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Summary

One of the features distinguishing SARS-CoV-2 from its more pathogenic
counterpart SARS-CoV is the presence of premature stop codons in its ORF3b
gene. Here, we show that SARS-CoV-2 ORF3b is a potent interferon antagonist,
suppressing the induction of type | interferon more efficiently than its SARS-CoV
ortholog. Phylogenetic analyses and functional assays reveal that
SARS-CoV-2-related viruses from bats and pangolins also encode truncated
ORF3b gene products with strong anti-interferon activity. Furthermore, analyses of
approximately 17,000 SARS-CoV-2 sequences identify a natural variant, in which a
longer ORF3b reading frame was reconstituted. This variant was isolated from two
patients with severe disease and further increased the ability of ORF3b to suppress
interferon induction. Thus, our findings not only help to explain the poor interferon
response in COVID-19 patients, but also describe the emergence of natural
SARS-CoV-2 quasispecies with an extended ORF3b gene that may potentially
affect COVID-19 pathogenesis.
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Introduction

In December 2019, an unusual outbreak of infectious pneumonia was reported in
the city of Wuhan, Hubei, China. A few weeks later, a novel coronavirus (CoV) was
identified as the causative agent and the disease was termed coronavirus disease
2019 (COVID-19) (Zhou et al., 2020c). Since this novel virus is phylogenetically
related to severe acute respiratory syndrome (SARS) CoV (SARS-CoV), it was
named SARS-CoV-2. As of July 2020, SARS-CoV-2 causes an ongoing pandemic,
with more than 15 million reported cases and more than 600,000 deaths worldwide
(WHO, 2020).

SARS-CoV-2 infection may be asymptomatic or result in flu-like symptoms
such as fever, cough and fatigue (Chen et al.,, 2020). In some cases, however,
COVID-19 progresses to severe pneumonia and death (Guan et al., 2020; Hui et al.,
2020; Li et al., 2020). Although it is still challenging to assess the morbidity rate of
COVID-19, estimates range from 1.4 to 1.9% in China (Guan et al., 2020; Verity et
al., 2020). This is substantially lower than the morbidity rate of SARS-CoV, which is
about 9.6% (WHO, 2004). SARS-CoV, which frequently causes severe respiratory
symptoms including fatal pneumonia, first emerged in Guangdong, China in 2002
and was stamped out in 2004 [reviewed in (Chan-Yeung and Xu, 2003; Waeiss,
2020)]. Until then, 8,096 cases of SARS were reported in 29 countries and
territories, and 774 people died (WHO, 2004). Thus, SARS-CoV is more virulent
than SARS-CoV-2.

SARS-CoV-2 and SARS-CoV are phylogenetically closely related, both
belonging to the family Coronaviridae, genus Betacoronavirus and subgenus
Sarbecovirus (Lam et al., 2020; Zhou et al., 2020c). Both viruses were initially
transmitted from animals to humans. Thus, elucidating their zoonotic origin and
phylogenetic history may help to understand genetic and phenotypic differences
between SARS-CoV and SARS-CoV-2. Viruses closely related to SARS-CoV were
detected in Chinese rufous horseshoe bats (Rhinolophus sinicus) (Lau et al., 2005;
Li et al., 2005) and palm civets (Paguma larvata) (Wang et al., 2005). Subsequent
surveillance studies identified additional clades of SARS-CoV-related viruses in
various bat species (mainly of the genus Rhinolophus) (Ge et al., 2013; He et al.,
2014; Hu et al., 2017a; Lau et al., 2010; Lin et al., 2017; Tang et al., 2006; Wang et
al., 2017; Wu et al., 2016; Yuan et al., 2010), suggesting that zoonotic coronavirus
transmission from horseshoe bats to humans led to the emergence of SARS-CoV.
Similarly, SARS-CoV-2-related viruses were identified in intermediate horseshoe
bats (Rhinolophus affinis) (Zhou et al.,, 2020c), a Malayan horseshoe bat
(Rhinolophus malayanus) (Zhou et al., 2020b) and Malayan pangolins (Manis
javanica) (Lam et al., 2020; Xiao et al., 2020). Although it has been suggested that
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the SARS-CoV-2 outbreak has originated from cross-species coronavirus
transmission from these mammals to humans, the exact origin remains to be
determined (Andersen et al., 2020).

One prominent feature that distinguishes COVID-19 from SARS in terms
of immune responses is the poor induction of a type | interferon (IFN-I) response by
SARS-CoV-2 compared to SARS-CoV and influenza A virus (IAV) (Blanco-Melo et
al., 2020; Hadjadj et al., 2020). Notably, impaired IFN-I responses are associated
with COVID-19 disease (Hadjad] et al., 2020). However, the molecular mechanisms
underlying the inefficient IFN-I responses in SARS-CoV-2 infection remain unclear.
In this study, we therefore aimed to characterize the viral factor(s) determining
immune activation upon SARS-CoV-2 infection. We particularly focused on
differences in putative viral IFN-I antagonists and revealed that the ORF3b gene
products of SARS-CoV-2 and SARS-CoV not only differ considerably in their length,
but also in their ability to antagonize type | IFN. Furthermore, we demonstrate that
the potent anti-IFN-I activity of SARS-CoV-2 ORF3b is also found in related viruses
from bats and pangolins. Mutational analyses revealed that the length of the
C-terminus determines the efficacy of IFN antagonism by ORF3b. Finally, we
describe a natural SARS-CoV-2 variant with further increased ORF3b-mediated
anti-IFN-1 activity that emerged during the current COVID-19 pandemic.



101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

Results
SARS-CoV-2 ORF3b is a potent IFN-I antagonist
To determine virological differences between SARS-CoV-2 and SARS-CoV, we set
out to compare the sequences of diverse Sarbecoviruses. Consistent with recent
reports (Lam et al., 2020; Zhou et al., 2020c), Sarbecoviruses clustered into two
groups, SARS-CoV-2-related and SARS-CoV-related viruses (Figures 1A and S1;
the sequences used are listed in Table S1). A comparison of individual viral open
reading frames (ORFs) revealed that the length of ORF3b is clearly different
between SARS-CoV-2 and SARS-CoV lineages, while the lengths of all remaining
ORFs are relatively constant among Sarbecoviruses (Figure 1B). More specifically,
the ORF3b sequences of SARS-CoV-2 and related viruses in bats and pangolins
are only 22 amino acids long (69 bp including stop codon) and therefore
considerably shorter than those of their SARS-CoV orthologs (153 amino acids on
average).

Previous studies on SARS-CoV and related viruses demonstrated that at
least two accessory proteins, ORF3b and ORF6, as well as the nucleocapsid (N,
also known as ORF9a) have the ability to inhibit IFN-I production (Frieman et al.,
2007; Hu et al., 2017b; Kopecky-Bromberg et al., 2007; Zhou et al., 2012). Since
the ORF3b length is remarkably different between SARS-CoV-2 and SARS-CoV
(Figure 1B), we hypothesized that the antagonistic activity of ORF3b against IFN-I
also differs between these two viruses. To test this hypothesis, we monitored
human IFNB1 promoter activity in the presence of ORF3b of SARS-CoV-2
(Wuhan-Hu-1) and SARS-CoV (Tor2) using a luciferase reporter assay. The
influenza A virus (IAV) non-structural protein 1 (NS1) served as positive control
(Garcia-Sastre et al., 1998; Krug et al., 2003). As shown in Figure 1C, all three viral
proteins dose-dependently suppressed the activation of the IFNB1 promoter upon
Sendai virus (SeV) infection. Notably, the antagonistic activity of SARS-CoV-2
ORF3b was slightly, but significantly higher than that of SARS-CoV ORF3b (Figure
1C, bottom). To verify this in a different experimental system, we used A549 cells,
a human lung cell line, and measured the expression level of endogenous IFNB1
after SeV infection. Here, SARS-CoV-2 ORF3b but not SARS-CoV ORF3b
significantly suppressed the induction of IFNB1 expression triggered by SeV
infection (Figures 1D and S2A). Thus, our data demonstrate that SARS-CoV-2
ORF3b is a potent inhibitor of human IFN-I activation, even though it only comprises
22 amino acids.

SARS-CoV-2-related ORF3b proteins from bat and pangolin viruses suppress
IFN-I activation on average more efficiently than their SARS-CoV counterparts
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A phylogenetic analysis of Sarbecovirus ORF3b genes showed that the
evolutionary relationship of Sarbecovirus ORF3b genes was similar to that of the
full-length viral genomes (Figures 1A and 2A). Since the lengths of ORF3b
proteins in SARS-CoV-2-related viruses including those from bats and pangolins
were on average shorter than those from SARS-CoV and related viruses (Figure
1B), we next analyzed the variation of the ORF3b length in diverse Sarbecoviruses.
As shown in Figure 2B, the vast majority of SARS-CoV-2 ORF3b proteins
(16,966/16,970) had a length of 22 amino acids Likewise, all available ORF3b
proteins of SARS-CoV-2-related viruses from bats and pangolins are 22 amino
acids in length. These observations demonstrate that the ORF3b length is highly
conserved in SARS-CoV-2 and related viruses. Similarly, the length of ORF3b is
highly conserved in SARS-CoV (185/190) and related viruses from civets (3/3),
where almost all of them encode a 154 amino acid ORF3b protein. In stark contrast,
the length of ORF3b is highly variable in SARS-CoV-related bat viruses (Figure 2B
and Table S2). Only 2 out of the 54 ORF3b proteins of SARS-CoV-related bat
viruses (3.7%) are 154 amino acids in length, 50% of them express a 114 amino
acid ORF3b (Figure 2B and Table S2). These findings suggest that there was a
founder effect during the cross-species transmission of SARS-CoV-like viruses from
bats to humans, which resulted in the spread of a virus encoding a 154 amino acid
ORF3b protein.

To elucidate a potential relationship between ORF3b length and function,
we compared diverse Sarbecovirus ORF3b for their ability to suppress IFN-I. For
our analyses, we (generated expression plasmids for ORF3b from
SARS-CoV-2-related viruses from bats (RmYNO2, RaTG13 and ZXC21) and a
pangolin (P4L). Furthermore, we included ORF3b from nine SARS-CoV isolates
(Tor2, GzZ0402, GZ02, Urbani, BJ02, BJO1, BJ182-4, P3ppl and P3pp46), a
SARS-CoV-related virus from a civet (civet007) and ten SARS-CoV-related viruses
from bats (Rs7327, YN2013, Rs4231, YNLF34C, Shaanxi2011, Rm1, F46, HKU3-2,
GX2013 and Yunnan2011), covering essentially all length variants of this protein
(Figure 2C, top; see also Tables S2 and S3). All four SARS-CoV-2-related ORF3b
tested as well as SARS-CoV-2 ORF3b (Wuhan-Hu-1) significantly suppressed
human IFN-I activation (Figure 2C, bottom). In contrast, only three out of the nine
SARS-CoV ORF3b proteins (BJ182-4, P3ppl and P3pp46) exhibited anti-IFN
activity at the concentrations tested (Figure 2C, bottom). Intriguingly, these three
SARS-CoV ORF3b proteins are C-terminally truncated and shorter than ORF3b of
the reference strain SARS-CoV Tor2 (Figure 2C, top and Table S2). Similarly, only
five out of the ten ORF3b proteins of SARS-CoV-related viruses from bats (Rs4231,
YNLF34C, Shaanxi2011, Rm1 and F46) exhibited significant anti-IFN-I effects, and
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all these ORF3b proteins were shorter than 114 amino acids (Figure 2C). Although
three additional ORF3b proteins of SARS-CoV-related viruses from bats (HKU3-2,
GX2013 and Yunnan2011) were shorter than 39 amino acids in length, they did not
exhibit anti-IFN-I activity, most likely because of their poor expression and/or
stability (Figures 2C and S2B). Altogether, these findings suggest that the
C-terminal region (residues 115-154) attenuate the anti-IFN-I activity of ORF3b.

A previous study reported the presence of a nuclear localization signal
(NLS) is the C-terminus of SARS-CoV ORF3b that is absent in its SARS-CoV-2
ortholog (Yuan et al., 2010). Consistent with this, PSORT Il Prediction (Horton and
Nakai, 1997) identified amino acid residues 135-153 of SARS-CoV ORF3b as
putative NLS. To address the possibility that subcellular localization of ORF3b may
be associated with its anti-IFN-I activity, we performed subcellular fractionation
experiments. As shown in Figure 2D, all ORF3b proteins exhibiting significant
anti-IFN-1 activity were mainly localized in the cytosol, while their inactive or poorly
active counterparts were found to similar levels in both the cytosol and the nucleus.
These results suggest that the presence of an NLS in the C-terminus negatively
interferes with the IFN-Il-antagonistic activity of ORF3b. To further test this
hypothesis, we generated two derivatives of SARS-CoV (Tor2) ORF3b: a
C-terminally truncated version harboring a premature stop codon at position 115
("L115*"), thereby mimicking ORF3b of Rs4231 (a SARS-CoV-related bat virus), as
well as a variant thereof additionally harboring the NLS of c-Myc (Ray et al., 2015)
at its C-terminus ("L115+NLS") (Figure 2E). Furthermore, we also attached the
c-Myc NLS to the C-terminus of Rs4231 ORF3b (Figure 2E). As expected,
SARS-CoV Tor2 ORF3b L115* as well as Rs4231 wild-type (WT) mainly localized
to the cytosol, while the two mutants harboring the c-Myc NLS were localized to
similar levels in both the cytosol and the nucleus (Figure 2F). Reporter assays
showed that the SARS-CoV Tor2 L115* mutant exhibits significantly higher
anti-IFN-1 activity than WT SARS-CoV Tor2 ORF3b although both are expressed at
similar levels (Figure 2G). Moreover, the anti-IFN-I activity of both Tor2 L115* and
Rs4231 ORF3b was attenuated by the addition of an NLS (Figure 2G), suggesting
that cytosolic localization of ORF3b is important to exhibit anti-IFN-I activity.
Consistent with the biochemical assays (Figures 2D and 2F), immunofluorescence
microscopy showed that WT SARS-CoV-2 ORF3b (Wuhan-Hu-1) as well as the
SARS-CoV ORF3b L115* mutant are mainly localized in the cytosol, while WT
SARS-CoV ORF3b (Tor2) and the Tor2 L115+NLS mutant reside in both the cytosol
and the nucleus (Figure 2H). In parallel, we monitored the subcellular localization of
IRF3, since this transcription factor is a key regulator of IFNB1 expression
[reviewed in (Park and Iwasaki, 2020)] that has previously been shown to be
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modulated by coronavirus ORF3b orthologs (Zhou et al., 2012). Intriguingly, nuclear
translocation of IRF3 was strongly impaired in the presence of WT SARS-CoV-2
ORF3b and the SARS-CoV ORF3b L115* mutant, but less so by WT SARS-CoV
ORF3b and its L115+NLS mutant (Figure 2H). Collectively, these findings
demonstrate that the C-terminal region of SARS-CoV ORF3b attenuates its
anti-IFN-I activity by impairing its ability to prevent the translocation of IRF3 into the
nucleus.

A SARS-CoV ORF3b-like sequence is hidden in the SARS-CoV-2 genome
ORF3b of SARS-CoV-2 is shorter than its ortholog in SARS-CoV (Figures 1B and
2A). However, when closely inspecting the genomes of these two viruses, we
noticed that the SARS-CoV-2 nucleotide sequence downstream of the stop codon
of ORF3b shows a high similarity to the SARS-CoV ORF3b gene (nucleotide
similarity=79.5%; Figures 3A and S3A). In contrast to SARS-CoV ORF3b, however,
SARS-CoV-2 harbors four premature stop codons that result in the expression of a
drastically shortened ORF3b protein (Figures 3A and S3A). Similar patterns were
observed in SARS-CoV-2-related viruses from bats and pangolins (Figure S3B).
Since the ORF3b length is closely associated with its anti-IFN-I activity (Figures 2C
and 2D), we hypothesized that reversion of the premature stop codons in
SARS-CoV-2 ORF3b affects its ability to inhibit human IFN-I. To test this, we
generated four SARS-CoV-2 ORF3b derivatives, 57*, 79*, 119* and 155*, lacking
one to four premature stop codons (Figure 3B, top and S3A). As shown in Figure
3C, all four derivatives inhibited human IFN-I activation in a dose-dependent
manner. Consistent with the results obtained with SARS-CoV ORF3b mutants
(Figure 2D), the 155* mutant, comprising the very C-terminal region (positions
119-154), was poorly expressed and exhibited relatively low anti-IFN-I activity
(Figures 3C and S2C). Notably, however, we found that the extended ORF3b
derivatives, particularly 57*, 79*, 119*, exhibited higher anti-IFN-I activity than WT
SARS-CoV-2 ORF3b (Figure 3C). These findings confirm that the length of ORF3b
determines its ability to suppress an IFN-I response. Furthermore, they show that
the loss of individual ORF3b stop codons during the current SARS-CoV-2 pandemic
may result in the emergence of viral variants with enhanced IFN-I-antagonistic
activity.

Characterization of a natural SARS-CoV-2 ORF3b variant with enhanced
anti-IFN-I activity

We then assessed the diversity of SARS-CoV-2 ORF3b during the current
pandemic. A comprehensive analysis of approximately 17,000 viral sequences
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deposited in GISAID (https://www.qgisaid.org; as of 22 April, 2020) using the
CoV-GLUE webtool (http://cov-glue.cvr.gla.ac.uk) revealed that the ORF3b gene is
highly conserved (Table S4 and Figure S2D). Notably, however, we detected two
viral sequences (GISAID accession IDs: EPI_ISL_422564 and EPI_ISL_422565), in
which the ORF3b gene was extended due to the loss of the first premature stop
codon (*23Q) (Figures 3B, bottom and S3C and Table S4). Table 1 summarizes
the clinical information of these two patients. Both cases were part of a family
cluster in Quito, Ecuador, and presented with particularly severe COVID-19
symptoms including quick clinical deterioration and lower levels of oxygen
saturation in blood. One of the patients (EPI_ISL_422565) presented elevated
levels of D-dimer, a sign of hypercoagulability and inflammation in COVID-19
patients (Yu et al., 2020; Zhou et al., 2020a) and ultimately succumbed to disease.
The similarity of the full-length sequences of these two viruses, which were
collected from COVID-19 patients in Ecuador, is >99.6%, and the ORF3b
sequences are identical. Apart from the *23Q mutation, the Ecuador variant also
harbors an L24M change compared to the SARS-CoV ORF3b-like sequence in
SARS-CoV-2 [Wuhan-Hu-1 (GISAID accession no. NC_045512.2), nucleotides
25814-26281] (Figure 3B, bottom; see also Figure S2D). IFNB reporter assays
revealed that the Ecuador variant ORF3b exhibits significantly higher anti-IFN-I
activity than the parental SARS-CoV-2 ORF3b (Figure 3D).

Since we found that SARS-CoV-2 ORF3b hampers the nuclear
translocation of IRF3 (Figure 2H), we investigated the ability of WT SARS-CoV-2
ORF3b, the Ecuador variant ORF3b, as well as SARS-CoV ORF3b and IAV NS1 to
suppress IRF3-driven gene expression. Luciferase reporter assays revealed that
the inhibitory activity of WT SARS-CoV-2 ORF3b was significantly higher than that
of SARS-CoV ORF3b (Figure 3E). Importantly, the Ecuador variant ORF3b was
even more effective and suppressed IRF3-driven gene expression as efficiently as
IAV NS1 (Figure 3E). Altogether, these findings show that a naturally occurring
SARS-CoV-2 variant, expressing an elongated ORF3b protein with enhanced
anti-IFN activity, has already emerged during the current SARS-CoV-2 pandemic,
and more potently hampers IRF3-mediated IFN-I activation than parental
SARS-CoV-2 ORF3b.
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Discussion

Here, we demonstrate that SARS-CoV-2 ORF3b is a potent antagonist of human
IFN-I activation. On average, ORF3b proteins from SARS-CoV-2 and related bat
and pangolin viruses were more active than their SARS-CoV counterparts. Our
findings may help to explain the inefficient and delayed IFN-1 responses in
SARS-CoV-2-infected cells as well as COVID-19 patients (Blanco-Melo et al., 2020).
Moreover, a recent study showed that impaired IFN-I responses as well as reduced
IFN-stimulated gene expression are associated with severe COVID-19 disease
(Hadjadj et al., 2020). This suggests that imbalanced IFN-I responses against
SARS-CoV-2 infection may determine its pathogenicity and explain differences
compared to SARS-CoV, and it is tempting to speculate that atypical symptoms and
poor IFN-I responses in SARS-CoV-2 infection may at least to some extent be
attributed to the potent anti IFN-I activity of its ORF3b.

Like SARS-CoV-2 ORF3b, its orthologs in SARS-CoV-2-related viruses
from bats and pangolins efficiently antagonize IFN-1 and are generally truncated
due to the presence of several premature stop codons. In contrast, the anti-IFN
activity of ORF3b proteins encoded by some SARS-CoV-related viruses is
attenuated, most likely due to an elongated C-terminus. We hypothesized that the
ORF3b length variation in SARS-CoV-like viruses may be the result of
recombination events. In line with this, Sarbecoviruses seem to easily recombine
with each other (Andersen et al., 2020; Lam et al., 2020; Zhou et al., 2020c), and
some horseshoe bat species such as Rhinolophus affinis and Rhinolophus sinicus
are known to harbor both SARS-CoV-2- and SARS-CoV-related viruses (Andersen
et al., 2020; Zhou et al., 2020c). Nevertheless, the phylogenetic topologies of the
full-length viral genome and the ORF3b gene are similar, and we found no evidence
for recombination of ORF3b between the lineages of SARS-CoV-2 and SARS-CoV.
Notably, phenotypic differences in the ability of ORF3b to suppress IFN-I responses
may also be associated with the likelihood of successful zoonotic transmission of
Sarbecoviruses to humans since many IFN-stimulated genes are antagonized in a
species-specific manner. While more than 50 SARS-CoV-related viruses were
isolated from bats (Ge et al., 2013; He et al., 2014; Hu et al., 2017a; Lau et al.,
2010; Lau et al., 2005; Li et al., 2005; Lin et al., 2017; Tang et al., 2006; Wang et al.,
2017; Wu et al., 2016; Yuan et al., 2010), only eight viral sequences belonging to
the SARS-CoV-2 lineage were detected so far (Andersen et al., 2020; Lam et al.,
2020; Xiao et al., 2020; Zhou et al., 2020b; Zhou et al., 2020c). Thus, further
investigations are needed to elucidate the dynamics of cross-species transmission
events of Sarbecoviruses and the evolution of the ORF3b gene.
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Nevertheless, it should be noted that there is evidence for a founder effect
on the ORF3b length between SARS-CoV and its putative ancestral viruses in bats.
Although the ORF3b lengths are highly variable in SARS-CoV-related viruses in
bats, and a length of 114 amino acid is prevailing, almost all (97.4%; 185/190)
SARS-CoV ORF3b variants are 154 amino acids in length (Figure 2B and Table
S2). These observations suggest that a virus encoding a 154-amino-acid ORF3b
with poor anti-IFN-I activity was transmitted from bats to humans and resulted in the
emergence of SARS-CoV in 2002.

We further show that a SARS-CoV ORF3b-like sequence is still present in
the SARS-CoV-2 genome, but is interrupted by premature stop codons. We
demonstrate that a partial extension of SARS-CoV-2 ORF3b by reverting stop
codons increases its inhibitory activity against human IFN-I. Full reversion of all stop
codons, however, resulted in an ORF3b protein with poor anti-IFN activity. This is in
line with the phenotypic difference between SARS-CoV-2 and SARS-CoV ORF3b
proteins and suggests that the very C-terminus of ORF3b impairs its immune
evasion activity.

Importantly, we also identified a naturally occurring SARS-CoV-2 ORF3b
variant that expresses an elongated protein due to the loss of the first premature
stop codon. This variant suppresses IFN-I even more efficiently than ORF3b of the
SARS-CoV-2 reference strain. In agreement with an association of IFN suppression
with disease severity (Hadjadj et al., 2020), the two patients in Ecuador harboring
SARS-CoV-2 with the extended ORF3b variant were critically ill; one (GISAID
accession ID: EPI_ISL_422564) was treated in an intensive care unit and the other
one (GISAID accession ID: EPI_ISL_422565) died of COVID-19 (Table 1).
Importantly, however, there is no direct evidence indicating that the viruses
detected in these two COVID-19 patients in Ecuador are more pathogenic than the
reference strain. Although we cannot tell whether this variant is associated with a
different outcome in disease, it might be plausible to assume that naturally
occurring length variants of ORF3b occur due to the loss of premature stop codons
and potentially contribute to the emergence of more pathogenic SARS-CoV-2
variants. Thus, it will be important to continue monitoring viral sequences to see
whether novel ORF3b variants emerge during the current pandemic.
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Figure legends

Figure 1. SARS-CoV-2 ORF3b is a potent IFN-I antagonist

(A) Maximum likelihood phylogenetic tree of full-length Sarbecovirus sequences.
The full-length sequences (~30,000 bp) of SARS-CoV-2 (Wuhan-Hu-1 as a
representative), SARS-CoV-2-related viruses from bats (n=4) and pangolins (n=4),
SARS-CoV (n=190), SARS-CoV-related viruses from civets (n=3) and bats (n=54),
and outgroup viruses (n=2; BM48-31 and BtKY72) were analyzed. Accession
number, strain name, and host of each virus are indicated for each branch. Note
that the branches including SARS-CoV (n=190) and SARS-CoV-related viruses
from civets (n=3) were collapsed for better visualization. The uncollapsed tree is
shown in Figure S1, and the sequences used are summarized in Table S1. A scale
bar indicates 0.1 nucleotide substitutions per site. NA, not applicable.

(B) Comparison of the protein lengths of Sarbecovirus ORFs. The amino acid
numbers of ORFla, S (ORF2), ORF3a, ORF3b, E (ORF4), M (ORF5), ORF®6,
ORF7a, and N (ORF9a) of Sarbecoviruses are shown. The viral sequences used
correspond to those in A. Bars indicate average values, and each dot represents
one viral strain. ORFs with low similarity (e.g., ORF8 and ORF9b) were excluded
from this analysis.

(C and D) Potent anti-IFN-I activity of SARS-CoV-2 ORF3b. (C) HEK293 cells were
cotransfected with five different amounts of plasmids expressing HA-tagged
SARS-CoV-2 ORF3b, SARS-CoV ORF3b, and IAV NS1 (50, 100, 200, 300, or 500
ng) and pl25Luc, a plasmid encoding firefly luciferase under the control of the
human IFNB1 promoter (500 ng). 24 h post transfection, SeV was inoculated at MOI
10. 24 h post infection, the cells were harvested for Western blotting (top), dot
blotting (middle) and luciferase assay (bottom). For Western blotting, the input of
cell lysate was normalized to TUBA, and one representative result out of three
independent experiments is shown. The band of each viral protein is indicated by a
white arrowhead. kDa, kilodalton. In the luciferase assay, the value of the
SeV-infected empty vector-transfected cells was set to 100%. (D) A549 cells were
electroporated with a plasmid expressing one of HA-tagged SARS-CoV-2 ORF3Db,
SARS-CoV ORF3b, or IAV NS1 (500 ng). 24 h post transfection, SeV was
inoculated at MOI 10. 24 h post infection, the cells were harvested for Western
blotting (top) and real-time RT-PCR (bottom). For Western blotting, the input of cell
lysate was normalized to TUBA, and one representative result out of three
independent experiments is shown. Note that ORF3b and NS1 were run on
separate blots for better visualization. Figure S2A shows them on the same blot
with high and low exposure. For gRT-PCR, the expression levels of endogenous
IFNB1 and GAPDH were quantified. For the luciferase assay (C) and real-time
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RT-PCR (D), mean values of three independent experiments with SEM are shown,
and statistically significant differences (P < 0.05) compared to the SeV-infected
empty vector-transfected cells (#) and the same amount of the SARS-CoV-2
ORF3b-transfected cells (*) are shown. E, empty vector.

See also Figures S1 and S2 and Table S1.

Figure 2. C-terminal truncations increase the IFN-antagonistic activity of
ORF3b

(A) Maximum likelihood phylogenetic tree of Sarbecovirus ORF3b. The ORF3b
sequences of SARS-CoV-2 (Wuhan-Hu-1), SARS-CoV-2-related viruses from bats
(RmYNO2, RaTG13, ZXC21 and ZC45) and pangolins (P5L, P1E, P4L and
Pangolin-coV), SARS-CoV (Tor2, GZ0402, GZ02, Urbani, BJO2, BJO1, BJ182-4,
P3ppl and P3pp46), SARS-CoV-related viruses from civets (civet007) and bats
(Rs7327, YN2013, Rs4231, YNLF34C, Shaanxi2011, Rm1, F46, HKU3-2, GX2013
and Yunnan2011), and two outgroup viruses (BM48-31 and BtKY72) were analyzed.
The ORF3b sequences of all SARS-CoV-related viruses are summarized in Table
S2, and the ORF3b sequences used in this study are summarized in Table S3.
Strain name and host of each virus are indicated for each branch. Bootstrap value; *,
>70%.

(B) Proportion of the ORF3b lengths in each Sarbecovirus. The distribution of
different lengths of ORF3b in each viral group is summarized in pie charts. The
number in parentheses (n) indicates the number of sequences used in this analysis.
The number at the pie charts give the protein length indicated, and the numbers in
bold indicate the most prevalent protein length for each viral group.

(C) Anti-IFN-I activities of different Sarbecovirus ORF3b proteins. (Top) Illustration
of protein lengths of 25 Sarbecovirus ORF3b isolates used in this study. The
information of the 25 Sarbecovirus ORF3b isolates is summarized in Table S3.
(Middle and bottom) HEK293 cells were cotransfected with a plasmid expressing
one of 25 HA-tagged Sarbecovirus ORF3b proteins (summarized in B; 100 ng) and
pl125Luc (500 ng). 24 h post transfection, SeV was inoculated at MOI 10. 24 h post
infection, cells were harvested for Western blotting and dot blotting (middle) and
luciferase assay (bottom). Note that the amino acid sequences of ZXC21 and ZC45
are identical. An uncropped dot blot is shown in Figure S2B.

(E) Subcellular localization of Sarbecovirus ORF3b. Cell lysates of the HEK293
cells transfected with a plasmid expressing HA-tagged Sarbecovirus ORF3b were
separated into cytosolic and nuclear fractions as described in the Methods section.
The percentage of ORF3b protein localized in the nucleus (top, n=4) and a
representative Western blot (bottom) are shown. TUBA and LMNA were used for as
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controls for cytosolic and nuclear proteins. Note that the ORF3b of HKU3-2,
GX2013 and Yunnan2011 were not used in this experiment because these ORF3b
proteins were only poorly expressed.

(E-G) Anti-IFN-I activity of C-terminally truncated SARS-CoV ORF3b. (E) Illustration
of the ORF3b mutants of SARS-CoV (Tor2) and a SARS-CoV-related bat virus
(Rs4231). NLS, nuclear localization signal of c-Myc (PAAKRVKLD). (F) Subcellular
localization of the ORF3b mutants. Cell lysates of the HEK293 cells transfected with
a plasmid expressing HA-tagged ORF3b mutants were separated into cytosol or
nuclear fractions as described in the Methods section. The percentage of ORF3b
protein localized in the nucleus (top, n=4) and a representative Western blot
(bottom) are shown. TUBA and LMNA were used for as controls for cytosolic and
nuclear proteins. (G) HEK293 cells were cotransfected with a plasmid expressing
the indicated Sarbecovirus ORF3b proteins (50 or 100 ng) and p125Luc (500 ng).
24 h post transfection, SeV was inoculated at MOI 10. 24 h post infection, cells
were harvested for Western blotting (top) and luciferase assay (bottom).

(H) Subcellular localization of ORF3b and IRF3. HelLa cells were transfected with
the indicated plasmids expressing HA-ORF3b and were infected with SeV as
described in the Methods section. Representative figures are shown. Scale bar, 10
um. The white circles in the panels of "IRF3" and "DAPI" panels indicate the nuclear
rims of cells expressing HA-ORF3b.

For Western blotting, the input of cell lysate was normalized to TUBA. One
representative blot out of three independent experiments is shown. For the
luciferase assay, the value of the SeV-infected empty vector-transfected cells was
set to 100%. The mean values of three independent experiments with SEM are
shown, and statistically significant differences (P < 0.05) compared to the
SeV-infected empty vector-transfected cells (#) are shown. In (D), red asterisks
indicate statistically significant differences (P < 0.05) compared SARS-CoV-2
Wuhan-Hu-1 ORF3b-transfected cells. In (G), blue and green asterisks indicate
statistically significant differences (P < 0.05) compared the same amount of either
Tor2 ORF3b L115*-transfected cells or Rs4231 ORF3b WT-transfected cells. E,
empty vector.

See also Figure S2 and Tables S2 and S3.

Figure 3. Enhanced anti-IFN-1 upon reconstitution of the cryptic SARS-CoV-2
ORF3b

(A) Schemes illustrating the genomic regions encoding ORF2, ORF3a, ORF3b and
ORF4 of SARS-CoV-2 and SARS-CoV. Open squares with dotted red lines indicate
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a cryptic ORF3b reading frame in SARS-CoV-2 that is similar to SARS-CoV ORF3b
(see also Figure S3A). Asterisks indicate stop codons in the ORF3b frame.

(B) SARS-CoV-2 ORF3b derivatives characterized in this study. (Top) WT
SARS-CoV-2 ORF3b as well as four derivatives with mutated stop codons (57*, 79*,
119* and 155*) are shown. Asterisks indicate the stop codons in the original ORF3b
frame. (Bottom) A natural ORF3b variant detected in two sequences deposited in
GISAID (GISAI accession IDs: EPI_ISL_422564 and EPI_ISL_422565; herein
designated an “Ecuador variant”) are shown. The corresponding nucleotide and
amino acid sequences are shown in Figure S3C.

(C) Anti-IFN-I activity different SARS-CoV-2 ORF3b derivatives. HEK293 cells were
cotransfected with two different amounts of plasmids expressing the indicated
HA-tagged SARS-CoV-2 ORF3b derivatives (WT, 57*, 79*, 119* and 155*; 50 and
100 ng) and p125Luc (500 ng). 24 h post transfection, SeV was inoculated at MOI
10. 24 h post infection, the cells were harvested for Western blotting (top) and
luciferase assay (bottom).

(D) Enhanced anti-IFN-I activity of an Ecuador variant ORF3b. HEK293 cells were
cotransfected with two different amounts of plasmids expressing HA-tagged
“Ecuador variant” ORF3b or parental SARS-CoV-2 ORF3b (50 and 100 ng) and
pl125Luc (500 ng). 24 h post transfection, SeV was inoculated at MOI 10. 24 h post
infection, the cells were harvested for Western blotting (top) and luciferase assay
(bottom).

(E) Enhanced inhibition of the IRF3-mediated IFN-I activation by the Ecuador
variant ORF3b. HEK293 cells were cotransfected with two different amounts of
plasmids expressing the indicated HA-tagged viral proteins (50 and 100 ng) and
p55C1B-Luc (500 ng). 24 h post transfection, SeV was inoculated at MOI 10. 24 h
post infection, the cells were harvested for luciferase assay.

For Western blotting, the input of cell lysate was normalized to TUBA. One
representative blot out of three independent experiments is shown. A highly
exposed blot visualizing the band of the 155* mutant is shown in Figure S2C. kDa,
kilodalton. For the luciferase assay, the value of the SeV-infected empty
vector-transfected cells was set to 100%. The mean values of three independent
experiments with SEM are shown, and statistically significant differences (P < 0.05)
compared to the SeV-infected empty vector-transfected cells (#) and the same
amount of the SARS-CoV-2 ORF3b WT-transfected cells (*) are shown. E, empty
vector. NS, no significant difference.

See also Figures S2 and S3 and Table S4.
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STARXMETHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the Lead Contact, Kei Sato (KeiSato@g.ecc.u-tokyo.ac.jp).

Materials Availability

All unique reagents generated in this study are listed in the Key Resources Table
and available from the Lead Contact with a completed Materials Transfer
Agreement.

Data and Code Availability
Additional Supplemental Items are available from Mendeley Data at
http://dx.doi.org/10.17632/jwsycsz9y9.1.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics Statement

The two viral variants (GISAID accession IDs: EPI_ISL 422564 and
EPI_ISL_422565) were isolated from two severely ill patients (a 39-year-old male
and a 40-year-old male) treated in the Hospital General del IESS Quito Sur. Both
patients belonged to the same family, and two additional family members also
presented with COVID-19. All of them were hospitalized in the intensive care unit of
the same hospital. Samples were collected on March 30, 2020. The main clinical
and laboratory findings from both patients are summarized in Table 1. Sequencing
analysis of these samples was approved by the Universidad San Francisco de
Quito Bioethics Committee (CEISH) with the number P2020-022IN.

Cell Culture

HEK293 cells (a human embryonic kidney cell line; ATCC CRL-1573) and HelLa
cells (a human uterus cervix cell line; ATCC CCL-2) were maintained in Dulbecco’s
modified Eagle's medium (Sigma-Aldrich) containing fetal calf serum and antibiotics.
A549 cells (a human lung cell line; ATCC CCL-185) were cultured in Ham’s F-12K
medium (Thermo Fisher Scientific) with 10% fetal calf serum and antibiotics.
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METHOD DETAILS

Viral Genomes and Phylogenetic Analyses

All viral genome sequences used in this study and the respective GenBank or
GISAID (https://www.gisaid.org) accession numbers are summarized in Table S1.
We first aligned the viral genomes using the L-INS-i program of MAFFT version
7.453 (Katoh and Standley, 2013). Based on the multiple sequence alignment and
the gene annotation of SARS-CoV, we extracted the region of the ORF3b gene. We
then constructed phylogenetic trees using the full-length genomes (Figures 1A and
S1) and ORF3b genes (Figure 2A). We generated a maximum likelihood based
phylogenetic tree using RAXML-NG version 0.9.0 (Kozlov et al., 2019) with a
General Time Reversible model of nucleotide substitution with invariant sites and
gamma distributed rate variation among sites. We visualized the tree using a
FigTree software (http://tree.bio.ed.ac.uk/software/figtree).

Plasmid Construction

To construct the expression plasmids for HA-tagged Sarbecovirus ORF3b and 1AV
A/Puerto Rico/8/34 (H1IN1 PRS8; GenBank accession no. EF467817.1) NS1,
pPpCAGGS (Niwa et al., 1991) was used as a backbone. The HA-tagged ORF of each
gene (the accession numbers and sequences are listed in Table S3) and the cryptic
SARS-CoV ORF3b-like sequence in SARS-CoV-2 [Wuhan-Hu-1 (GenBank
accession no. NC_045512.2), nucleotides 25814-26281, see also Figure S3A) was
synthesized by a gene synthesis service (Fasmac). The ORF3b derivatives were
generated by PCR using PrimeSTAR GXL DNA polymerase (Takara), the
synthesized ORFs as templates, and the primers listed in Table S5. The HA-tagged
Ecuador variant ORF3b (GISAID accession IDs: EPI_ISL_422564 and
EPI_ISL_ 422565, which corresponds to the S23Q/L24M mutant of SARS-CoV-2
Wuhan-Hu-1 ORF3b *57; see also Figure S3C) was generated by overlap
extension PCR by using PrimeSTAR GXL DNA polymerase (Takara), the
SARS-CoV-2 ORF3b 155* as the template, and the primers listed in Table S5. The
obtained DNA fragments were inserted into pCAGGS via EcoRI-Bglll or Xhol-Bglll.
Nucleotide sequences were determined by a DNA sequencing service (Fasmac),
and the sequence data were analyzed by Sequencher version 5.1 software (Gene
Codes Corporation). The putative NLS of SARS-CoV ORF3b was predicted using
PSORT Il Prediction webtool (Horton and Nakai, 1997).

Transfection, Electroporation, and SeV Infection
HEK?293 cells were transfected using PEI Max (Polysciences) according to the
manufacturer’s protocol. HeLa cells cultured in 6-well plates with glass coverslips
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were transfected with using a FUGENE HD transfection reagent (Promega)
according to the manufacturer's protocol. For luciferase reporter assay, cells were
cotransfected with 500 ng of either p125Luc (expressing firefly luciferase driven by
human IFNB1 promoter; kindly provided by Dr. Takashi Fujita) (Fujita et al., 1993)
or p55C1B-Luc (expressing firefly luciferase driven by IRF3; kindly provided by Dr.
Takashi Fujita) (Fujita et al., 1993) and the pCAGGS-based HA-tagged expression
plasmid (the amounts are indicated in the figure legends). A549 cells (100,000
cells) were electroporated with 500 ng of the pCAGGS-based HA-tagged
expression plasmid using a Neon transfection system (Thermo Fisher Scientific)
according to the manufacturer's protocol (1200 V; 30 ms; 2 times pulse). At 24 h
post transfection, SeV (strain Cantell, clone cCdi; GenBank accession no.
AB855654) (Yoshida et al., 2018) was inoculated into the transfected cells at
multiplicity of infection (MOI) 10 (for HEK293 and A549 cells) or 5 (for HeLa cells).

Reporter Assay

The luciferase reporter assay was performed at 24 h post infection as described
(Kobayashi et al., 2014; Konno et al., 2018; Ueda et al., 2017). Briefly, 50 pl of cell
lysate was applied to a 96-well plate (Nunc), and the firefly luciferase activity was
measured using a PicaGene BrillianStar-LT luciferase assay system (Toyo-b-net),
and the input for the luciferase assay was normalized by using a CellTiter-Glo 2.0
assay kit (Promega) following the manufacturers’ instructions. For this assay, a
2030 ARVO X multilabel counter instrument (PerkinElmer) was used.

Subcellular Fractionation
Subcellular fractionation was performed using Nuclear/cytosol fractionation kit
(Biovision) according to the manufacturer's procedure.

Western Blotting and Dot Blotting

Transfected cells were lysed with 1x SDS sample buffer (62.5 mM Tris-HCI [pH6.8],
2% SDS, 10% glycerol, 5% 2-mercaptoethanol and 0.0025% bromophenol blue).
Western blotting was performed as described (Kobayashi et al., 2014; Konno et al.,
2018; Nakano et al., 2017; Yamada et al.,, 2018) using an HRP-conjugated rat
anti-HA monoclonal antibody (clone 3F10; Roche), a mouse anti-alpha-tubulin
(TUBA) monoclonal antibody (clone DM1A; Sigma-Aldrich); a rabbit anti-lamin A/C
(LMNA) polyclonal antibody (Cell Signaling Technology); an HRP-conjugated horse
anti-mouse IgG antibody (Cell Signaling Technology); and an HRP-conjugated goat
anti-rabbit 1gG antibody (Cell Signaling Technology). Dot blotting was performed
using a Bio-Dot microfiltration apparatus (Bio-Rad, cat# 170-6545) according to the
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manufacturer's procedure. Briefly, 100 ul of the 20 times diluted cell lysate was
used for the dot blotting and the following procedure was same as Western blotting.
Immobilon-P PVDF 0.45-um membranes (Merck) were used for Western blotting,
while nitrocellulose 0.20-um membranes (Bio-Rad) were used for dot blotting.

Real-time RT-PCR

Cellular RNA was extracted using QlAamp RNA blood mini kit (Qiagen) and then
treated with DNase |, Amplification Grade (Thermo Fisher Scientific). cDNA was
synthesized using SuperScript Il reverse transcriptase (Thermo Fisher Scientific)
and oligo(dT)12-18 primer (Thermo Fisher Scientific). Real-time RT-PCR was
performed as previously described (Nakano et al., 2017; Yamada et al., 2018) using
a Power SYBR™ Green PCR Master Mix (Thermo Fisher Scientific) and the
primers listed in Key Resources Table. For real-time RT-PCR, a CFX Connect
Real-Time PCR Detection System (Bio-Rad) was used.

Immunofluorescence Staining

Twenty-four h post transfection, transfected HelLa cells were infected with SeV at
MOI 5. Twenty-four h post infection, cells were fixed with formaldehyde,
permeabilized with Triton X-100, and then stained using an FITC-conjugated
anti-HA antibody (clone 3F10; Roche); a rabbit anti-IRF3 polyclonal antibody
(Abcam); and an Alexa 546-conjugated anti-rabbit IgG antibody (Thermo Fisher
Scientific). The coverslips were mounted on glass slides using ProLong Diamond
Antipode Moutant with DAPI (Thermo Fisher Scientific) and observed using an
FV-1000D confocal microscope (Olympus, Japan).

CoV-GLUE

To survey the ORF3b derivatives in pandemic SARS-CoV-2 sequences, we used
the viral sequences deposited in GISAID (https://www.gisaid.org) (accessed 22
April, 2020). The screening was performed using the CoV-GLUE platform
(http://cov-glue.cvr.gla.ac.uk) developed by MRC-University of Glasgow Centre for
Virus Research, Scotland, UK (accessed 22 April, 2020). We discarded the
sequences containing undermined or mix bases in the ORF3b region, and used
16,970 sequences for the further analyses. We constructed a phylogenetic tree
using RAXML-NG version 0.9.0 (Kozlov et al., 2019) with a TPM3uf substitution
model (Figure S2D). We also detected the two SARS-CoV-2 sequences (GISAID
accession IDs: EPI_ISL_422564 and EPI_ISL_ 422565, collected in Quito, Ecuador)
possessing the V163T/T164N substitutions in ORF3a, which correspond to the
*23Q/L24M/57* substitutions in ORF3b (see also Figure S3C).
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909

910 QUANTIFICATION AND STATISTICAL ANALYSIS

911 Data analyses were performed using Prism 7 (GraphPad Software). The data are
912 presented as averages + SEM. Statistically significant differences were determined
913 by Student's t test. Statistical details can be found directly in the figures or in the
914  corresponding figure legends.
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Table 1. Clinical and laboratory findings of patients
EPI_ISL_422564 and EPI_ISL_422565

EPI_ISL_422564  EPI_ISL_422565

915
916

Age 39 40
Gender Male Male
Fever + +
Headache - -
Cough +
Odynophagia -
Anosmia - -
Nausea - -
Diarrhea - -
D-dimer * (ng/mL) 326 4,172
D-dimer ** (ng/mL) 210 3,630
Troponine * (pg/mL) NA 7.4

LDH * (UI/L) 252 431
Leukocytes * (/uL) 12,000 9,600
Lymphocytes * (/uL) 600 500
Lymphocytes * (%) 5 5.5
Platelets * (/uL) 448,000 264,000
Leukocytes ** (/uL) 6,500 8,100
Lymphocytes ** (/uL) 2,100 800
Lymphocytes ** (%) 32 10
Platelets ** (/uL) 330,000 207,000
CRP * 154 109
Procalcitonine * 0.21 0.23
Creatinine * (mg/dL) 1 0.89
AST (U/L) 20 45

ALT (U/L) 35 62
Outcome Recovered Deceased

* Time of hospital admission

** Time of sampling
NA, not analyzed.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

HRP-conjugated anti-HA Roche Cat# 12013819001; RRID:
AB_390918

Anti-alpha-Tubulin (TUBA) Sigma-Aldrich Cat# T9026; RRID: AB_477593

Anti-lamin A/C (LMNA)

Cell Signaling Technology

Cat# 2032S; RRID:
RRID:AB_2136278

HRP-conjugated anti-mouse 1gG

Cell Signaling Technology

Cat# 7076; RRID:AB_330924

HRP-conjugated anti-rabbit IgG

Cell Signaling Technology

Cat# 7074S; RRID: AB_2099233

FITC-conjugated anti-HA Roche Cat# 11988506001; RRID:
AB_390916
Anti-IRF3 Abcam Cat#ab68481; RRID: AB_11155653

Alexa Fluor 546-conjugated
anti-rabbit 1gG

Thermo Fisher Scientific

Cat# A-11010: RRID: AB_2534077

Bacterial and Virus Strains

SeV (strain Cantell, clone cCdi)

(Yoshida et al., 2018)

GenBank accession no. AB855654

Chemicals, Peptides, and Recomb

inant Proteins

Dulbecco’s modified Eagle’s
medium

Sigma-Aldrich

Cat# D6046-500ML

Ham’s F-12K medium

Thermo Fisher Scientific

Cat# 21127022

Fetal calf serum Sigma-Aldrich Cat# 172012-500ML
Penicillin streptomycin Sigma-Aldrich Cat# P4333-100ML
L-glutamate Thermo Fisher Scientific Cat# 25030081
PrimeSTAR GXL DNA polymerase | Takara Cat# RO50A

EcoRl Takara Cat# 1040A

Xhol Takara Cat# 1094A

Balll Takara Cat# 1021A

PEI Max Polysciences Cat# 24765-1
FUGENE HD transfection reagent Promega Cat# E2312

ProLong diamond antifade
mountant with DAPI

Thermo Fisher Scientific

Cat# P36971

SuperScript Il reverse

transcriptase

Thermo Fisher Scientific

Cat# 18080085

DNase |, Amplification Grade

Thermo Fisher Scientific

Cat# 18047019
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Power SYBR™ Green PCR Master
Mix

Thermo Fisher Scientific

Cat# 4367659

Critical Commercial Assays

PicaGene BrillianStar-LT luciferase | Toyo-b-net Cat# BLT1000
assay system

CellTiter-Glo 2.0 assay Kit Promega Cat# G9241
Nuclear/cytosol fractionation kit BioVision Cat# K266
QlAamp RNA blood mini kit Qiagen Cat# 52304

Deposited Data

Additional supplemental data

Mendeley Data

http://dx.doi.org/10.17632/jwsycsz9y
9.1

Experimental Models: Cell Lines

Human: HEK293 cells ATCC CRL-1573
Human: A549 cells ATCC CCL-185
Oligonucleotides

Primers for plasmid construction, This study N/A

see Table S5

Oligo(dT) 12-18 primer

Thermo Fisher Scientific

Cat# 18418012

GAPDH forward primer for
real-time RT-PCR:
ATGGGGAAGGTGAAGGTCG

This study

N/A

GAPDH reverse primer for
real-time RT-PCR:
GGGTCATTGATGGCAACAATAT
C

This study

N/A

IFNB1 forward primer for real-time
RT-PCR:
AAACTCATGAGCAGTCTGCA

This study

N/A

IFNB1 reverse primer for real-time
RT-PCR:
AGAGGCACAGGCTAGGAGATC

This study

N/A

Recombinant DNA

Plasmid: pCAGGS

(Niwa et al., 1991)

N/A

Sarbecovirus ORF3b, see Table
S3

This study

N/A

IAV A/Puerto Rico/8/34 NS1

This study

GenBank accession no. EF467817.1
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Plasmid: p125Luc

(Fujita et al., 1993)

N/A

Plasmid: p55C1B-Luc

(Fujita et al., 1993)

N/A

Software and Algorithms

MEGA7 (Kumar et al., 2016) https://lwww.megasoftware.net

FigTree Andrew Rambaut http://tree.bio.ed.ac.uk/software/figtre
e

Sequencher version 5.1 Gene Codes Corporation N/A

Prism

GraphPad Software

https://www.graphpad.com/scientific-

software/prism/

L-INS-i in the MAFFT version 7.453

(Katoh and Standley, 2013)

https://mafft.cbrc.jp/alignment/softwa

re/

RAXML-NG v. 0.9.0

(Kozlov et al., 2019)

https://github.com/amkozlov/raxml-n

g

PSORT Il Prediction

(Horton and Nakai, 1997)

https://psort.hgc.jp/form2.html

Other
GISAID Freunde von GISAID e.V. https://www.gisaid.org
CoV-GLUE MRC-University of Glasgow | http://cov-glue.cvr.gla.ac.uk

Centre for Virus Research

Formaldehyde solution

FUJIFILM Wako Chemicals

Cat# 061-00416

Immobilon-P PVDF 0.45-um
membrane

Merck

Cat# IPVH00010

Nitrocellulose 0.20-um membrane

Bio-Rad

Cat# 1620112
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eTOC blurb

COVID-19 pathogenesis is characterized by impaired IFN responses. Konno et al. identify
ORF3b proteins of SARS-CoV-2 and related animal viruses as IFN antagonists. Their
anti-IFN activity depends on the C-terminal length, and a natural ORF3b variant with

increased IFN-suppressive activity was isolated from two severe COVID-19 cases.

Highlights

ORF3b proteins of SARS-CoV-2 and related animal viruses are IFN antagonists
SARS-CoV-2 ORF3b suppresses IFN more efficiently than its SARS-CoV ortholog
The anti-IFN activity of ORF3b depends on the length of its C-terminus

An ORF3b with increased IFN antagonism was isolated from two severe COVID-19 cases
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