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The Furin-S2’ Site in Avian Coronavirus Plays a Key Role in
Central Nervous System Damage Progression
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ABSTRACT The furin cleavage site plays an important role in virus pathogenicity. The
spike protein of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) harbors a
furin cleavage site insertion, in contrast to SARS-CoV, which may be related to its stron-
ger communicability. An avian coronavirus with an extra furin cleavage site upstream of
the fusion peptide (furin-S2’ site) infected monocytes and neuron cells, leading to vire-
mia and encephalitis, respectively. Immunohistochemistry and real-time quantitative PCR
were used to follow disease progression and demonstrated differences between the par-
ent avian coronavirus and mutated avian coronavirus with a furin-S2’ site. Magnetic res-
onance imaging and biological dye to evaluate the blood-brain barrier permeability
showed that avian coronavirus with a furin-S2’ site had increased permeability com-
pared with that of the parent avian coronavirus. Immunohistochemistry of brains after
intracerebral injection of avian coronavirus and immunofluorescence staining of primary
neuron cells demonstrated that the furin-S2’ site expanded the cell tropism of the mu-
tant avian coronavirus to neuron cells. Tumor necrosis factor alpha (TNF-a), which has a
key role in blood-brain barrier permeability, was highly induced by avian coronavirus
with a furin-S2’ site in comparison with the parent avian coronavirus. We demonstrated
the process involved in mutant avian coronavirus-induced disease and that the addition
of a furin-S2’ site changed the virus cell tropism.

IMPORTANCE Coronaviruses have broken out three times in 2 decades. Spike (S) pro-
tein plays a key role in the process of infection. To clarify the importance of the furin
cleavage site in spike protein for coronavirus, we investigated the pathogenesis of
neurotropic avian coronavirus, whose spike protein contains an extra furin cleavage
site (furin-S2’ site). By combining real-time quantitative PCR and immunohistochem-
istry, we demonstrated that infectious bronchitis virus (IBV) infects brain instead of
trachea when its S protein contains the furin-S2’ site. Moreover, the virus was shown
to increase the permeability of the blood-brain barrier, infect neuron cells, and
induce high expression of TNF-a. Based on these results, we further showed that the
furin cleavage site in S protein plays an important role in coronavirus pathogenicity
and cell tropism. Our study extends previous publications on the function of S pro- Citation Cheng J, Zhao Y, Hu Y, Zhao J, Xue J,
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encephalitis (6-8). According to recent studies, SARS-CoV-2 can cause CNS manifesta-
tions such as acute cerebrovascular disease, ataxia, and seizure as well as peripheral
nervous system (PNS) manifestations such as olfactory and gustatory disturbances
(9-13). Infectious bronchitis virus (IBV), an avian coronavirus, belongs to the gamma
coronavirus group (y-CoV), which causes a highly contagious, acute viral respiratory
disease in chickens, and has caused great economic losses in the poultry industry.
Currently, QX-type IBV is epidemic worldwide, and it has been reported to damage the
respiratory, digestive, and urogenital systems of chickens (14, 15).

IBV, similar to other coronaviruses, encodes four structural proteins: spike glycopro-
tein (S), small envelope protein (E), membrane glycoprotein (M), and nucleocapsid pro-
teins (N) (16). The S protein, an important surface protein, plays a key role in infection.
IBV attaches to cell surface receptors via the S protein and invades the cell via the cla-
thrin-mediated endosomal pathway, where viral membrane fusion occurs (17). S pro-
tein is typically cleaved by a host cell furin-like protease into two separate polypep-
tides named S1 and S2 subunits. While S1 is a large receptor-binding domain, S2
harbors a fusion peptide (FP), heptad repeat domains, and transmembrane domain
(18). There is an extra furin cleavage site (FCS) (furin-S2' site) upstream of the fusion
peptide in the S2 subunit of some CoVs, which was reported to influence invasion. In
the IBV Beaudette strain, the furin-S2’ site is a determinant of cellular adaption; the
Beaudette strain does not grow in the Vero cell line without a furin-S2’ site (19). When
the original sequence PTKR/S of SARS-CoV was replaced with RRKR/S, SARS-CoV could
invade susceptible cells independently of cathepsin L (20). Unlike SARS-CoV, the furin
cleavage site insertion in SARS-CoV-2 is essential for its ability to infect human lung
cells and might be related to its stronger communicability (21, 22), suggesting that this
cleavage site is important for cell tropism in coronaviruses. Previously, we found that
QX-type IBV with a mutant S protein containing an extra furin cleavage site named
rYN-S2/RRKR infected the CNS of chickens and caused severe encephalitis with obvious
neurological symptoms (23).

Here, we further investigated the pathogenesis of neurotropic IBV by real-time
quantitative PCR (RT-gPCR) and immunohistochemistry (IHC) to clarify the distribution
of viruses in chickens. Blood-brain barrier (BBB) permeability was analyzed by adminis-
tration of trypan blue and Evans blue and magnetic resonance imaging (MRI). We
investigated cell tropism by intracerebral pathogenicity index (ICPI) experiments elimi-
nating interference of the BBB. By infecting chicken embryo primary neuron (CEN) cells,
the cell tropism of rYN-S2/RRKR and inhibition of the furin inhibitor were confirmed.
The pathogenesis and cell tropism of neurotropic QX-type IBV with an extra FCS were
demonstrated. Our findings are a new discovery for CoV and extend our understand-
ing of the function of the S protein of coronavirus.

RESULTS

Disease course of rYN and rYN-S2/RRKR infection. The disease course of rYN-S2/
RRKR infection in chickens was compared with that of rYN by clinical signs, immunobhis-
tochemistry (IHC) analysis, and viral load examination. Clinical observations indicated
that paralysis appeared at 3 days postinoculation (dpi) and that slight respiratory symp-
toms appeared at 4 dpi in the rYN-S2/RRKR-inoculated group compared with the rYN-
inoculated group, indicating the acute form of disease induced by rYN-S2/RRKR.

Immunohistochemistry showed that rYN-S2/RRKR was present in brain tissues at 3
and 5 dpi, whereas rYN was detected in trachea only from 3 dpi (Fig. 1A and B). rYN-S2/
RRKR was not detected in the kidney and peripheral nerves during the time course
(Fig. 1C and D), suggesting that it crossed the BBB to infect the CNS, and was not trans-
mitted to the CNS by the infected peripheral nerve cells. In tracheas, viruses were
detected from 2 dpi and viral loads were higher in the rYN-inoculated group than in
the rYN-S2/RRKR-inoculated group at 4 and 5 dpi (Fig. 1E). Viruses were present in the
brains of the rYN-S2/RRKR-inoculated group from 3 dpi, and the viral load peaked at
5 dpi, whereas no virus was present in the brains of rYN- or phosphate buffered saline
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FIG 1 Course of rYN and rYN-S2/RRKR infection. (A) IHC results of brains at 1, 3, and 5 dpi. Only rYN-S2/RRKR was detected in brains, and the N protein of
IBV was present in the synapses and cell nuclei. Black arrows indicate IBV-positive neuron cells. (B) IHC results of tracheas at 1, 3, and 5dpi. rYN was
present in the brush border of tracheas at 3 and 5dpi. (C) IHC results of kidneys at 1, 3, and 5dpi. No IBV antigen-positive cells were detected in any of
the groups. (D) IHC results of peripheral nerves at 1, 3, and 5 dpi. IHC analysis showed that rYN-S2/RRKR and rYN did not infect peripheral nerve cells. (E to
1) Viral loads in tracheas (E), brains (F), kidneys (G), lungs (H), and peripheral nerves (I) from 1 to 5dpi. Viruses were detected in tracheas from 2dpi, and
viral loads in the rYN-inoculated group were higher than those in the rYN-S2/RRKR-inoculated group at 4 and 5 dpi. Viruses were only present in the brains
of the rYN-S2/RRKR-inoculated group from 3dpi, and this reached a peak value at 5dpi. In the kidneys of the rYN-inoculated group, viruses were first
detected at 4dpi. Very low viral loads were detected in lungs (H) and peripheral nerves (I) by RT-qPCR. **, significant at a P value of =0.01. (J) TEM
observations of brains. Typical coronavirus particles (diameters, 80 to 95nm) were present in the cytoplasm regions of neuron cells in the rYN-S2/RRKR-
inoculated group, but no virus was seen in the brains from the rYN- and PBS-inoculated groups. Magnification, x600 for ICH and x20,000 for TEM.
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(PBS)-inoculated groups throughout the disease course (Fig. 1F). There was no viral
load in the kidneys of the rYN-S2/RRKR- or PBS-inoculated groups, and virus was not
detected until 4dpi in the rYN-inoculated group, which was significantly later than its
appearance in the tracheas (Fig. 1G). RT-gPCR demonstrated low viral loads in the
lungs and peripheral nerves of all groups (Fig. TH and I). To further examine rYN-S2/
RRKR replication and damage in the brain, we observed the virus particles by transmis-
sion electron microscopy (TEM). Typical coronavirus particles (diameter, 80 to 95 nm)
were present in the cytoplasm of neuron cells, but no coronavirus particles were
observed in the rYN- and PBS-inoculated groups (Fig. 1J).

rYN-S2/RRKR causes rapid monocyte-associated viremia. To explore the trans-
mission characteristics of the mutant virus in the host, viral loads in all groups were
detected by RT-gPCR from 1 to 5 dpi. The results revealed no differences between the
rYN-S2/RRKR- and rYN-inoculated groups, suggesting that both parent and mutant
viruses were able to cause viremia (Fig. 2A). We prepared blood smears from the anti-
coagulant blood obtained on 1, 3, and 5dpi and analyzed them using IHC. rYN-S2/
RRKR specifically infected monocytes on 3 and 5 dpi but not red blood cells or hetero-
philic cells, indicating that it passed through the respiratory epithelial barrier into the
bloodstream within 3days (Fig. 2B). However, rYN was not detected in the blood
smears, suggesting its possible extracellular location. To investigate whether mono-
cytes are susceptible to rYN-S2/RRKR, purified mononuclear cells (including mono-
cytes) were infected with rYN-S2/RRKR or rYN. The immunofluorescence results
showed that rYN-S2/RRKR did infect monocytes, a result confirmed by the typical nu-
clear shape, whereas rYN did not infect monocytes (Fig. 2C). Collectively, these results
indicate that rYN-S2/RRKR induces a rapid monocyte-associated viremia in the host.

rYN-S2/RRKR infection increases the BBB permeability. After infection of the
CNS, we analyzed the permeability of the BBB by MRI at 2 dpi in chickens without clini-
cal symptoms. T,-weighted images of the brain coronal plane were acquired 10 min af-
ter administration of an intravenous contrast medium. Regions of hyperintensity indi-
cated BBB breakdown (Fig. 3A).

The permeability of the BBB was evaluated further after intravenous administration
of trypan blue and Evans blue. At necropsy, tissues including the liver and intestinal
tract were stained blue in all groups, whereas blue staining of the brain was observed
only in the rYN-S2/RRKR-inoculated group. The brain tissues were prepared as paraffin
sections for the microscopic observation of trypan blue. Dye particles were present in
the brains of the rYN-S2/RRKR-inoculated group, whereas no dye particles were pres-
ent in the rYN- or PBS-inoculated groups, which was consistent with necropsy (Fig. 3B).
Liver paraffin sections were observed by microscopy as a control to ensure that trypan
blue was successfully injected (Fig. 3B).

In the Evans blue-inoculated groups, brain tissues of equal weight were added to
1 ml dimethylformamide (DMF) at 60°C for 24 h. The optical density (OD) values of the
supernatant at 620 nm were detected, and the concentrations of Evans blue were cal-
culated according to a standard curve (Fig. 3C). The Evans blue content of the rYN-S2/
RRKR-inoculated group was higher than that of the rYN- and PBS-inoculated groups,
which had similar Evans blue contents of almost 0 (Fig. 3D). These results indicate that
rYN-S2/RRKR increased the permeability of the BBB, as indicated by dye particles in the
brain.

Intravenous administration of rYN-S2/RRKR is important for the effective
crossing of the BBB. Clinical observations showed two dead chickens in the rYN-S2/
RRKR intraocularly inoculated group at 4 dpi (mortality rate, 20%). Although the devel-
opment of disease in the rYN-S2/RRKR intravenously inoculated group was delayed
(depression and paralysis at 7 dpi), all the diseased chickens died at 9dpi (mortality
rate, 80%). In the rYN intraocularly inoculated group, two chickens died at 11 dpi with
mottled and swollen kidneys (mortality rate, 20%). There were no diseased or dead
chickens in the rYN intravenously inoculated group (Fig. 4A).

rYN lacking a furin-S2’ site does not infect neuron cells. (i) ICPI. We performed
an intracerebral pathogenicity index (ICPI) experiment to evaluate the direct infection
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FIG 2 Monocyte-associated viremia caused by rYN-S2/RRKR infection. (A) Viral loads in the PB were measured by
RT-gPCR, and no differences were found between the rYN and rYN-S2/RRKR groups, revealing that rYN and rYN-S2/
RRKR can both cause viremia. ns, nonsignificant. (B) The IHC results for the blood smears showed that rYN-S2/RRKR
specifically infected monocytes (magnification, x600) on 3 and 5dpi but not red blood cells or heterophilic cells.
(O) Immunofluorescence staining of monocytes. rYN does not infect monocytes. Black and white arrows indicate
monocytes in the peripheral blood (magnification, x 1,000).
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FIG 3 Blood-brain barrier permeability evaluation. (A) MRI analysis at 2dpi. T,-weighted images of the brain
coronal plane were acquired 10min after intravenous administration of a contrast medium. The region of
hyperintensity indicated increased BBB permeability in the rYN-S2/RRKR-inoculated group. Red arrows indicate
contrast medium in the brain. (B) Results of necropsy and paraffin sections. Blue-stained brains and dye particles in
brain sections were noted in the rYN-S2/RRKR-inoculated group. Dye particles were observed in all liver paraffin
sections of all groups, showing that trypan blue was injected successfully. (C) Standard curve of Evans blue. Two
percent Evans blue solution was serially diluted 2-fold, and the ODq,, values were measured. (D) Content of Evans
blue in brains. Evans blue content of the rYN-S2/RRKR-inoculated group was higher than that in the rYN- or PBS-
inoculated groups. ***, extremely significant at a P value of =<0.001.

capacity of rYN and rYN-S2/RRKR by eliminating interference from the BBB. Diseased
chickens were observed at 2 dpi in the rYN-S2/RRKR group with head tremor and paral-
ysis. Eight of 10 chickens died during the observation period (mortality rate, 80%) (Fig.
4B). We scored the disease severity according to the clinical signs with reference to the
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FIG 4 The furin-S2’ site expands cell tropism in IBV and leads to brain damage. (A) Survival of parent and mutant virus groups administered via different
inoculation routes. The mortality rate of the rYN-S2/RRKR intravenously inoculated group was highest (80%) among all groups. (B) Survival of ICPI experiments.
Disease was observed in chickens in the rYN-S2/RRKR group at 2 dpi, presenting as head tremor and paralysis. Eight of 10 chickens died during the observation
period, and the mortality rate was 80%. (C to E) ICPI score. We scored disease with reference to the ICPI guidelines of Newcastle disease virus (NDV) of the Office
International des Epizooties (OIE). The ICPI of the rYN-S2/RRKR group was higher than that of the rYN group. (F) Histopathological examination of brain sections.
Formation of microglial nodules and perivascular inflammatory infiltrates were observed in the rYN-S2/RRKR group. (G) IHC of brain sections. Many IBV antigen-
positive cells were detected in the brains of the rYN-S2/RRKR-inoculated group, and no IBV antigen-positive cells were detected in the rYN-inoculated group. (H)
rYN-S2/RRKR leads to brain damage. The expression levels of IL-13 and NF-kB, which are markers of brain damage, were higher in the rYN-S2/RRKR-inoculated
group than in the rYN- or PBS-inoculated group. ***, extremely significant at a P value of =0.001.

ICPI guidelines for Newcastle disease virus (NDV) of the Office International des
Epizooties (OIE) (Fig. 4C and D). The ICPI score for the rYN-S2/RRKR group was 1.10
(Fig. 4E). A dead chicken was found at 4 dpi, and two other diseased chickens eventu-
ally developed depression in the rYN group (mortality and morbidity rates were 10%
and 30%, respectively). The ICPI of the rYN group was 0.175, which was lower than that
of the rYN-S2/RRKR group (Fig. 4E). At necropsy, mottled and swollen kidneys were
observed in the dead chicken from the rYN group, indicating that rYN mainly damaged
the kidneys.

(ii) Histopathological and immunohistochemistry examination. In the ICPI
experiment, no microscopic lesions were observed in brains from the rYN and
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negative-control groups, whereas microglial nodules and perivascular inflammatory
infiltrates were observed in the rYN-S2/RRKR group (Fig. 4F). The results showed that
rYN did not cause any injury in the brain even when administered via the intracerebral
route. Immunohistochemistry showed that many IBV antigen-positive cells were pres-
ent in the brains of the rYN-S2/RRKR-inoculated group and that there was no rYN anti-
gen in the brains of the rYN-inoculated group (Fig. 4G). These findings confirmed that
the furin-S2' site is the main factor that determines neuron tropism.

(iii) Brain damage examination. Nuclear factor kB (NF-kB) and interleukin-18 (IL-
1) levels were measured in the brain tissues from all the ICPI experimental groups by
ELISA to further verify the brain damage caused by rYN or rYN-S2/RRKR. The results
showed that NF-kB and IL-13 expression in the brain tissues from the rYN-S2/RRKR-ino-
culated group was much higher than that in the rYN- or PBS-inoculated group (Fig.
4H), indicating that rYN does not cause brain damage in its host.

A furin inhibitor prevents virus infection. CEN primary cells were infected with
rYN or rYN-S2/RRKR in vitro. Laser confocal microscopy showed that rYN-S2/RRKR
infected neuron cells, which was prevented in the presence of a furin inhibitor (Fig. 5).
Of note, rYN did not infect CEN cells in the presence or absence of the furin inhibitor.
These results indicate that the furin-S2’ site has a key role in the neuron tropism of the
virus.

rYN-S2/RRKR induces high expression of TNF-« in target tissues and peripheral
blood (PB). TNF-« is an important inflammatory cytokine that increases the permeabil-
ity of the BBB; therefore, we monitored its expression in brains by IHC to investigate
how rYN-S2/RRKR crosses the BBB and causes encephalitis. IHC showed that TNF-a was
present in microglia and perivascular inflammatory cells in brains from the rYN-S2/
RRKR group (Fig. 6A).

Our ELISA results showed that rYN-S2/RRKR induced high levels of TNF-« at 2 dpi in
PB and that TNF-« levels returned to normal at 5 dpi, which might increase the perme-
ability of the BBB. In contrast, TNF-« levels in the rYN-inoculated group were similar to
those in the PBS-inoculated group at all time points (Fig. 6B). We also measured the
levels of the BBB permeability-related myelin basic protein (MBP) in the blood by
ELISA. The results showed that MBP content increased at 3 dpi, which was later than
that seen for TNF-a. The higher content of MBP was maintained in the PB until 5 dpi
(Fig. 6C), indicating that TNF-« is important for rYN-S2/RRKR pathogenicity and contrib-
utes to increased BBB permeability.

DISCUSSION

The results of this study provide a detailed explanation for neurotropic IBV that fur-
thers our previous findings with respect to differences in the infection process
between rYN-S2/RRKR and rYN, especially the role of the furin-S2’ site in cell tropism.
Virulent QX-type IBV with a furin-S2’ site induced severe encephalitis by crossing the
BBB, which has not previously been reported. Using ICPI experiments, we confirmed
that rYN-S2/RRKR crossed the BBB and infected neuron cells directly. We demonstrated
the processes involved in parent and mutant IBV infection. First, rYN-S2/RRKR and rYN
infected the trachea. However, at 3 dpi, rYN-S2/RRKR was present in the brain but not
in other tissues, as assessed by RT-qPCR and immunohistochemistry. This indicated
that rYN-S2/RRKR rapidly infected tracheal epithelial cells and then invaded the brain
via the PB. There were high viral loads of rYN in the trachea, but rYN was not detected
in kidneys by immunohistochemistry during the experiment, indicating that it took
longer to invade the kidneys than the trachea. This difference may be related to RT-
qPCR being more sensitive than IHC and shows that the IHC results were probably neg-
ative when the RT-gPCR results were positive (Fig. 1C and G). In addition, the results of
the IHC and RT-qPCR assays were likely influenced by sample collection in that differ-
ent viral loads can occur in different parts of the same tissue type. Hence, viral nucleic
acid would have been easier to detect than protein in this situation. These findings
suggest that the furin-S2' site was responsible for the acute disease without nephritis
caused by rYN-S2/RRKR in comparison with the parent rYN.
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FIG 5 Immunofluorescence staining of CEN cells. Furin inhibitor (FI) prevented rYN-S2/RRKR infection. In contrast, rYN did not infect CEN cells.

MRI demonstrated that the permeability of the BBB was increased at 2 dpi without
any clinical symptoms in the rYN-S2/RRKR-inoculated group. The trypan blue and
Evans blue experiments also showed that the permeability of the BBB was enhanced
by rYN-S2/RRKR, which extends our previous findings (23). Combined with the results
of RT-qPCR and immunohistochemistry described above, we confirmed that rYN-S2/
RRKR did not infect peripheral neuron cells and, therefore, was not transported to
axons in the CNS via the mechanism used by alphaherpesviruses, which infect the
CNS, causing encephalitis (24-26). rYN-S2/RRKR infected the CNS immediately by cross-
ing the BBB, and the clinical neurological signs, including paralysis and head tremor,
were caused by CNS injury without peripheral neuron cell damage.

The inoculation route might affect the efficiency of infection. When administered
by the intraocular route, virus enters the nasal cavity, avoiding the BBB by infecting ol-
factory cells first and then entering the brain along the olfactory nerve pathway
(27-29). This infection route may be rapid, but it is insufficient to cause death.
However, virus injected via the intravenous route directly infected monocytes in the
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FIG 6 TNF-a contributes to brain infection. (A) TNF-a expression in brains. The results of IHC showed
the presence of TNF-a antigen in microglia and perivascular inflammatory cells in brains from the
rYN-S2/RRKR group. (B) ELISA detection of TNF-« in PB. rYN-S2/RRKR induced high expression of TNF-
« in the PB from 2dpi. The expression of TNF-a in the rYN-inoculated group was similar to that in
the PBS group at all time points. **, significant at a P value of =0.01. (C) MBP expression in PB. The
MBP content in PB increased from 3 dpi onwards in the rYN-S2/RRKR group. The MBP content in the
rYN-inoculated group was similar to that found in the PBS-inoculated group across all time points.
*** extremely significant at a P value of =0.001.

blood, resulting in brain infection. However, this route might be slower than the intra-
ocular route. As for the different inoculation routes used for the rYN group, it was
unexpected that rYN would be more virulent when inoculated intraocularly than when
inoculated intravenously. We speculate that intravenous inoculation via the wing vein
may lead to a stronger immune response, that rYN might be quickly cleared by lym-
phocytes, and that rYN probably needs to replicate to high enough levels in the tra-
cheal mucosa to break through humoral immunity or to assist in viral immune evasion.
Perhaps rYN also infected the kidneys, which led to death via cerebrospinal fluid circu-
lation in the ICPI experiment. Therefore, different inoculation routes might favor differ-
ent infection mechanisms in the host.

The original viral sequence PRGR/S in the S2 subunit was replaced with RRKR/S by a
reverse genetic system, and the rest of the sequence remained the same, including the
S1 subunit, which is the receptor binding domain (RBD). We hypothesized that QX-
type IBV infects central neuron cells when the BBB permeability is enhanced.
According to ICPI and our experiments with primary neuron cell infections, only rYN-
S2/RRKR infected neuron cells in vivo and in vitro, indicating that rYN without furin-S2’
does not infect neuron cells. We speculated that the presence of the furin-S2' site
might change the fusion activity of the spike protein, resulting in a difference in cell
tropism. The infection mechanism underlying this needs further investigation. Previous
studies have indicated that SARS-CoV-2 infection of human lung cells requires the
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FIG 7 Key phases of disease progression. rYN-S2/RRKR infects epithelial cells in the upper respiratory
tract, and the host is asymptomatic. The virus traverses the respiratory epithelial barrier without
inducing obvious damage, infects monocytes, causing viremia, and enhances the permeability of the
BBB. Finally, the host develops encephalitis.

proteolytic activation of the S protein at the furin cleavage site that is present in almost
all clinical SARS-CoV-2 isolates but absent from SARS-CoV (30, 31). The furin cleavage
site might expand SARS-CoV-2 cell tropism and facilitate its transmission from wild ani-
mals to humans, similar to that suggested after recombination with bat coronaviruses
(32). Neuropilin 1 (NRP1), a receptor that binds the “R-X-X-R” motif in the spike protein
that is exposed after furin cleavage, enabled SARS-CoV-2 cell entry and provided a
direct route to the brain (33).

Our results indicate that modification of the S protein upstream of the FP by furin
was essential for QX-type virus to increase the permeability of the BBB by inducing
high TNF-a expression, which might be related to the infection of monocytes. TNF-« is
related to the increased permeability of the BBB (34-36). It activates TNF receptor 2
(TNFR2) localized on the vascular endothelium to cause the acute breakdown of the
blood-cerebrospinal fluid barrier (B-CSF-B) and delayed breakdown of the BBB (37). In
addition, activated microglia release matrix metalloproteinase (MMP), which degrades
the basement membrane and changes the expression and distribution of claudins
breaking the BBB (38, 39).

Outbreaks of coronaviruses have occurred three times in 2 decades, and further
research is required. The FCS insertion caused the SARS-CoV-2 pandemic in humans,
and an extra FCS in the S2' site of avian coronavirus increased the cell types infected
from epithelial cells to neurons. IBV, a respiratory virus, first entered cells lining the re-
spiratory tract, but when harboring a furin-S2’ site, it broke the respiratory epithelial
barrier without obvious damage, infected monocytes, and enhanced the permeability
of the BBB, causing encephalitis (Fig. 7). This suggests that the FCS has a key role in vi-
rus pathogenicity, especially for coronaviruses.

In summary, we identified the process of disease and a new cell type tropism
caused by avian coronavirus with a furin-S2’ site. Viral N protein was detected in the
brains and monocytes in blood from infected chickens, suggesting that avian coronavi-
rus with a furin-S2’ site infects the host brain. These results provide insight into the
neurological manifestations of other coronaviruses, including HCoV-OC43 and SARS-
CoV-2. A previous study confirmed that SARS-CoV-2 infected neurospheres and brain
organoids, suggesting that it can infect the human brain (40). However, the permeabil-
ity of the BBB was not evaluated in that study. Here, we demonstrated that avian coro-
navirus with a furin-S2’ site increased the permeability of the BBB in vivo. The question
remains, why does QX-IBV with a furin-S2’ site with the same RBD as the parent strain
bind to monocytes and neuron cells? The receptor of the mutant S protein and the
mechanism of brain damage will be explored in target tissues and cells in our future
study.
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MATERIALS AND METHODS

Cells and viruses. Chicken embryo primary neuron (CEN) cells were generated from 18-day-old spe-
cific-pathogen-free (SPF) chicken embryos to measure the infectious capacity of rYN and rYN-S2/RRKR in
vitro. Chicken embryo brain tissues isolated from 18-day-old SPF chicken embryos were digested with
0.25% trypsin at 37°C for 10 min and cultured in Dulbecco’s modified Eagle medium (DMEM; Thermo
Fisher, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS) under 5% CO, at 37°C.
After the 24-h cultures, the medium was changed to Neurobasal A medium (Thermo Fisher) with 1%
penicillin, 1% streptomycin, 2% B27, and 2 mM L-glutamine. Then, 2 mM Ara-C was added to the culture
on the third day to restrain the growth of nonneuronal cells. CEN cells were treated with or without furin
inhibitor | (10 «M; Sigma, St. Louis, MO, USA) for 30 min and then were infected with 10%° 50% egg infec-
tive doses (EID,,) of rYN or rYN-S2/RRKR. The mononuclear cells (including monocytes) that we prepared
from vein anticoagulant blood using a chicken PB monocyte separation kit (Solarbio, Beijing, China)
were cultured in RPMI 1640 (Thermo Fisher) containing 10% FBS with 5% CO, at 37°C. These mononu-
clear cells were infected with 10%° EID, of rYN or rYN-S2/RRKR. rYN is an infectious molecular clone of
the QX-type IBV YN strain, which grows in chicken embryo kidney (CEK) cells. rYN-S2/RRKR is an infec-
tious molecular clone of the IBV-YN strain in which the PRGR/S sequence upstream of the FP has been
replaced with RRKR/S (furin-S2’ site).

Animals and ethical statement. All SPF chickens and SPF embryonated eggs were purchased from
Beijing Boehringer Ingelheim Vital Biotechnology Co., Ltd. (Beijing, China). All chickens were raised in
isolators at the China Agricultural University throughout the experiments with food and water provided
ad libitum. The treatment of all laboratory animals was approved by the Beijing Administration
Committee of Laboratory Animals under the leadership of the Beijing Association for Science and
Technology (approval no. SYXK [Jing] 2018-0038). The protocols of this experiment were performed
according to the guidelines of the Animal Welfare and Ethical Censor Committee at the China
Agricultural University (CAU approval no. 20086).

Disease course of rYN and rYN-S2/RRKR infection. Thirty 1-day-old SPF chickens were randomly
divided into three groups of 10 chickens each and kept in three isolators. Two of the three groups were
inoculated with 100 wl of rYN or rYN-S2/RRKR strain containing 10°° EID,, via the intraocular route. The
third group was inoculated with 100 wl of phosphate-buffered saline (PBS) as a negative control. Two
chickens from each group were sacrificed at 1, 2, 3, 4, and 5 days postinoculation, and samples of brain,
trachea, lung, kidney, and sciatic nerve were stored in 10% neutral formalin for immunohistochemical
analyses.

Blood-brain barrier permeability evaluation. Thirty 1-day-old SPF chickens were randomly divided
into three groups of 10 chickens each and kept in three isolators. Two of the three groups were inocu-
lated with 100 ul of the rYN or rYN-S2/RRKR strain containing 10°° EID,, via the intraocular route. The
third group was inoculated with 100 ul of phosphate-buffered saline (PBS) as a negative control. When
neural or respiratory symptoms were observed, 100 ul of 1% trypan blue or 2% Evans blue was inocu-
lated via intravenous injection, with five chickens in each group. Chickens were sacrificed at 1 day after
trypan blue or Evans blue administration. Brains from the trypan blue-inoculated group were stored in
10% neutral formalin for paraffin sections and brains from the Evans blue-inoculated group were stored
in 1 ml dimethylformamide (DMF) at 60°C for 24 h. The OD values at 620 nm (ODq,,) of supernatants
were measured.

Histopathology and IHC. Tissues were collected as described above and immersed in 10% neutral
formalin for 48 h. Fixed samples were processed, embedded in paraffin wax, and cut into 5-um sections
for immunohistochemistry (IHC). Sections were subjected to antigen retrieval and blocked by 10% nor-
mal goat serum in PBS for 30 min to eliminate nonspecific binding. Tissue sections were then incubated
with mouse anti-IBV IgG and TNF-« antibody (Proteintech, Chicago, IL, USA) at a 1:500 dilution in PBS for
12 h at 4°C. They were then incubated with horseradish peroxidase-conjugated rabbit anti-mouse IgG
(Sigma) for 1 h. The reaction was visualized using 3,3-diaminobenzidine (DAB; Sigma) for 10 min. Finally,
sections were counterstained with hematoxylin and examined by light microscopy. Sections of brain
were stained with hematoxylin and eosin and examined by light microscopy for lesions.

IBV detection by real-time quantitative PCR (RT-qPCR). Samples from brains, tracheas, lungs, kid-
neys, sciatic nerves, and anticoagulant blood were collected on 1, 2, 3, 4, and 5 dpi. RNA was extracted
from the samples using a Total RNA isolation kit (FORE GENE, Chengdu, China). The viral loads were
determined with a Light Cycler 96 real-time PCR system as described previously (41).

TEM. Brains were removed under strict aseptic conditions, cut into slices, immersed in 2% parafor-
maldehyde and 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 5.5), and fixed for 2 h at 4°C. After
primary fixation, samples were washed with PBS, postfixed in 1% osmium tetroxide, washed, and dehy-
drated in an increasing series of ethanol solutions. Dehydrated pellets were embedded in an epoxy
resin, and sections were cut at 70 nm. Finally, sections were placed on copper sieves and stained with
uranyl acetate and lead citrate. Sections were imaged using a JEM-1230 transmission electron micro-
scope (TEM) (JEOL, Tokyo, Japan).

MRI analysis. Magnetic resonance images (MRI) were acquired using a 0.3T quality image QI-V3000
(Shenzhen Cutting-Edge Technology Co., Ltd). Spin-echo T,-weighted images (repetition time [TR],
110 ms; echo time [TE], 16 ms) were acquired before contrast medium injection and 10 min after contrast
medium injection to achieve image enhancement related to BBB permeability. The slice thickness was
3 mm for coronal images.

Effect of different inoculation routes on pathogenicity. Sixty 2-week-old SPF chickens were di-
vided at random into six groups of 10 chickens each and kept in six isolators. Two of the six groups were
inoculated with 100 ul of the rYN or rYN-S2/RRKR strain containing 10°° EID,, via the intraocular route.
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Two other groups were intravenously inoculated with 100 ul of the rYN or rYN-S2/RRKR strain. The final
two groups were inoculated with 100 ul of PBS via the intraocular and intravenous routes as negative-
control groups.

ICPL. Thirty 1-day-old SPF chickens were divided at random into three groups of 10 chickens each
and kept in three isolators. Two of these three groups were inoculated with 50 ul of the rYN or rYN-S2/
RRKR strain containing 10°° EID,, via the intracerebral route. All chickens were observed for 8 days and
evaluated using a ranked score of 0, 1, and 2. These scores represented the following: 0, normal;
1,diseased; and 2, dead. The intracerebral pathogenicity index (ICPI) of rYN and rYN-S2/RRKR was calcu-
lated as described previously for the ICPI of NDV.

Immunofluorescence staining. CEN cells were prepared with Immunol staining fix solution, immu-
nostaining permeabilization buffer with Triton X-100, and QuickBlock blocking buffer for Immunol stain-
ing (Beyotime Biotechnology, Beijing, China) for 15 min at room temperature. Cells were then incubated
with mouse anti-IBV (1:1,000; Hytest, Finland) and rabbit anti-NeuN neuronal marker (1:1,000; Abcam,
USA) for 12 h at 4°C. After washing three times in PBS, cells were incubated with anti-mouse IgG(H+L), F
(ab’), fragment (Alexa Fluor 488 conjugate), and anti-rabbit IgG(H+L), F(ab’), fragment (Alexa Fluor 555
conjugate) (Cell Signaling Technology, Danvers, MA, USA), for 1 h at 37°C. The mononuclear cells, which
were prepared as described above, were incubated with mouse anti-IBV (1:1,000; Hytest) and F(ab’),
fragment (Alexa Fluor 488 conjugate). The cells were stained with DAPI (Sigma) for 5 min at room tem-
perature to determine the shapes of the cell nuclei.

Detection of TNF-a and MBP in serum. Serum was collected from 1 to 5 dpi, and the levels of TNF-
« and MBP were determined using a chicken TNF-a ELISA kit and chicken MBP ELISA kit (Dogesce,
Beijing, China) in accordance with the manufacturer’s instructions. A standard curve was generated by
plotting the mean OD (450 nm) obtained for each of the six standard concentrations on the x axis versus
the corresponding concentration on the y axis to determine the amount of TNF-a and MBP in the
serum.

Detection of brain-specific NF-kB and IL-1 levels. Brains of equal weights were collected from
chickens in the ICPI experiments. NF-kB and IL-1 levels in the brain grinding fluid were determined
using a chicken NF-kB ELISA kit and a chicken IL-13 ELISA kit (Dogesce) according to the manufacturer’s
instructions. A standard curve was generated by plotting the mean OD (450 nm) obtained from each of
the six standard concentrations on the x axis versus the corresponding concentration on the y axis to
determine the amount of brain-specific TNF-a and MBP.
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