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ABSTRACT Swine acute diarrhea syndrome coronavirus (SADS-CoV) is a recently emerging
bat-borne coronavirus responsible for high mortality rates in piglets. In vitro studies have
indicated that SADS-CoV has a wide tissue tropism in different hosts, including humans.
However, whether this virus potentially threatens other animals remains unclear. Here, we
report the experimental infection of wild-type BALB/c and C57BL/6J suckling mice with
SADS-CoV. We found that mice less than 7 days old are susceptible to the virus, which
caused notable multitissue infections and damage. The mortality rate was the highest
in 2-day-old mice and decreased in older mice. Moreover, a preliminary neuroinflammatory
response was observed in 7-day-old SADS-CoV-infected mice. Thus, our results indicate that
SADS-CoV has potential pathogenicity in young hosts.

IMPORTANCE SADS-CoV, which likely has originated from bat coronaviruses, is highly
pathogenic to piglets and poses a threat to the swine industry. Little is known about
its potential to disseminate to other animals. No efficient treatment is available, and the
quarantine strategy is the only preventive measure. In this study, we demonstrated that
SADS-CoV can efficiently replicate in suckling mice younger than 7 days. In contrast
to infected piglets, in which intestinal tropism is shown, SADS-CoV caused infection
and damage in all murine tissues evaluated in this study. In addition, neuroinflammatory
responses were detected in some of the infected mice. Our work provides a preliminary
cost-effective model for the screening of antiviral drugs against SADS-CoV infection.
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Coronaviruses (CoVs) are a group of enveloped, single-stranded positive-sense RNA
viruses within the subfamily Coronavirinae of the family Coronaviridae. CoVs infect diverse

hosts, including birds, mammals, and humans, and cause respiratory and intestinal dis-
eases (1, 2). In the 21st century, three novel human coronaviruses (HCoVs), namely, severe
acute respiratory syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome
(MERS-CoV), and SARS-CoV-2 (causing an ongoing pandemic), have emerged and spread
globally, posing severe threats to public health and the economy (3–6). Four other HCoVs,
namely, HCoV-NL63, HCoV-229E, HCoV-OC43, and HCoV-HKU1, cause cold-like symptoms
in humans. The current data suggest that all HCoVs originate from wildlife, including bats,
rodents, and probably other animals (7). CoVs have led to significant epidemics affecting
animal husbandry globally (8). Six CoVs infect pigs, including transmissible gastroenteritis
virus (TGEV), porcine epidemic diarrhea virus (PEDV), porcine respiratory coronavirus (PRCV),
swine acute diarrhea syndrome coronavirus (SADS-CoV), porcine hemagglutinating enceph-
alomyelitis virus (PHEV), and porcine deltacoronavirus (PDCoV) (9, 10). Among them, TGEV,
PEDV, SADS-CoV, and PDCoV are enteric viruses that cause acute diarrhea, vomiting, and
high mortality in pigs. Pigs play an important role as an end host, which threatens animal
health and economics, or as an intermediate host that enables virus transmission from natural
hosts to humans (11, 12).
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SADS-CoV, also named swine enteric alphacoronavirus or porcine enteric alphacoronavirus,
is a novel swine enteric CoV belonging to the genus Alphacoronavirus that was identified
during fatal swine disease outbreaks in Guangdong province, China, in October 2016 and
led to more than 20,000 piglet deaths (13–15). A retrospective study showed that SADS-CoV
emerged in Guangdong Province in August 2016 (16). Reemergence of SADS-CoV was
reported in Fujian and Guangdong provinces in 2018 and 2019, respectively (17, 18).
We previously reported that SADS-CoV is phylogenetically close to bat HKU2-CoV, and
SADS-related CoVs (SADSr-CoV) were detected in four species of Rhinolophus bats (R. affinis,
R. sinicus, R. rex, and R. pusillus) in several provinces in southern China (15, 19, 20). In addition,
our and other groups have reported that SADS-CoV has broad cell tropism and a high
replication efficiency, including in primary human cells in vitro, suggesting its potential for
interspecies transmission (21–23).

Currently, pathogenicity studies of SADS-CoV in vivo rely on piglet infection, which
is complicated by its high cost and requirement of manipulation in a biosafety laboratory,
thus limiting further understanding. Studies on therapeutic treatments targeting SADS-CoV
and related viruses are needed. In the present study, we experimentally infected suckling
BALB/c and C57BL/6J mice and found efficient replication of SADS-CoV in suckling mice. In
addition, we demonstrated that advanced maternal immunization partially protects suckling
mice from SADS-CoV infection.

RESULTS
Suckling BALB/c and C57BL/6Jmice are susceptible to SADS-CoV infection. To investi-

gate the pathogenicity of SADS-CoV toward mice, wild-type BALB/c and C57BL/6J mice
of different ages, including 2-, 5-, and 7-day-old and 3- to 4-week-old mice, were infected
with SADS-CoV. First, six 3- to 4-week-old mice in each group were intragastrically and intrana-
sally inoculated with 8 � 105 50% tissue culture infective doses (TCID50) of virus per animal or
an equal volume of Dulbecco’s modified Eagle’s medium (DMEM) as a control. The mice were
weighed and observed for clinical signs daily for 14 days. None of the mice developed weight
loss, diarrhea, or other clinical symptoms, and viral RNA was not detected in the tested tissues,
anal swabs, oral swabs, or feces by reverse transcription-quantitative PCR (RT-qPCR) (data not
shown).

A similar dose of SADS-CoV was intragastrically inoculated into 2-, 5-, and 7-day-old suck-
ling BALB/c and C57BL/6J mice as described. Some of the suckling mice experienced weight
loss, hyperspasmia, and death, and the remaining mice survived to the end point without
evident signs of infection. All 2-day-old C57BL/6J mice (n = 7) died by 5 days postinfection
(dpi), three out of five 5-day-old mice died by 5 dpi, two out of eight 7-day-old mice died by
7 dpi, and similar mortality was observed in BALB/c mice (Fig. 1B). Gross lesions were observed
in some of the virus-infected suckling mice, including a transparent and thin-walled gastroin-
testinal tract; abdominal distension due to gas accumulation; yellow, watery contents in
the intestine; and hemorrhage and edema in the brain. BALB/c mother mice ate infected
pups, leading to difficulties in collecting tissue samples; therefore, we used C57BL/6J mice in
the follow-up work.

Viral replication in multiple mouse tissues. To better understand viral replication
in suckling mouse tissues, viral RNA in different tissues from 2-, 5-, and 7-day-old mice
euthanized at different time points was quantified by RT-qPCR (Fig. 2). All animals were suc-
cessfully infected with SADS-CoV as indicated by the detection of viral nucleic acids in col-
lected tissues, including the heart, lungs, liver, spleen, kidneys, stomach, small intestine, large
intestine, and/or brain. Two-day-old mice were the most susceptible, followed by 5- and 7-
day-old mice. In the 2-day-old group, the viral load peaked in all collected tissues, except
the small intestine and brain, at 1 dpi until death. The viral load in the brain in this group
increased 3 dpi and peaked 5 dpi. However, in the 5- and 7-day-old groups, we observed
intrahost variation in viral replication in all tissues tested.

Histopathological analysis of virus-infected mice. To further characterize the tissue
damage in virus-infected suckling mice, all collected tissues of virus- and mock-infected 2-
and 7-day-old mice at 5 dpi were histopathologically examined (Fig. 3). Histopathological
lesions were more pronounced in 2-day-old mice than in 7-day-old mice. Different levels of
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pathological damage were observed throughout the course of infection. Someminor changes
were observed in the heart and kidney tissues, including minor multifocal lesions, slight myo-
cardial cell edema, and necrosis in the heart and slight edema in the kidneys. Severe damage
appeared in the other tissues, including multifocal lesions, pulmonary fibrin exudation, and
alveolar wall thickening with monocyte and lymphocyte infiltration in the lungs; edema and
increased inflammatory cells in the liver; hemorrhage, white pulp basic structure destruction,
and increased numbers of lymphocytes in the red pulp in the spleen; edema, necrosis, and
disruption of gastric epithelial cells and intestinal villi in the gastrointestinal tract; and exten-
sive neuronal cell necrosis and an increased number of lymphocytes in the brain.

To analyze viral expression in sucklingmouse tissues, viral antigens were detected by immu-
nofluorescence assay (IFA) in all collected tissues of virus- and mock-infected 2- and 7-day-old
mice at 5 dpi (Fig. 4). Viral antigens were detected in all tissues of 2-day-old infected mice, and
in the spleen, kidneys, stomach, small intestine, and brain, but not the heart, lungs, and liver, of
7-day-old infected mice. Consistent with the viral genome detection results, the brain showed
the highest viral nucleoprotein expression level in infected mice. Based on morphological ob-
servation, pulmonary epithelial cells, gastric basal cells, intestinal villous epithelial cells, and neu-
rons were identified as major target cells, whereas viral-positive cells were not easily detected
in the heart, liver, spleen, and kidneys.

Viral replication dynamics in the brain. Notably, the brain was the most susceptible
to SADS-CoV, and to better understand the dynamics of SADS-CoV infection in the brain, viral
antigens were detected in 2-day-old mouse brains using IFA (Fig. 5A to H). Infection was first
detected in the neuronal cells of the brain stem and the fourth ventricle near the spine on the
ventral side and then spread into the entire brain through the circulation of cerebrospinal
fluid. In addition, elevated expression of microglia markers was observed at 7 dpi. When
we inoculated Vero cells with the homogenate supernatants of the brains of two infected
2-day-old mice sampled at 5 dpi, we observed a noticeable cytopathic effect (CPE) in the
infected cells (Fig. 5J). The virus reisolated from the brain was confirmed by IFA (Fig. 5L) and
next-generation sequencing (Table 1). The two brain isolates had three and five mutations,

FIG 1 Experimental scheme and mortality of suckling mice after SADS-CoV infection. (A) Sixteen female
C57BL/6J mice were randomly divided into four groups and used to produce suckling mice. Two-, 5-, and
7-day-old suckling mice were infected with SADS-CoV, and 2-day-old mock-infected mice were used as the
control group. Mice were observed for clinical signs and survival daily for 14 days, and three mice from
each group were sacrificed to collect tissue samples at 1, 3, 5, 7, 10, and 14 dpi. (B) Survival rates of 2
(n = 8)-, 5 (n = 5)-, and 7-day-old (n = 8) infected and 2-day-old (n = 6) mock-infected C57BL/6J mice, and
2 (n = 7)-, 5 (n = 6)-, and 7-day-old (n = 7) infected and 2-day-old (n = 6) mock-infected BALB/c mice.
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respectively, compared with the original viral genome from the supernatant before mouse
infection, including A5498G (ORF1ab, E-G), A5996G (ORF1ab, E-G), and T14207G (ORF1ab, G-G)
in one mouse and T357Y (ORF1ab, A-A/A), G14681T (ORF1ab, M-I), C21552T (spike, A-V),
A22467R (spike, P-P/L), and A22496R (spike, E-E/K) in the other. These results suggest that
SADS-CoV might have been adapted in infected individuals.

SADS-CoV infection induces inflammatory responses in the brain. The rapid onset
of morbidity and mortality in suckling mice in response to SADS-CoV challenge prompted
us to explore the host cytokine/chemokine responses in the brains of the infected mice. First,
we performed RNA-sequencing (RNA-seq) for pathway enrichment analysis using total RNA
extracted from the brains of infected 2- and 7-day-old mice at 5 dpi. As expected, higher
immune responses were observed in the brain tissues of 7-day-old mice than in those of
2-day-old mice (Fig. 6A).

Next, we determined the transcriptional activation of genes, including classic antiviral
cytokines, proinflammatory cytokines, and chemokines in the brain tissues of infected
2- and 7-day-old mice using RT-qPCR. Interferon (IFN) and inflammatory cytokine/chemokine
transcript production in the brain increased rapidly after infection in 7-day-old mice, whereas
2-day-old infected mice showed a weaker and later response. Proinflammatory cytokines
(interleukin-1b [IL-1b] and interleukin-6 [IL-6]) and chemokines (MCP-1 and RANTES) were
significantly induced in SADS-CoV-infected mice (Fig. 6B).

Maternal immunization through SADS-CoV infection partially protects suckling
mice. To investigate whether preimmunization of mother mice would protect suckling mice
from viral infection, we infected female mice with 1.5� 106 TCID50 SADS-CoV virus three times

FIG 2 Virus quantification in SADS-CoV-infected mice. Viral RNA in collected tissues from infected mice at 1, 3, 5, 7, 10, and 14 dpi was quantified using
RT-qPCR. The data represent the means and standard errors.
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every 14 days, using DMEM as the control. After the second infection, the mice were mated,
and their 2-day-old suckling mice were infected with 8 � 105 TCID50 SADS-CoV (Fig. 7A). In
the group in which the mother mice were infected with the virus, 12 out of 23 suckling mice
survived, whereas all animals in the control group died (Fig. 7B). Tissue viral loads were low,
especially in neuronal tissues, in the surviving suckling mice in the protected group 14 dpi
compared to those in the naive infected group or those mice that died in the protected group
(Fig. 7C). No obvious differences in viral loads were observed between dead mice in the naive
infected and protected groups. Twenty-one days after the third infection, the mother mice in
the protected group generated antibodies that could neutralize 100 TCID50 SADS-CoV at dilu-
tions of 1:20 to 1:80 (Table 2). We observed a correlation between the survival rate in the suck-
ling mice and the neutralization antibody titers in the mother mice.

DISCUSSION

Many coronaviruses infect humans and domestic animals, posing a threat to public
health and causing economic losses in the livestock industry (24, 25). PEDV, PDCoV, and SADS-
CoV, which have emerged/reemerged in China and other countries, cause acute gastroenteri-
tis in neonatal piglets (10, 26). Studies have shown that newborn piglets younger than 5 days
infected with SADS-CoV develop typical clinical signs, such as rapid weight loss, watery

FIG 3 Pathological changes in suckling mice after SADS-CoV infection. Three 2- and 7-day-old SADS-CoV-infected and mock-infected mice were euthanized and used
to examine the pathological changes in the heart, lungs, liver, spleen, kidneys, stomach, small intestine, large intestine, and brain. Images were acquired using a
Pannoramic MIDI system. Scale bars: 100 mm.
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diarrhea, acute vomiting, and even death, whereas infected sows suffer only mild diarrhea and
most of them recover within 2 days (14, 15, 27, 28). Experimental infection in adult mice has
demonstrated that SADS-CoV has a low level of replication in wild-type C57 and immunode-
ficient interferon receptor-knockout mice, without clinical manifestations and pathological
damage in tissues (21, 22). In this study, we demonstrated that wild-type BALB/c and
C57BL/6J suckling mice are highly susceptible to SADS-CoV infection through intragas-
tric inoculation and exhibit severe morbidity and mortality. Suckling mice developed
severe clinical signs such as weight loss, hyperspasmia, and death. Mortality was as
high as 100% in 2-day-old mice and 25% in 7-day-old mice, which is consistent with findings
in SADS-CoV-infected piglets younger than 5 days (12, 22). These results suggest that SADS-
CoV is highly pathogenic to young animals.

Viral RNA was detected in all tissues collected from infected suckling mice and with
different levels of damage, which indicates the wide tissue tropism of SADS-CoV and is consist-
ent with the results of previous studies in vitro (21, 23). However, the key difference between
murine and pig SADS-CoV infection is the high neuronal susceptibility and neurotropism in
mice versus the intestinal infection in pigs. This illustrates that tissue tropism and clinical symp-
toms upon SADS-CoV infection vary among different hosts. Similarly, bovine coronavirus and
feline infectious peritonitis coronavirus, which normally show intestinal tropism, showed brain
invasion in infected suckling mice (29, 30). In our study, rather than injecting the virus directly

FIG 4 Viral antigen detection in mice after SADS-CoV infection. Viral antigens (orange arrows) in the heart, lungs, liver, spleen, kidneys, stomach, small intestine,
large intestine, and brain were detected using a rabbit anti-SADSr-CoV N protein polyclonal antibody (red). Images were acquired using a Pannoramic MIDI
system. Scale bars: 50 mm (heart, lungs, liver, spleen, and kidneys) and 100 mm (stomach, small intestine, large intestine, and brain).
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into the brain as done in these previous studies, we administered the virus via intragastric
inoculation, but we still observed efficient viral replication in the brain of tested suckling
mice. Although this neonatal mouse model does not completely simulate the tissue tro-
pism observed in SADS-CoV-infected piglets, it provides a preliminary cost-effective model
to investigate the pathogenesis of SADS- and SADSr-CoVs and subsequently to screening
for relevant antiviral drugs.

Strong cytokine and chemokine responses are associated with disease severity (31–33).
To elucidate why SADS-CoV severity decreases with age, we performed RNA-seq for path-
way enrichment analysis and detected the immune response in brain tissues that revealed
elevated mRNA expression of early interferons, proinflammatory cytokines, and chemokines.
These results indicated that the immature immune system in younger mice is responsible
for their increased susceptibility to SADS-CoV. A recent study reported that placenta associ-
ated 8 (PLAC8) is highly expressed in piglets and it may account for the higher susceptibility
of younger animals to SADS-CoV (34). However, according to the RNA-seq data, PLAC8 is

TABLE 1 Genome comparison of the reisolated virus with the original viral genome from
supernatanta

Sample Genome (start, end) Gene mutation (nt, aa)
Reference 1–27,163
Brain 1 21–27,163 ORF1ab, A5498G, E-G

ORF1ab, A5996G, E-G
ORF1ab, T14207G, G-G
ORF1ab, T357Y, A-A/A
ORF1ab, G14681T, M-I

Brain 2 21–27,163 Spike, C21552T, A-V
Spike, A22467R, P-P/L
Spike, A22496R, E-E/K

ant, Nucleotide; aa, amino acid.

FIG 5 Evaluation of the viral replication dynamics in the brain using IFA. Two-day-old mouse brains were stained for the viral antigen (SADS-CoV NP, red)
and microglial cell antigen (CD68, green) at 1 (A and E), 3 (B and F), 5 (C and G), and 7 (D and H) dpi. The viral antigen (orange arrows) has been detected since 3 dpi,
and a low level of microglial cell antigen (cyan arrows) was detected at 7 dpi. Images were acquired using a Pannoramic MIDI system. Infected mouse brain tissues were
homogenized in DMEM and used to infect Vero cells. Compared to mock-infected cells (I and K), a cytopathic effect (CPE) (J) was observed and viral antigens (L) were
detected in infected cells. Images were acquired using an Olympus FV1200 confocal microscope. Scale bars: 1000 mm (A to D), 100 mm (E to H), and 200 mm (I to L).
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barely expressed in the newborn mouse brain, which implies that PLAC8 is not involved in
viral replication in suckling mice. A future assessment of host responses is needed to better
understand the pathogenesis of this virus.

Reemergence of SADS-CoV in the Fujian and Guangdong provinces was reported
in 2018 and 2019, respectively (18, 26). In a porcine diarrhea outbreak in 11 Chinese
provinces, an 81.7% seroprevalence of SADS-CoV antibodies was detected by an
enzyme-linked immunosorbent assay targeting its spike protein (35), suggesting that
SADS-CoV has a substantially wider spread than expected. These results indicate that
effective countermeasures should be in place to prevent the future spread of SADS-
CoV. In our study, we mimicked a vaccine schedule and found that female mice

FIG 6 Immune responses in the brains of suckling mice. (A) Total RNA was extracted from the brains of 2- and 7-day-old virus- and mock-infected mice at
5 dpi and subjected to direct RNA-seq and pathway enrichment analysis. (B) Transcripts of genes encoding antiviral and proinflammatory cytokines and
chemokines were detected by RT-qPCR. Relative transcript levels of were calculated using the comparative threshold cycle (DDCT) method. The experiment
was conducted in duplicate, using three mice. The data represent the means and standard errors.
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infected with SADS-CoV generated 1:20 to 1:80 neutralizing antibody titers that par-
tially protected their offspring from SADS-CoV infection. It is unclear whether the
antibodies are present in the mother milk or in the suckling mice at birth. As the

FIG 7 Experimental scheme and mortality and virus quantification in suckling mice after SADS-CoV infection. (A) Female mice were intragastric inoculated with
1.5 � 106 TCID50 SADS-CoV or an equal volume of DMEM (mock control) three times (left) and mated. Two-day-old suckling mice were intragastrically inoculated with
8 � 105 TCID50 SADS-CoV and were observed for clinical signs daily for 14 days (right). Survival rate (B) and viral loads (C) in the heart, lungs, liver, spleen, kidneys,
stomach, small intestine, large intestine, and brain, collected from 2-day-old suckling mice at the end point of the trial. *, P , 0.05; ***, P , 0.0001.
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suckling mice were breastfed since birth, the mother’s milk likely plays a role in the
protection against viral infection. These results show the possibility of vaccine devel-
opment in sows to protect against SADS-CoV infection in piglets.

Bats play an important role in the emergence of highly lethal zoonotic viruses, such
as Hendra, Nipah, Ebola, and Marburg viruses (36, 37). Moreover, they are the
probable natural origin of many emerging CoVs, such as SARS-CoV, MERS-CoV,
and SARS-CoV-2, which infect humans through intermediate hosts (4, 38–41). Our
previous study suggested that SADS-CoV likely originated from bats, as closely
related CoVs were detected in Rhinolophus bats in the same location as the SADS
outbreak (15). Furthermore, SADS-CoV can replicate well in cells derived from
humans and different animal species, as well as in primary human lung and intesti-
nal cells, suggesting that this virus has a wide host range and a high potential for interspe-
cies transmission (21–23). In addition, genetically diverse SADSr-CoV has been widely
detected in at least four species of Rhinolophus bats (R. affinis, R. sinicus, R. rex, and R. pusil-
lus) in the southern provinces of China (19, 20), highlighting the need for surveillance of
this group of viruses in these regions. Further surveillance of bats, pigs, and other animal
populations and the development of efficacious antiviral treatments or vaccines are
needed to protect animals against potential SADS-CoV infection.

MATERIALS ANDMETHODS
Ethics statement.Mouse infections were performed in an animal biosafety level 2 (ABSL2) facility in

accordance with recommendations for the care and use of laboratory animals and the Institutional
Review Board of the Wuhan Institute of Virology, Chinese Academy of Sciences (ethics no.
WIVA05201905). All of the experiments complied with all relevant ethical regulations.

Cells lines and virus. Vero cells lines (ATCC CRL-81) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Invitrogen) supplemented with 10% fetal bovine serum (FBS, Life Technologies)
and 1% Anti-Anti (Invitrogen). The SADS-CoV virus was propagated and titrated in Vero cell lines
with maintenance medium (MM) containing DMEM, 2% tryptose phosphate broth (TPB; Sigma),
5 mg/ml trypsin (Gibco), and 1% Anti-Anti (Invitrogen). Viral titrations were performed with 10-fold
serial dilutions in Vero cells. The 50% tissue culture infective dose (TCID50) was expressed as the re-
ciprocal of the highest dilution showing CPE by the Reed-Muench method.

Mouse infection. Wild-type pregnant BALB/c and C57BL/6J mice were purchased from Hunan SJA
Laboratory Animal Co., Ltd. and housed in an ABSL2 facility at the Wuhan Institute of Virology, Chinese
Academy of Sciences, under specific pathogen-free conditions. The infection experiments included two inde-
pendent sections, a survival monitoring experiment and a pathology progression experiment. For the sur-
vival monitoring experiment, 2-day-, 5-day-, 7-day-, and 3- to 4-week-old BALB/c and C57BL/6J mice were
anesthetized with isoflurane and intragastric inoculated with 8 � 105 TCID50 SADS-CoV or an equal volume
of DMEM (mock-infection control), and mice were observed for clinical signs daily for 14 days. For the pathol-
ogy progression experiment, three C57BL/6J mice were dissected at 1, 3, 5, 7, 10, and 14 dpi, and tissues
were harvested, including the heart, liver, spleen, lung, kidney, brain, stomach, small intestine, and large
intestine.

For the protection test, the female C57BL/6J mice were infected with the virus three separate times every
14 days with 1.5 � 106 TCID50 SADS-CoV or an equal volume of DMEM (mock-infection control). After the sec-
ond infection, they were mated and their 2-day-old suckling mice were infected with 8 � 105 TCID50 SADS-
CoV, clinical signs were monitored daily for 14 days, and tissues were harvested at the end point.

RNA extraction and reverse-transcription quantitative PCR. Mouse tissues were homogenated in
RNALater, then centrifuged at 8,000 rpm for 10 min at 4°C. Viral RNA was extracted from tissues homogenate
supernatant with the QIAamp 96 Virus QIAcube HT kit (Qiagen), RNA was used as a template for RT-qPCR for
assessing SADS-CoV-specific genome targeting RdRp gene using HiSxript II One step RT-qPCR SYBR Green kit
(Vazyme) as we previously described (15). Average values from duplicates of each gene were used to calculate
the viral genomic copies. The 10-ml qPCR mix contained 5 ml 2�One Step SYBR green mix, 0.5 ml One Step
SYBR green Enzyme mix, 0.2ml (10mM) of each primer, and 2ml RNA. Amplification was performed as follows:

TABLE 2 Neutralization antibody titer of female mouse seruma

Group Mice no.
Neutralization antibody titers
(21 days after the 3rd infection)

Offspring
survival rate

Naive infection 4/4 ND 21/21 (0%)
Protection 1 1:20 1/4 (25%)

2 1:40 4/7 (57.1%)
3 1:20 2/5 (40%)
4 1:80 5/7 (71.5%)

aND, not detected.
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50°C for 3 min, 95°C for 30 s, followed by 40 cycles at 95°C for 10 s and 60°C for 30 s, and a default melting
curve step in a Bio-Rad Real-time PCR machine.

Histopathological analysis. The tissue samples were fixed with 4% paraformaldehyde, paraffin
embedded, and cut into 3.5-mm sections. Fixed tissue samples were used for hematoxylin-eosin
(H&E) staining and indirect immunofluorescence (IFA) staining for the detection of the SADS-CoV
antigen. For routine histology, tissue sections were stained with H&E. For IFA, slides were deparaffi-
nized and rehydrated, followed by 15-min heat-induced antigen retrieval with EDTA pH 8.0 in a
microwave oven. The slides were treated with PBS/0.025% Triton X-100 for 15 min for cell membrane
perforation and then blocked with 5% BSA at room temperature for 1 h, followed by overnight incu-
bation at 4°C with rabbit anti-SADS-CoV N protein polyclonal antibody (1:400; made in-house) and/
or anti-CD68 antibody (1:100; Abcam; ab955), and then washed in PBS. Then, the slides were incu-
bated with Cy3-conjugated goat-anti-rabbit IgG (1:150; Abcam; ab6939) and/or Alexa Fluor 488-con-
jugated goat anti-mouse IgG (1:100; Abcam; ab150117). After being washed in PBS, slides were
stained with DAPI (1:100; Beyotime). The image information was collected using a Pannoramic MIDI system
(3DHISTECH, Budapest).

Virus isolation and sequencing. Infected brain tissues from euthanized mice were homogenized
with DMEM, and the supernatant was used for virus isolation. A total of 200 ml supernatant was ino-
culated onto monolayer Vero cells in a 24-well plate. After 1 h of inoculation, the supernatant was
removed and replaced with fresh DMEM containing 5 mg/ml trypsin plus 1% Anti-Anti. CPE was
monitored daily, and viral antigens were detected using IFA. Images were collected by EVOS M5000
(Thermo). The supernatants were subjected to viral RNA extraction for the next-generation sequenc-
ing (NGS). The NGS was performed by using Illumina MiSeq 3000 sequencers, and the sequences
were analyzed by Geneious 10.2.6 for Windows.

Transcriptome analysis. RNA was extracted from 2- and 7-day-old SADS-CoV infection and mock-
infection brain tissues at 5 dpi (3 replicates each) and subjected for RNA-seq analysis. After mapping
clean reads to GRCh38.p13 with HISAT2 v2.1.0 and format conversion with samtools v1.10-24, we used
stringtie v2.1.0 to assemble and quantitate transcripts. Reads counts table of transcriptome generated
by prepDE.py, a tool in stringtie, was used for gene differential expression analysis in R v4.1.0 with pack-
age DESeq2 v1.32.0. The gene with log2 fold change .2 and P value of ,0.05 was selected to perform
enrichment analysis using online tools Metascape.

Transcriptional profiling of cytokine and chemokine responses by RT-qPCR assays. RNA was
extracted from 2- and 7-day-old SADS-CoV infection and mock-infection spleen, small intestine, and
brain tissues (3 replicates each) and subjected to RT-qPCR analyses of transcriptional expression
of selected genes, including interferon-b , IL-1b , IFN-g, IL-6, macrophage inflammatory protein 1-a
(MIP1-a)/CCL3, IP-10/CXCL10, tumor necrosis factor (TNF), RANTES/CCL5, monocyte chemoattractant
protein-1 (MCP-1)/CCL2, NAP-3/CXCL1, and MIP1-b/CCL4, using endogenous mouse glyceraldehyde-3-
phosphate dehydrogenase (GADPH) gene as internal controls (primers provided upon request). The PCR
systems and procedures were used as above. The relative abundance of transcripts of each gene was cal-
culated according to the comparative DDCT method.

Viral antibody testing and neutralization assay. All serum samples were heat-inactivated by incu-
bation at 56°C for 30 min before use. Mouse plasma (50 ml) was serially 2-fold diluted from 1:5 to
1:640, and then an equal volume of virus solution with 100 TCID50 virus was added and incubated at
37°C for 1 h in a 5% CO2 incubator. Diluted negative sera were mixed with an equal volume of virus so-
lution and were used as a negative control. After incubation, 50-ml mixtures were inoculated onto
monolayer Vero cells in a 96-well plate for 1 h. After the supernatant was removed, the plate was
washed twice with DMEM, cells were incubated with DMEM supplemented with 2 mg/ml trypsin, 2%
TPB, and 2% Anti-Anti for 5 days. Each serum concentration was duplicated. Cells were observed for
CPE, and neutralizing titers were recorded as the final serum dilution that could neutralize all inocu-
lated wells.

Statistical analysis. Statistical analyses were performed using PRISM 8.0.2 for Windows (GraphPad).
For contrasting two experimental groups, two-tailed Student’s t tests were performed to determine sig-
nificant differences. Statistical significance was as follows: *, P, 0.05; ***, P, 0.001.
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