secondary antibodies (Life Technologies). Immunostained
sections were washed twice (5 min each) in 0.05% Triton X-100–PBS, counterstained for nuclei with 10mg/ml
of 49,6-diamidino-2-phenylindole (DAPI; Invitrogen), and then washed again 4 times (15 min each) in 0.05%
Triton X-100–PBS. Sections were then mounted in ProLong Diamond antifade mounting medium (Molecular
Probes) on glass slides and imaged on a Zeiss LSM780 confocal microscope. All immunostaining steps were
carried out at room temperature with agitation unless otherwise stipulated.

Synthetic peptides and in vitro cleavage assay. Liquid chromatography-tandem mass spectrome-
try (LC-MS/MS) was performed for quantification of the N-321, N-322, S2-ref, and S2-mutant peptides.
The Michaelis-Menten constants (Km and Vmax) of cathepsin B (catalog no. 953-CY), cathepsin L (catalog
no. 952-CY), and spinesin (catalog no. 2495-SE-010) were determined in a 30-min kinetic enzymatic assay
with the recommended specifications provided by the manufacturer with fluorogenic substrate (catalog
no. ES008 and ES014; all reagents were from R&D Systems). For furin, kindly provided by Robert Day, Km
and Vmax were previously determined (133). Instrumentation, experimental conditions, and software
analysis were also previously described (133). Each enzyme was incubated for 30min with peptide N-
321 (VDYSKNRRSRRAITTGY) (sequences in bold are the recognition sites for the proteases, and underlin-
ing indicates the specific amino acids where the protease cuts), N-322 (VDYSKNRRSR*GAITTGY), S2-ref
(GCLGSECSKASSRSAIEDL), or S2-mutant (GCLGSECSKASS*ASAIEDL), at their respective Km values. In
vitro cleavage by recombinant enzymes was performed and analyzed by LC-MS/MS as previously
described (134).

Statistical tests. For cell experiments, statistical analyses were conducted by one-way analysis of
variance (ANOVA), followed by Tukey’s post hoc test, or a t test. For mouse experiments, results were
compared using Kruskal-Wallis and Mann-Whitney nonparametric tests. Survival rates were plotted as
Kaplan-Meier survival curves and compared using the log rank (Mantel-Cox) test. Statistical significance
was defined as a P value of,0.05.
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