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ABSTRACT Coronaviruses (CoVs) encode multiple interferon (IFN) antagonists that
modulate the host response to virus replication. Here, we evaluated the host tran-
scriptional response to infection with murine coronaviruses encoding independent
mutations in one of two different viral antagonists, the deubiquitinase (DUB) within
nonstructural protein 3 or the endoribonuclease (EndoU) within nonstructural pro-
tein 15. We used transcriptomics approaches to compare the scope and kinetics of
the host response to the wild-type (WT), DUBmut, and EndoUmut viruses in infected
macrophages. We found that the EndoUmut virus activates a focused response that
predominantly involves type I interferons and interferon-related genes, whereas the
WT and DUBmut viruses more broadly stimulate upregulation of over 2,800 genes,
including networks associated with activating the unfolded protein response (UPR)
and the proinflammatory response associated with viral pathogenesis. This study
highlights the role of viral interferon antagonists in shaping the kinetics and
magnitude of the host response during virus infection and demonstrates that in-
activating a dominant viral antagonist, the coronavirus endoribonuclease, dra-
matically alters the host response in macrophages.

IMPORTANCE Macrophages are an important cell type during coronavirus infections
because they “notice” the infection and respond by inducing type I interferons,
which limits virus replication. In turn, coronaviruses encode proteins that mitigate
the cell’s ability to signal an interferon response. Here, we evaluated the host macro-
phage response to two independent mutant coronaviruses, one with reduced deu-
biquitinating activity (DUBmut) and the other containing an inactivated endoribonu-
clease (EndoUmut). We observed a rapid, robust, and focused response to the
EndoUmut virus, which was characterized by enhanced expression of interferon and
interferon-related genes. In contrast, wild-type virus and the DUBmut virus elicited a
more limited interferon response and ultimately activated over 2,800 genes, includ-
ing players in the unfolded protein response and proinflammatory pathways associ-
ated with progression of significant disease. This study reveals that EndoU activity
substantially contributes to the ability of coronaviruses to evade the host innate re-
sponse and to replicate in macrophages.

KEYWORDS IFN antagonist, PLP2, coronavirus, EndoU, nsp15, papain-like protease,
transcriptomic profiling

The ability to evade or delay activation of host innate and adaptive immune
responses is now recognized as an important characteristic of many pathogenic

viruses. Viruses from diverse families, including filoviruses (1), poxviruses (2), influenza
viruses (3), flaviviruses (4), and coronaviruses (CoVs) (5, 6), encode proteins that are not
required for viral replication per se but which act as modulators of initial, innate host
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responses or of later, adaptive responses that aim to limit virus replication. By under-
standing how these viral antagonists regulate the immune response, we can fine-tune
the rational design of therapeutics and vaccines to control existing and emerging viral
pathogens.

Coronaviruses (CoVs) are characterized in part by their large (�30 kb), positive-sense
single-stranded RNA genomes that yield a nested set of subgenomic mRNAs during
viral replication (6, 7). These large genomes encode the replicase polyprotein, the
canonical structural proteins (spike, envelope, membrane, and nucleocapsid), and,
depending on the CoV, a number of accessory genes. Notably, many of these different
genes (replicase, structural, and accessory) encode proteins that regulate the antiviral
response, indicating that viral antagonists of host defenses play an important role
during infection (8–12). In this report, we investigate the role(s) of two highly conserved
enzymatic domains within the replicase polyprotein of mouse hepatitis virus (MHV)—
the viral protease/deubiquitinase (DUB) and the endoribonuclease (EndoU)—in altering
host immune responses.

The replicase polyprotein machinery must be processed into its functional parts
during viral replication, which, in the case of MHV, requires the activity of three
proteases, two papain-like proteases (PLP1 and PLP2) and one chymotrypsin-like
protease (3CLpro, sometimes referred to as Mpro). MHV PLP2 is structurally similar to
the single papain-like protease (termed PLpro) encoded by severe acute respiratory
syndrome coronavirus (SARS-CoV) and Middle East respiratory syndrome coronavirus
(MERS-CoV). Previous studies demonstrated that CoV PLP2s/PLpros are multifunctional,
with catalytic residues that mediate protease, deubiquitinase (DUB), and deISGylating
(deconjugating interferon-stimulated gene 15 [ISG15] molecule from modified sub-
strates) activities (13–17). In our companion manuscript (18), we describe the X-ray
structure-guided identification of a residue in MHV PLP2 that is required for DUB
activity, but not protease activity. Using reverse genetics, we generated an MHV that
expressed the DUB mutant enzyme, and we found that DUBmut virus is mildly
attenuated in mice. However, the role of DUB activity during replication in macro-
phages, a cell type critical for virus replication and pathogenesis, was not known. We
wanted to determine the host response to a DUBmut virus and compare it to that
against a virus expressing a mutant form of another recently identified antagonist, the
coronavirus endoribonuclease (EndoU).

EndoU, a highly conserved enzyme within the coronavirus family, was initially
thought to play a role in coronavirus RNA synthesis (19, 20). Recent studies revealed
that EndoU acts as an interferon (IFN) antagonist by preventing activation of host
sensors by viral double-stranded RNA (dsRNA) (9, 10). Viruses encoding a catalytically
inactive EndoU undergo initial RNA replication; however, viral dsRNA intermediates
accumulate during viral replication and are detected by the host sensors MDA5, PKR,
and OAS. Activation of these dsRNA sensors initiates the innate immune response,
including activation of type I interferons, interferon-responsive genes, and apoptosis-
promoting caspases, all of which collectively limit virus replication. We previously
reported that MHV-EndoU mutant viruses are profoundly attenuated in mice and elicit
a protective immune response (9). In the current study, we use transcriptome profiling
to evaluate the kinetics of host gene expression in macrophages upon infection with
MHV wild-type (WT), DUBmut, and EndoUmut viruses. Our analyses of the respective
transcriptional response to each virus reveal significant differences in the kinetics,
magnitude, and breadth of host gene expression during infection and provide new
information on the extent to which viral interferon antagonists manipulate the overall
host response to viral infection.

RESULTS
Transcriptome profiling reveals differences in kinetics and magnitude of host

responses to mutant viruses. We sought to determine if viruses that contain inacti-
vating mutations in distinct interferon antagonists (DUB versus EndoU) would exhibit
unique host transcriptional signatures in response to virus infection. Briefly, bone
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marrow-derived macrophages (BMDMs) were infected with the designated virus at a
multiplicity of infection (MOI) of 1, and total RNA was harvested for transcriptome
profiling at 3, 6, 9, and 12 h postinfection (h p.i.). RNA was isolated from all cells in the
well, both infected and uninfected BMDMs. Using the RNA-sequencing (RNA-seq) data,
we identified differentially expressed genes by applying a cutoff of at least 4-fold
elevated expression in wild-type-infected cells at 12 h p.i. over mock (q � 0.05). We then
utilized Cluster 3.0 software to visualize overall patterns of gene expression between all
groups across all time points (Fig. 1). These analyses reveal striking differences in overall
patterns of gene expression between the EndoUmut-infected cells and wild-type virus-
infected cells, whereas the gene expression profile induced by the DUBmut virus is
remarkably similar to that in wild-type virus infection (Fig. 1). More specifically, 2,879 genes
are significantly transcriptionally activated (�4-fold; q � 0.05) in WT- and DUBmut-infected
macrophages by 12 h p.i. compared to those in mock-infected macrophages. Interestingly,
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FIG 1 Global gene expression profiles from mock-, WT-, DUBmut-, and EndoUmut-infected BMDMs. Total RNA was extracted from mock-
and virus-infected BMDMs at 3, 6, 9, and 12 h postinfection (h p.i.) and sequenced. Raw reads were processed to generate differential
expression data and normalized counts. The results are presented as heat maps and line graphs, as described in detail in Materials and
Methods. Plotted are row Z-score-standardized log2-transformed values for each gene across all samples and time points. The colored bar
indicates the approximate row Z-score that is associated with each color, with warmer colors corresponding to higher relative expression
values within each row and cooler colors corresponding to lower relative expression values. The bracket indicates the genes selected for
subsequent analysis in Fig. 2.
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our analyses also identified a subset of 231 genes, indicated by the bracket in Fig. 1, that
were most highly upregulated in EndoUmut-infected cells. It is important to note that these
genes were also induced during WT and DUBmut infections, but not to the same magni-
tude as that detected in the EndoUmut-infected cells. We note a transient downregulation
of a subset of genes related to transcriptional responses in the EndoUmut-infected cells at
9 h p.i., which may be related to the apoptotic response of these cells (9). We next
sought to functionally cluster the genes most highly upregulated by each mutant
virus as a means of investigating the respective host transcriptional response to the
different viruses.

EndoUmut infection activates genes associated with an antiviral response. We

used an online tool called Database for Annotation, Visualization and Integrated
Discovery (DAVID) to cluster the genes highly upregulated by EndoUmut virus infection
(bracket in Fig. 1) based on functional similarities (21, 22). We found that the protein
products of these genes are predominantly involved in antiviral response and signaling
pathways. Notably, the DAVID analyses reveal a subset of 30 unique genes, including
several interferon isoforms, which are clustered together into statistically significant
pathways associated with the immune response and signaling cascades. Interestingly,
the heat map of these genes reveals a similar temporal trend in upregulation of IFN
gene expression during infection with each of the three viruses; however, this expres-
sion profile is by far the most pronounced in the EndoUmut-infected cells (Fig. 2A). In
this heat map view, as in Fig. 1, it is difficult to ascertain any difference in expression
of IFN genes between wild-type- and DUBmut-infected cells. Therefore, to obtain more
information on the kinetics of transcriptional activation between groups, we quanti-
tated the reads associated with each gene and graphically displayed the normalized
read counts (Fig. 2B). Using this method of plotting the read counts over time, we
detected statistically significant transcriptional upregulation of IFN gene expression in
the DUBmut-infected cells. However, the magnitude of DUBmut-induced IFN gene
expression was dwarfed by IFN activation in EndoUmut-infected cells. EndoUmut-
infected macrophages exhibited markedly elevated levels of IFN transcripts as early as
9 h p.i. By 12 h p.i., expression of the IFN gene transcripts upon EndoUmut infection was
significantly higher than that during wild-type or DUBmut infection, with our assay
detecting 1,000 to 10,000 more reads per gene in the EndoUmut-infected cells. This
focused response to EndoUmut is successful in limiting virus replication in cultured
macrophages, as demonstrated in our previous report (9). Notably, we evaluated the
transcriptional response during the first 12 h p.i., prior to the onset of apoptosis, which
we and others have shown to occur in BMDMs upon EndoUmut infection (9, 10). We
note that the differential expression of IFN genes in the EndoUmut-infected cells
influence the row Z-score in Fig. 2A To directly compare IFN gene expression between
wild-type and DUBmut infections, we generated a heat map of the comparative
response of 15 type I IFNs, with the row Z-score calculations reflecting the relative
expression between these two infections (Fig. 2C). Overall, we observe a significant
increase in expression of all of these IFNs, particularly at 9 h p.i., during DUBmut-
infection relative to that during WT-virus infection. Interestingly, despite of this ele-
vated IFN expression during DUBmut infection, we did not observe a similar increase in
ISG15 mRNA, which is upregulated by EndoUmut virus infection (Fig. 2B).

DUBmut-infected cells exhibit downregulation of proinflammatory cytokine
and chemokine genes compared to wild-type virus-infected cells. Although we

observed an enhanced IFN response during DUBmut infection of BMDMs, this pheno-
type did not lead to dramatic differences in pathogenesis during infection of mice (18).
To further investigate the differences between the host responses to DUBmut versus
wild-type virus infection, we reduced the cutoff stringency to at least 2-fold differential
expression with a significant q value (q � 0.05) and a normalized read count of at least
50. We identified 19 genes upregulated in DUBmut-infected cells at 9 and 12 h p.i.
compared to wild type-infected cells (Fig. 3A) and 13 genes downregulated in DUBmut-
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FIG 2 Expression profiles of differentially expressed, functionally clustered genes (DAVID). The expression profiles of the genes within the cluster bracketed in
Fig. 1 were analyzed using DAVID. The 30 genes that were grouped by DAVID into statistically significant functional clusters are plotted as a heat map, as
described in Materials and Methods. Plotted are row Z-score-standardized log2-transformed means of replicates for all samples. (A) Expression profiles of WT,
DUBmut, and EndoUmut infections for type I interferons and interferon-stimulated genes (ISGs) that were clustered by DAVID analysis. (B) Line graphs of
normalized read count values for select genes. Plotted are the average normalized counts for each gene over all four time points. (C) Expression profile of WT
and DUBmut infections for type I interferons. The normalized counts from each infection group at 12 h postinfection (h p.i.) were subjected to statistical testing
using two-tailed Student’s t tests. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, p � 0.0001; ns, not significant. Data are presented as means � standard deviation
(SD).
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infected cells compared to WT-infected cells (Fig. 3B). Our analysis identified dysregu-
lation relative to the wild type of multiple genes that encode proinflammatory cyto-
kines and chemokines, including Il6, Il1�, and Il1� (Fig. 3C). Interestingly, wild type-
infected cells exhibited the highest levels of expression for most of these cytokines,
while DUBmut-infected cells were characterized by decreased expression of Csf2, Il1�,
and IL1�. DUBmut virus infection induced upregulation of Cxcl9, but downregulation of
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Ccl22, Cx3cl1, and Cxcl3, compared to WT-infected cells. We note that the host response
to wild-type and DUBmut virus infections trended in the same direction and that these
cytokine and chemokine responses were much more robust compared to the response
to the EndoUmut virus infection.

The results of proinflammatory cytokines gene expression shown in Fig. 3 prompted
us to evaluate secretion of proinflammatory cytokines in response to the wild-type,
DUBmut, and EndoUmut virus infection. To determine the concentrations of pro- and
anti-inflammatory cytokines released during infection, we performed cytometric bead
array (CBA) analysis on supernatants collected from virus-infected BMDMs at 24 h p.i.
We performed the CBA at 24 h p.i. to allow for the cytokine mRNA to be translated into
protein and the protein to be secreted from the cells into the supernatant. We report
that DUBmut- and EndoUmut-infected cells have reduced levels of the inflammatory
cytokines tumor necrosis factor alpha (TNF-�), interleukin 6 (IL-6), and macrophage
inflammatory protein 1� (MIP-1�) relative to those in wild-� type-infected cells
(Fig. 4A). We also found that EndoUmut-infected cells exhibit lower levels of KC, IL-10,
and MIP-1� proteins relative to those in WT- and DUBmut-infected cells (Fig. 4B).
EndoUmut viruses induce apoptosis in BMDMs (9), which likely limits their ability to
produce proinflammatory cytokines. The results of these analyses indicate that wild
type-infected BMDMs have a heightened proinflammatory profile compared to those of
DUBmut- and EndoUmut-infected cells. This proinflammatory cytokine response has
been shown to contribute to increased immunopathogenesis during in vivo infections
(23).

Wild-type and DUBmut coronavirus replication activate the unfolded protein
response and host response to cell damage. In contrast to the robust and specific
antiviral gene expression response detected in EndoUmut-infected macrophages, we
uncovered a more complex response involving 2,879 genes in both wild-type- and
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DUBmut virus-infected macrophages by 12 h p.i. The overall patterns of expression of
these genes in DUBmut- and WT-infected BMDMs are strikingly similar by 12 h p.i. (Fig.
1 and 2). In addition to a similar proinflammatory signature (Fig. 3 and 4), we found that
wild type- and DUBmut-infected cells also exhibit hallmarks of activation of the host
unfolded protein response (UPR).

UPR pathways are activated when unfolded proteins accumulate in the endoplasmic
reticulum (ER), at which point the host cell initiates measures to resolve this overload
(24). In the context of virus infection, viral glycoproteins accumulate in the ER, trigger-
ing the release of BiP from three sensor proteins: IRE1, ATF6, and PERK. Activation of
these sensors triggers signaling cascades resulting in transcriptional activation of genes
encoding ER chaperones and proteins involved in lipid synthesis and amino acid
transport (Fig. 5A). Our previous study documented the activation of these pathways
after MHV infection of fibroblasts (25). This study provides new information on the early
transcriptional response to MHV in macrophages. Based on our analyses of differential
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gene expression, we report significant transcriptional upregulation of multiple genes
associated with activation of ER sensors IRE1, ATF6, and PERK, such as Edem1, Hspa5
(encoding BiP protein), and Ddit3 (encoding CHOP), in response to virus replication,
with the most robust response detected in cells infected with the wild-type or DUBmut
virus infection (Fig. 5B, C, and D). To further evaluate the activation of IRE-1 during
virus infection, we analyzed the splicing of XBP-1 mRNA by reverse transcription-
PCR (RT-PCR) and visualized the products by electrophoresis on agarose gels. We
found that the WT and DUBmut viruses exhibit higher proportions of spliced XBP-1
mRNA at 9 h p.i. and 12 h p.i. compared to that in EndoUmut-infected cells (Fig. 5E),
consistent with activation of the IRE-1 arm of the unfolded protein response.
Overall, these differential gene expression analyses in macrophages reveal similar
host responses to the wild-type and DUBmut viruses that include activation of UPR
pathways and proinflammatory genes, whereas a distinct transcriptional profile
during infection with the EndoUmut virus is predominately defined by a focused,
robust antiviral response.

DISCUSSION

We report that inactivation of a coronaviral interferon antagonist, EndoU, pro-
foundly alters the host response to viral replication in macrophages compared to the
response to wild-type coronavirus infection. We find that the EndoUmut virus elicits a
rapid, robust, and specific antiviral response that is effective in limiting virus replication.
In contrast, our data show that the wild-type and DUBmut viruses ultimately elicit very
similar host responses that are both characteristic of an unfolded protein response and
consistent with a proinflammatory profile that is associated with viral pathogenesis
(23). Our studies of the DUBmut-infected macrophages indicate that mere induction of
type I IFN is not a sufficient marker for attenuation of the virus. Instead, these results
suggest that the timing and the magnitude of the host antiviral response are critical for
determining the outcome of infection in macrophages (Fig. 6) and for pathogenesis in
infected animal (18). Our observation that the EndoUmut virus induces an earlier and
more profoundly elevated type I interferon response than even the DUBmut virus
implies that there is a threshold of IFN expression that must be breached before the cell
mounts an effective antiviral response.

A remarkable finding from this study is the distinct transcriptional profile elicited by
the EndoUmut virus during infection of bone marrow-derived macrophages compared
to the profiles of wild-type- and DUBmut-infected cells (Fig. 1). We detected elevated
levels of interferon and interferon-responsive genes as early as 6 to 9 h p.i., with
EndoUmut-infected cells exhibiting by far the highest expression levels of these genes.
We and others found that an antiviral response to EndoUmut infection results in
activation of apoptosis, which subsequently limits virus replication in cell culture and
in infected mice (9, 10). The current study indicates that screening MHV mutants in
interferon-responsive cells may be an effective approach to identifying mutations that
stimulate a robust innate immune response, which may then restrict virus replication in
animals. Previous studies of coronavirus-encoded interferon antagonists focused on
evaluating the host transcriptional response to infection at later time points (such as 24
and 48 h p.i.) and in a variety of cell types or the tissues of infected animals. For
example, a study comparing infection of mice with wild-type SARS-CoV versus a virus
containing a mutation in the interferon antagonist nsp16, termed the dNSP16 CoV,
revealed that the transcriptional profile in the lungs of the dNSP16-infected mice
mirrored the response to WT virus (11). However, combining the dNSP16 mutation with
a mutation in another interferon antagonist, ExoN, was shown to reduce disease in
mice and elicit protective immunity. It would be interesting to determine if the
transcriptional profile elicited by the double mutant SARS-CoV is altered compared to
that of the wild-type virus, particularly at early times after infection. A study of
MERS-CoV comparing the host response to WT virus with the response to a mutant
virus containing deleted accessory open reading frames (ORFs) (MERS-CoV dORF3-5)
provides evidence of significant differences in the early transcriptional responses to
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infection in Calu3 2B4 cells (26). This study revealed that MERS-CoV dORF3-5 infection
prompted earlier (7, 12, and 24 h p.i.) and more robust type I and type III interferon
responses, and that the mutant virus was more sensitive than the wild type to
pretreatment with interferon. The MERS-CoV interferon antagonist mutant virus was
attenuated in mice and elicited a protective response against subsequent lethal
challenge.

One difficulty that arises when evaluating the role(s) of virally mediated modulation
of the host response is that multiple viral proteins, including both structural and
nonstructural proteins, have been shown to antagonize the innate immune response in
vitro and/or in vivo. These include: nsp16-2=O MTase, nsp14-ExoN, nsp1, nsp7, E protein,
N protein, M protein, SARS-CoV-ORF6, MERS-CoV-ORF3-5, MERS-CoV-4a, and MERS-
CoV-4b (11, 26–30). Each of these interferon antagonists may play either a cell- or
tissue-type-specific role, or may act in concert with other factors during viral replication
to mitigate the innate immune response. Further studies are needed to fully under-
stand if all or only a subset of these antagonists must be silenced to generate an
effective live-attenuated vaccine. The results presented here, and from studies of the
MERS-CoV dORF3-5 mutant virus (26), inactivating nsp14 and nsp16 of SARS-CoV (11)

Loss of EndoU IFN antagonism
Robust IFN response 

Limited UPR activation
Limited inflammatory response

Loss of DUB IFN antagonism
Activation of UPR

Activation of inflammatory 
response

Antagonism of IFN induction
Activation of UPR

Activation of inflammatory 
response

Wild-type 
MHV-A59

DUB-mutant 
MHV-A59

EndoU-mutant 
MHV-A59

Productive viral replication
Pro-inflammatory disease

Rapid Apoptosis
Attenuated viral replication

:BMDM

FIG 6 Proposed model for outcomes of WT-MHV, DUBmut-MHV, and EndoUmut-MHV infection of
BMDMs. Upon infection of a BMDM with EndoUmut, host double-stranded RNA (dsRNA) sensors
(including MDA5, PKR, and OAS) are activated, resulting in robust transcription of type I IFN genes and
rapid induction of apoptosis, the latter of which precludes the development of a potent inflammatory
response. Viral replication is severely restricted in these apoptotic macrophages as early as 6 h p.i.
Although DUBmut induces significantly higher type I IFN during infection than WT-MHV, infection with
either DUBmut or the WT yields same outcome, accumulation of ER stress and subsequent activation of
the UPR, which then likely leads to the establishment of a robust NF-�B-mediated proinflammatory
response. BMDMs infected with either of these viruses acquire a potently activated inflammatory
phenotype, are unable to attenuate viral replication, and likely contribute to severe immunopathology
in vivo.
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and inactivating nsp15 in PEDV (31), suggest that inactivating interferon antagonists
and screening for an early and robust antiviral transcriptional profile may represent an
efficient and informative approach to evaluating live-attenuated vaccine candidate
strains for existing and emerging coronaviruses.

The dysregulation of innate immune signaling in myeloid cells, such as macro-
phages, is a key component of coronavirus-associated immunopathogenesis (32–34).
Using viral infection of macrophages, we can identify and evaluate the viral factors
involved in antagonizing innate immune pathways. We and others have found that
EndoU is important for the inhibition of innate immune signaling in macrophages (9,
10). Loss of EndoU activity significantly alters gene expression and cytokine production
in macrophages, which results in the attenuation of EndoUmut viruses in vivo (9). In
contrast, we report mild attenuation of the DUBmut virus in mice (18) and show here
that DUBmut and MHV-A59 generate similar patterns of transcriptional activation in
macrophages. While macrophages have been documented to be important for con-
trolling CoV infections, it is also important to appreciate that CoVs infect multiple cell
types, including as epithelial cells in the lung and intestines. Viral DUB activity may play
a more significant role during infection of epithelial cells, and further studies are
needed to provide further insights into the role of DUB activity during coronavirus
infection.

Our results demonstrating upregulation of the unfolded protein response (UPR) in
response to wild-type and DUBmut coronavirus replication confirm and extend the
work of earlier studies that documented activation of the ER sensors PERK, IRE1, and
ATF-6 during coronavirus infection (25, 29, 35). Heavy utilization of the endoplasmic
reticulum for generating coronavirus replication complexes and of the ER-Golgi inter-
mediate compartment for assembling virus particles places a substantial load on the
host translational machinery during infection. Host sensors IRE1, ATF-6, and PERK are
situated in the ER to sense and respond to such overload by prompting upregulated
expression of genes encoding ER chaperones, amino acid transporters, and activators
of lipid biosynthesis. Ultimately, many of these proteins may facilitate virus replication
and assembly. Notably, it has been demonstrated that UPR pathways that promote
apoptosis are blocked during coronavirus replication (25, 29). The ability of viruses to
modulate the UPR has important implications for the innate immune response to such
viruses because the UPR has been shown to attenuate antiviral defenses by way of
degrading the type I interferon receptor (36). To our knowledge, the data presented
here provide the first transcriptomic evidence of UPR activation in coronavirus-infected
macrophages, underlining an important role for UPR pathways in the coronavirus life
cycle. Our observation that EndoUmut-infected macrophages exhibit significantly lower
expression of several genes involved in UPR pathways compared with wild type- and
DUBmut-infected cells is consistent with the reduced levels of virus replication detected
in EndoUmut-infected macrophages.

The notion of inactivating viral interferon antagonists as a means of generating
live-attenuated vaccines is supported by recent reports of screening for inactivation of
influenza A virus-encoded interferon antagonists (3), as well as studies that revealed
that the classic vaccine strain of yellow fever virus encodes an interferon antagonist in
the NS5 protein (37). For coronaviruses, it is not yet clear if disabling a single interferon
antagonist, such as the highly conserved EndoU, will be sufficient to attenuate viruses
that infect different cell types in different species. Promisingly, our studies of a
coronavirus that causes lethal disease in piglets, porcine epidemic diarrhea virus
(PEDV), revealed that inactivation of EndoU activity is associated with attenuated
disease (31). We believe the information gained from studying coronaviruses contain-
ing inactivated interferon antagonists can be directly applied to the recently emerged
coronavirus designated severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
(38–40). More research is needed to determine if inactivating multiple interferon
antagonists, including EndoU, is an effective approach for generating safe and protec-
tive live-attenuated coronavirus vaccines.
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MATERIALS AND METHODS
Ethics statement. The harvesting of bone marrow for obtaining bone marrow-derived macrophages

in this study was carried out in accordance with the recommendations in the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Health. The experimental protocol was reviewed and
approved by the Institutional Animal Care and Use Committee (IACUC) at Loyola University Chicago
(IACUC no.2016-029). C57BL/6 female mice were purchased from The Jackson Laboratory and maintained
in the Comparative Medicine Facility of Loyola University Chicago.

BMDMs and viruses. Bone marrow-derived macrophages (BMDMs) were prepared and cultured as
described previously (9). Differentiated BMDMs were maintained in bone marrow macrophage (BMM)
media containing Dulbecco’s modified Eagle’s medium (DMEM) (product no. 10-017-CV; Corning)
supplemented with 30% L929 cell supernatant, 20% fetal bovine serum (FBS), 1% L-glutamine, 1%
sodium pyruvate, and 1% penicillin-streptomycin. Wild-type MHV strain A59 (GenBank accession number
AY910861) and EndoUmut (H262A) were previously generated by reverse genetics and confirmed by
deep sequencing. DUBmut (D1772A) was generated as described in the companion paper (18).

RNA-seq data analysis pipeline. RNA-seq data have been deposited in the NCBI GEO database
(accession number GSE144882). Raw RNA-seq reads were subjected to analysis using Galaxy’s online
platform to generate differential gene expression data between infection groups (41). Reads were
clipped to remove any residual unique barcode sequences that were added during preparation of each
sample for sequencing. Clipped reads were concatenated to combine multiple files per sample into a
single file per sample. These files were groomed to ensure that all reads were in Sanger FASTQ format.
FASTQ reads were aligned to the GRCm38 Ensembl build of the C57BL/6J mouse genome using the
HISAT2 aligner, which locates the region of the genome to which each read corresponds, resulting in an
output BAM file (42). All reads that did not align to the mouse genome (i.e., reads that originated from
viral RNA) were discarded. The BAM files contained the alignment information for each read in that
sample and were used as inputs into featureCounts, which quantifies the number of reads in each sample
that corresponds to each gene in the mouse genome (43). Finally, the output count data from
featureCounts was used as the input for DESeq2 to calculate differential expression for each gene across
all samples and treatment groups. DESeq2 was used to generate normalized count values for each gene
in all samples (44). These normalized counts are intended to correct for size differences between samples
that might otherwise skew differential expression calculations if some samples contained substantially
different numbers of total reads. The normalized count values were plotted and visualized in heat maps,
generated using R, and line graphs, generated using Prism software.

Identifying differentially expressed genes. To identify and analyze differentially expressed genes
(DEGs) between infection groups, we used as a starting point the list of DEGs between mock- and
wild-type MHV-infected BMDMs at 12 h p.i. that was generated as an output by DESeq2. This list of genes
was filtered based on the statistical significance associated with the fold change differential expression
value. A q value (adjusted P value, calculated by DESeq2 for each gene in each comparison using the
Benjamini-Hochberg procedure) of �0.05 was chosen as the cutoff for statistical significance; genes
whose differential upregulation values did not meet this cutoff in wild-type MHV-infected BMDMs at 12
h p.i. compared with mock-infected cells were removed from the list (44). Next, a differential expression
magnitude cutoff of �4 was applied to the remaining genes. Genes that were not more highly expressed
by at least 4-fold in wild-type MHV-infected cells at 12 h p.i. compared to mock were removed from the
list. After applying these cutoffs, 2,879 genes remained and were arranged in order of most to least
highly upregulated in wild-type MHV-infected cells at 12 h p.i. compared to mock. Cluster 3.0 software
was then used to apply mathematical clustering to the Z-score-standardized log2-normalized mean
normalized count values associated with each gene at each time point and in each infection group (45).
Specifically, the default settings—the similarity metric “Pearson correlation (uncentered)” and the
clustering method “centroid linkage”—were applied to the list of 2,879 genes and the corresponding
expression values for each gene across all samples to produce a hierarchically clustered gene list based
on how similar or different the expression patterns were between groups of genes across all samples.
This new list of clustered genes and their associated expression values were then visualized as a heat
map using Java TreeView software.

Functional clustering analyses using DAVID. The bracketed set of 231 genes identified in Fig. 1
were subjected to DAVID analyses. Specifically, under the “Gene Ontology” category, the data from the
chart associated with the “GOTERM_BP_DIRECT” result were reported here. After excluding all functional
cluster terms that were not statistically significant using a cutoff of q � 0.05, we identified a total of 30
unique genes that appeared in at least one cluster of statistical significance. Expression values of these
genes were plotted in heat map and line graph forms as described above.

XBP-1 splice analysis. C57BL/6 BMDMs were infected with wild-type-, DUBmut-, or EndoUmut-MHV
at an MOI of 1. At designated time points, intracellular RNA was isolated from cells with RNeasy kit
(catalog no. 74104; Qiagen). Isolated RNA was reverse transcribed into cDNA with an RT2 First Strand kit
(catalog no. 330411; Qiagen). XBP-1 splicing was analyzed by PCR following the protocol from Bechill et
al. (25). Briefly, PCR was performed with the forward primer 5=-GTTGAGAACCAGGAGTTAAG-3= and the
reverse primer, 5=-AGAGAAAGGGAGGCTGGTAAG-3=. PCR conditions were (i) 95°C for 2 min, (ii) 95°C for
1 min, (iii) 58°C for 1 min, and (iv) 72°C for 1 min, repeating steps ii to iv for 40 cycles. PCR products were
separated on 5% polyacrylamide-TBE (20 mM Tris-borate and 0.5 mM EDTA [pH 8.0]) gel, stained with
SYBR green II stain, and imaged. Quantification of band density was performed with Image Lab software
(Bio-Rad).

Cytometric bead array. C57BL/6 BMDMs were infected with wild-type-, DUBmut-, or EndoUmut-
MHV at an MOI of 1. At 24 h p.i., supernatants were collected and centrifuged at 1,000 � g for 5 min at
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4°C to remove cellular debris. CBA staining was performed according to the manufacturer’s instructions
(CBA Flex Set mouse soluble proteins, catalog no. 558266; BD Biosciences). Bead fluorescence was
measured with an LSR Fortessa cell analyzer (BD Biosciences), and data were analyzed using FCAP Array
software 3.0 (BD Biosciences).
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