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Identifying conserved mechanisms used by viruses to delay host innate responses can
reveal potential targets for antiviral therapeutics. Here, we investigated coronavirus
nonstructural protein 15 (nsp15), which encodes a highly conserved endoribonuclease
(EndoU). EndoU functions as an immune antagonist by limiting the accumulation of
viral replication intermediates that would otherwise be sensed by the host. Despite being
a promising antiviral target, it has been difficult to develop small-molecule inhibitors
that target the EndoU active site. We generated nsp15 mutants of the coronaviruses
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and mouse hepatitis
virus (MHV)-A59 and identified conserved residues within the amino-terminal domain
that are required for EndoU activity. Loss of EndoU activity caused the activation of host
sensors, which limited viral replication in interferon-responsive cells and attenuated dis-
ease in MHV-infected mice. Using transcriptional profiling, we found that MHV EndoU
mutant viruses upregulate multiple host sensors, including Z-form nucleic acid-binding
protein 1 (ZBP1). We found that nsp15 mutants induced early, robust ZBP1-mediated
necroptosis. EndoU mutant viruses also induced ZBP1-independent apoptosis and
pyroptosis pathways, causing early, robust cell death that limits virus replication and
pathogenesis. Overall, we document the importance of the amino-terminal domain for
EndoU function. We also highlight the importance of nsp15/EndoU activity for evading
host sensors, delaying cell death, and promoting pathogenesis.
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The interaction between a virus and its host dictates the outcome of infection. To
respond to viral infection, the host must first sense the incoming pathogen. Host cells
express or rapidly upregulate evolutionarily conserved pattern recognition receptors
(PRRs) that function to sense viral infection by recognizing pathogen-associated molec-
ular patterns (PAMDPs), particularly double-stranded RNA (dsRNA). In turn, viruses
have evolved mechanisms to evade PRRs and promote viral replication without host
restriction.

Coronaviruses, including SARS-CoV-2, the causative agent of COVID-19, encode a
set of viral proteins that act as immune antagonists to evade host immune sensors, delay
subsequent antiviral signaling, and replicate and spread without early host restriction (1).
Coronaviruses are positive-sense RNA viruses within the Nidovirales order that replicate
efficiently in the respiratory and gastrointestinal tract, causing diseases that can range from
mild to lethal. Following entry into cells, the coronavirus positive-sense RNA genome is
translated to generate 16 nonstructural proteins, at least 4 structural proteins, and a varying
number of strain-specific accessory proteins. The nonstructural proteins rearrange the host
endoplasmic compartments to form double-membrane vesicles (DMVs) (2-4). These
DMVs are the sites of viral replication, where the replication and transcription complex
(RTC) generates positive-sense and negative-sense genomic and subgenomic RNAs. If
RNA intermediates, such as dsRNA, exit the DMVs, they may be recognized by host
sensors melanoma differentiation-associated protein 5 (MDAS), protein kinase R (PKR),
and 2’-5" oligoadenylate synthase (OAS), leading to interferon (IFN) production, inhibi-
tion of protein translation, and degradation of cytoplasmic RNA, respectively (5-8).
Activation of these sensors can also lead to the induction of cell death. Our group previously
demonstrated that coronaviruses prevent early, robust activation of apoptosis during infec-
tion (5). Recently, other cell death pathways, such as pyroptosis and necroptosis, have also
been found to be important during coronavirus infection (9, 10). Most recently, inde-
pendent studies revealed that SARS-CoV-2 infection activates the host sensor Z-form
nucleic acid-binding protein 1 (ZBP1) to drive necroptosis of infected cells, but the
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mechanism of this activation is unclear (10, 11). By preventing
early innate immune responses and delaying death of infected cells,
viral immune antagonists promote virus replication and disease.

One of the most highly conserved coronavirus immune antag-
onists is nonstructural protein 15 (nsp15). Nsp15 utilizes a histi-
dine-histidine-lysine catalytic triad within its C-terminal domain
to function as an endoribonuclease (12, 13). This endoribonucle-
ase domain (EndoU) is conserved among all vertebrate nidovi-
ruses, including coronaviruses and arteriviruses (14, 15).
Coimmunoprecipitation and immunofluorescence experiments
revealed that nsp15 is a part of the RTC and localizes to the site
of viral RNA synthesis (16, 17). Because of its proximity to the
site of viral RNA synthesis, EndoU activity was implicated as a
potential regulator of viral replication and/or transcription.
However, we and others generated viruses containing mutations
within nsp15 and found that EndoU activity is not required for
coronavirus replication in IFN-non-responsive cells. In this con-
text, EndoU catalytic site mutant viruses replicate similarly to
wild-type (WT) virus (5, 6, 8, 18). In contrast, the replication of
coronavirus nsp15/EndoU catalytic site mutants is dramatically
impaired in IFN-responsive cells, where loss of EndoU activity
leads to an early, robust immune response and death of infected
cells. We previously reported that infection with a catalytically
inactive nspl5 mutant mouse hepatitis virus (MHV)-A59
(MHV-nsp15-H262A) leads to accumulation of an epitope rec-
ognized by the anti-dsRNA antibody K1 (5, 19). Other studies
have shown that nsp15 mutants of MERS-CoV and SARS-CoV-2
also display increased dsRNA signal (7, 8). While the identity and
structure of EndoU’s substrate remains an active area of investi-
gation in the field, our prior work suggests that EndoU can cleave
viral polyU-containing negative-sense RNA to prevent the acti-
vation of host sensors (19). This led us to hypothesize that coro-
navirus negative-sense RNA may adopta dsRNA-like conformation
that acts as a PAMP and activates several host sensors, including
MDAS5, PKR, and OAS, to stimulate an IFN response, induce
cell death, and limit viral replication.

The conservation of EndoU and its critical role during viral
infection as an IFN antagonist has led to efforts in discovering
small-molecule inhibitors that will bind the catalytic site of
EndoU and inhibit its activity (20-23). However, there are cur-
rently no safe and effective antivirals targeting EndoU.
Importantly, little is known about the role of residues outside of
the EndoU active site, such as residues within the N-terminal
domain (NTD) or middle domain, in regulating EndoU func-
tion. These noncatalytic sites may offer an alternative approach
for inhibiting nsp15 activity.

The goals of this study were to 1) identify noncatalytic residues
of nsp15 that regulate EndoU activity during virus replication and
2) to globally evaluate how loss of EndoU function results in
activation of the host innate immune response and subsequent
cell death. We used reverse genetics to generate SARS-CoV-2 and
MHYV nsp15/EndoU NTD mutant infectious viruses. We com-
pared viral replication and innate immune antagonism of NTD
mutant viruses to WT and to a nsp15 catalytic mutant and doc-
umented a critical role of the NTD in nsp15 function. To evaluate
the host response to EndoU mutant virus infection, we per-
formed transcriptional profiling and found that EndoU mutants
induce the expression of multiple host PRRs, including ZBP1.
We describe the role of EndoU in delaying the activation of
ZBP1, and the consequences of early ZBP1 activation on the fate
of coronavirus-infected macrophages. Overall, we demonstrate
potential for the nsp15 NTD as a therapeutic target and reveal
a role for nsp15 activity in delaying cell death through necrop-
tosis, apoptosis, and pyroptosis during coronavirus infection.

https://doi.org/10.1073/pnas.2419620122

Results

Investigating the Role of the nsp15 Amino-Terminal Domain
in Coronavirus Replication. The primary amino acid sequence
and structure of the nspl5 NTD is highly conserved among
coronaviruses and is suggested to promote oligomerization into the
active hexamer form, which is a dimer of trimers (Fig. 1 A-D) (24—
26). Specifically, NTD residues L2 and E3 project from the surface
of one protomer and participate in a hydrogen bonding network
with residues L2 and E3 on an adjacent protomer. In this hydrogen
bonding network, the backbone amino group of L2 interacts with
the side chain carboxyl group of E3. These interactions occur
at three distinct sites along the trimer—trimer interface (boxed
in Fig. 1D). Studies with SARS-CoV have documented E3 as
essential for forming the nsp15 hexamer (24, 25). This hexameric
assembly has been shown to be required for in vitro nsp15 activity
of multiple coronaviruses, including SARS-CoV, MERS-CoV, and
SARS-CoV-2 (25-29). Here, we used the two coronaviruses MHV
and SARS-CoV-2 to evaluate the role of these NTD residues in
EndoU activity during coronavirus replication.

To examine the role of the nspl5 NTD in the context of viral
replication, we used the circular polymerase extension reaction
(CPER) method to generate NTD mutantviruses, MHV-nsp15-L2D,
MHV-nsp15-E3K, and SARS-CoV-2-nspl15-E3A (8] Appendix,
Fig. S1) (30-32). We report that these mutations within the
MHV-A59 NTD do lead to impaired oligomerization and loss of
endoribonuclease activity in vitro, consistent with a previous study
on the SARS-CoV E3 residue (S Appendix, Fig. S2) (24). The nsp15
NTD mutant viruses were recoverable and replicated to similar levels
in cells deficient in the production or sensing of type 1 IEN, although
the SARS-CoV-2 nsp15-E3A virus was slightly attenuated compared
to the WT virus early during infection (Fig. 1 £and F). These results
indicate that the nsp15 L2 and E3 residues are not essential for
coronavirus replication in the absence of an IFN response. We further
investigated whether NTD mutations affected the expression and
localization of MHV nsp15. Using western blot studies, we found
that MHV NTD mutant viruses accumulated levels of nsp15 similar
to WT nsp15 during replication in BMDM cells (Fig. 24). For coim-
munoprecipitation and colocalization experiments, we introduced
the nspl5-E3K mutation within the well-characterized in situ
HA-tagged nspl5 virus (17). We used these two independent
approaches to evaluate the association of nsp15-E3K with the RTC
component nsp8. We found that MHYV nsp15-E3K coimmunopre-
cipitated with the replicase complex protein nsp8 (Fig. 2B) and
colocalized with nsp8 in the cytoplasm of MHV-infected cells
(Fig. 20), similar to WT nsp15. Overall, these results indicate that
the NTD mutations did not alter the accumulation or localization
of nsp15 during virus infection.

Coronavirus nsp15-NTD Mutants Are Attenuated in IFN-
Responsive Cells and Cause Early, Robust Activation of the
Host Innate Immune Response Compared to WT Coronavirus
Infection. To determine whether disruption of the nspl5 NTD
affects viral replication in IFN-responsive cells, we infected primary
BMDMs with MHV nsp15/EndoU mutant viruses and measured
the production of infectious viral particles over time. Similar to
the catalytically inactive virus (MHV-nsp15-H262A), the MHV-
NTD mutants were significantly attenuated in the production of
infectious virus particles in BMDMs (Fig. 3A4). Our lab and others
have previously demonstrated that loss of catalytic EndoU activity
attenuates viral replication due to the accumulation of viral dsSRNA
thatactivates host responses (5, 7, 8, 19). To assess whether disruption
of the nsp15 NTD leads to increased dsRNA levels, we measured the
accumulation of viral dsSRNA during infection of g'ﬁmr’/* BMDMs.
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Fig. 1. Coronaviruses containing mutations within the highly conserved nsp15 NTD replicate efficiently in interferon-nonresponsive cells. (A) Schematic diagram
of the genomic structure of SARS-CoV-2 and MHV-A59. Nsp15 and its three domains are highlighted. (B) Sequence alignment of the nsp15 NTD of various
coronaviruses within the alpha and beta genera. The conserved NTD residues L2 and E3 are boxed. (C) A structural overlay of the monomeric nsp15 structures
of SARS-CoV-2 (PDB 7RB0) in gray and MHV-A59 (PDB 2GTH) colored according to the domain. The L2 and E3 NTD residues are colored in blue and the catalytic
sites residues are colored in red. (D) Model of the MHV-A59 nsp15 hexameric structure highlighting the hydrogen bonding network of L2 and E3. The L2-E3
hydrogen bonding network is located at three distinct sites along the trimer-trimer interface. Each of these sites is boxed. (E) Replication kinetics of WT MHV-A59,
MHV-nsp15-H262A, -L2D, and -E3K mutant viruses in ifnar’/’ BMDM cells infected at an MOI of 0.2. Data were analyzed with a two-way ANOVA (ns P > 0.05).
Results are representative of three independent replicates and represented as mean + SD. (F) Replication kinetics of WT SARS-CoV-2 and SARS-CoV-2-nsp15-
E3A mutant in Vero E6 cells infected at an MOI of 0.1. Data are representative of three independent experiments and were analyzed using an unpaired t test
(ns P>0.05; **P < 0.01).
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In this cell type, EndoU mutant viruses are not attenuated and
replicate similarly to WT virus (Fig. 1E). Interestingly, we observed
a statistically significant increase in the accumulation of viral dsSRNA
during infection with the NTD mutant viruses as compared to WT
(Fig. 3B). This suggests that nsp15 NTD mutant viruses exhibit
impaired EndoU activity. To investigate whether the coronavirus
nsp15-NTD mutants activate type I IFN responses, we measured
the levels of IFN in two different types of IFN-responsive virus-
infected cells. We detected significantly higher levels of IFNa11
mRNA in primary BMDMs infected with MHV-NTD mutants
compared to MHV-WT (Fig. 3C). This was also true for MHV-
nsp15-H262A, which also induced higher levels of IFNall
expression. A similar phenotype was observed in mouse hepatocyte
cells, AML12 cells, which also express and respond to interferon
(Fig. 3D). To examine the levels of interferon protein production,
we measured the amount of secreted IFNa and observed robust
IFNa secretion from BMDM s infected with nsp15 mutant viruses
(Fig. 3E). We then evaluated the activation of the host antiviral
sensor OAS, which senses dsRNA and activates RNase L, leading to
degradation of cytoplasmic RNA. Again, the MHV-NTD mutant
viruses led to earlier and significantly more robust degradation of
host RNA as compared to MHV-WT (Fig. 3F). We extended our
evaluation of the nsp15 NTD to SARS-CoV-2 by infecting human
induced pluripotent stem cell (iPSC)-derived alveolar epithelial type
II cells (1AT2s) with the E3A NTD mutant SARS-CoV-2 virus and
measured viral titers over time. We also included H234A SARS-
CoV-2 virus as a catalytically inactive control. Despite similar viral
titers at the start, E3A and H234A titers dramatically decreased
over time compared to WT virus, indicating decreased production
of infectious progeny virus (Fig. 44). By 4 days postinfection (dpi),
the SARS-CoV-2 E3A mutant virus exhibited 200-fold lower
titers compared to WT virus. We also used iAT2s to assess the
induction of interferon-stimulated genes (ISGs), as these cells have
an intact innate immune system and respond to viral infections
by upregulating ISGs (33). We found that the SARS-CoV-2 E3A
virus stimulated an earlier and more robust innate immune response
compared to WT virus in these cells (Fig. 4 B-D). The earlier and
more robust induction in ISG expression by E3A was similar to
H234A infection, again demonstrating the importance of the nsp15
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Fig. 2. Coronavirus nsp15/EndoU mu-
tant proteins are expressed at levels
similar to WT protein and colocalize
with the viral replicase complex. (A)
Lysates from BMDM cells infected at
an MOI of 1.0 for the indicated time
were probed by western blot for de-
tection of nsp15, nucleocapsid, and
p-actin.Resultsarerepresentative of two
independent experiments. (B) Western
blot detection of nsp15 coimmunopre-
cipitated with replicase component
nsp8. Lysates were prepared from
BHK-R cells infected with MHV-WT-HA
or -E3K-HA viruses at an MOI of 0.01.
The input cell lysates and subsequent
immunoprecipitated lysates were blot-
ted with anti-HA or anti-nsp8. Results
are representative of three independ-
ent experiments. (C) Colocalization of
WT nsp15 and E3K nsp15 with replicase
component nsp8. 17CI-1 cells were
infected at an MOI of 1.0 for 6 h with
either MHV-WT-HA or -E3K-HA. Cells
were fixed, permeabilized, and stained
with anti-HA and anti-nsp8. Images are
representative of at least 50 cells. Scale
bars set to 5 pm are shown.

NTD. These results suggest that mutations within the NTD of
nspl5 impair EndoU activity, which is critical for delaying host
innate immune responses to virus infection.

Global Transcriptional Profiling Reveals Induction of Multiple
Host Pattern Recognition Receptors During MHV-nsp15/EndoU
Mutant Virus Infection. To further investigate how nsp15 function
modulates the host response to infection, we performed RNA
sequencing on primary BMDM s infected with WT MHV-A59 or
the nsp15 mutant viruses. We used nonmetric multidimensional
scaling (NMDS) analysis to visualize global changes in the host
transcriptome based on the differentially expressed genes (DEGs)
detected during each infection (Fig. 54). We found that at 3
hours postinfection (hpi), all the infection conditions grouped
together with similar transcriptomic profiles. As early as 6 hpi,
the different infection conditions began to spatially spread apart,
indicating differentiation of global transcriptomes in the WT
and nsp15/EndoU mutant virus-infected cells. By 9 and 12 hpi,
the WT infection condition grouped separately from the nsp15
mutant viruses, illustrating the dramatic differences in the host
response to infection with and without EndoU activity. Focusing
on the top 1% of abundant DEGs (Fig. 5B), we noted that IFNs,
ISGs, and dsRNA sensors were upregulated earlier in response to
infection with nsp15 mutants as compared to WT virus (Fig. 5
C-E). In this analysis, we noted that the host sensor ZBP1 was
upregulated during H262A, 12D, and E3K infection compared
to WT. Unlike the other dsRNA sensors, ZBP1 has not been well
characterized in the context of nsp15 mutant coronavirus infection
and has been documented to bind Z-form RNA that is folded in
the more unusual and rare left-handed conformation (34, 35).
Previous studies reported that ZBP1 senses viral RNA to activate
necroptosis of infected cells and that viral antagonism of ZBP1 is
important in the pathogenesis of other viral infections (34-37).
In support of this, transcriptional pathway analysis revealed that
the necroptosis pathway was one of the top 15 KEGG pathways
upregulated during all three nspl5 mutant virus infections
(81 Appendix, Fig. S4). We calculated the gene ratio of this pathway
by dividing the number of necroptosis pathway DEGs by the total
number of genes within the necroptosis pathway. Compared to
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Fig. 3. MHV NTD mutants are attenuated in interferon-responsive cells and activate multiple host immune sensors. (A) WT BMDMs were infected at an MOI
of 0.2 with either WT, H262A, L2D, or E3K MHV viruses. Viral titers were measured by plaque assays at indicated timepoints. Data are representative of three
independent replicates and represented as mean + SD. Values were analyzed using a one-way ANOVA at the indicated timepoint (*P < 0.05; ***P < 0.0002;
**%%P <(0.0001). (B) ifnar”’ BMDMs were infected at an MOI of 0.1 with the indicated virus. Cells were fixed at 5 hpi, permeabilized, and stained with anti-dsRNA.
For each infection condition, the number of dsRNA puncta per cell was quantified for 35 cells. Each violin plot depicts the median (Middle dashed line) and two
quartile lines above and below the median. Values were analyzed using an unpaired t test (***P < 0.001; ****P < 0.0001). Data are representative of two to three
independent experiments. Representative immunofluorescence images for each infection condition can be found in S/ Appendix, Fig. S3. (C and D) Evaluating
activation of the type | interferon response in BMDM (C) and AML12 (D) cells. BMDMs were infected at an MOI of 0.1 for 12 h. AML12s were infected at an MOI
of 1.0 for 24 h. At the indicated time, RNA was isolated for RT-qPCR analysis with primers to amplify IFNa11 or IFNf1 and normalized to 18S rRNA. Results are
representative of three independent replicates. Data were analyzed using an unpaired t test (*P < 0.05; **P < 0.01; ***P < 0.001; ****pP < 0.0001). (F) WT BMDMs
were infected at an MOI of 0.1 with the indicated virus. At 9 and 12 hpi, supernatants were collected and used to evaluate the levels of mouse IFNa by ELISA.
Data are representative of three independent replicates and represented as mean + SD. Values were analyzed using an unpaired t test at 12 hpi (**P < 0.01;
***P < 0.001). (F) Evaluating activation of OAS/RNase L. BMDMs were infected at a MOI of 1.0 with WT, H262A, L2D, or E3K MHYV viruses. At the indicated time,
RNA was isolated and run on a bioanalyzer. RNA Integrity Numbers (RIN) were plotted and showed statistically significant (****P < 0.0001) differences in RNA
integrity between the WT MHV-A59 and nsp15-mutant virus infections with a one-way ANOVA at 12 hpi.

early cell death, we performed a viability assay in primary BMDMs.
We observed a rapid and robust induction of cell death during
infection with MHV-nsp15 mutant viruses (Fig. 64). Whereas
other cell death pathways, such as apoptosis and pyroptosis,
depend on caspases, necroptosis is a caspase-independent cell death
mechanism. To determine whether MHV-nsp15/EndoU mutant

WT infection, the necroptosis pathway gene ratio was higher for
all three nsp15 mutant viruses at all three timepoints (Fig. 5F).
Therefore, we hypothesized that nspl15/EndoU activity may
prevent the activation of ZBP1 and other host sensors that would
normally activate cell death pathways and limit virus replication.

Coronavirus nsp15/EndoU Mutants Activate ZBP1-Mediated
Necroptosis and Promote Multiple Programmed Cell Death
Pathways. To evaluate whether loss of EndoU activity promotes

PNAS 2025 Vol.122 No.10 2419620122

viruses activated necroptotic cell death, we treated BMDMs with
the pan-caspase inhibitor Z-VAD-FMK (zVAD) and evaluated
the levels of phosphorylated RIPK1 (pRIPK1), phosphorylated
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RIPK3 (pRIPK3), and phosphorylated MLKL (pMLKL), all
markers of necroptosis, using western blotting (Fig. 6B). We
found that all three nsp15 mutant viruses induced higher levels
of pRIPK1, pRIPK3, and pMLKL, as compared to BMDMs
infected with WT MHV-A59, which had no detectable levels of
these markers. To determine whether this induction of necropt051s
depended on ZBP1, we performed the same experiment in Zbp1”

BMDMs. ZBP1 can induce necroptosis by directly promoting
RIPK3 phosphorylation and also by functioning as a scaffold that
recruits and activates RIPK1, which can then also phosphorylate
RIPK3 (38). In support of our hypothesis, the induction of
pRIPK1, pRIPK3, and PMLKL during nsp15 mutant infection
was decreased in Zbpl™~ BMDMs, compared to WT BMDM:s
(Fig. 6B). We note that even in the absence of ZBP1, nspl5
mutant viruses did induce increased levels of pRIPK1, pRIPK3,
and pMLKL compared to WT infection, suggesting that loss of
EndoU activity can also drive ZBP1-independent necroptosis in
BMDMs. These ZBP1-independent necroptosis pathways have
been described previously in BMDMs and include the RIPK1-
dependent TNFa signaling pathway (39). Since we observed
high levels of pRIPK1 during nsp15 mutant infection of Zbp17'~
BMDMs, we hypothesized that the ZBP1-independent necroptosis
driven by nspl5 mutant viruses was RIPK1-dependent. To test
this, we treated ZbpI”~ BMDMs with zVAD and GSK'963, a
RIPK1 inhibitor. We found that inhibition of RIPK1 reduced the
levels of pRIPK3 and pMLKL to undetectable levels (S Appendix,
Fig. S5). These data suggest that the rapid and robust accumulation
of viral PAMPs generated during MHV-nsp15-mutant infection
can activate ZBP1, promoting the necroptotic cell death pathway.
Even in the absence of ZBP1, nspl5 mutant viruses induce
RIPK1-dependent necroptosis. We also evaluated whether loss
of EndoU activity could activate other cell death pathways, such
as pyroptosis and apoptosis. We probed for the initiator caspase-8
and executioner caspase-3, both markers of apoptosis. We found

https://doi.org/10.1073/pnas.2419620122

1 dpi

2 dpi as mean + SD.

that EndoU mutant viruses induced earlier and higher levels of
cleaved, active caspase-3 and -8 (Fig. 6C). We also probed for
cleaved gasdermin-D (GSDMD) protein, indicative of pyroptosis,
and again noted that only EndoU mutant virus infection led to
cleavage of GSDMD (Fig. 6C). We observed several GSDMD
cleavage products, including the p30 product that is known to
form pores in the membrane and cause pyroptosis (40, 41). The
additional cleavage products have been previously characterized
as GSDMD cleavage by apoptotic caspase-3 and are thought to
serve as a negative feedback mechanism to prevent excessive cell
lysis (42—44). We note that these pathways of apoptotic caspase
activation and pyroptotic GSDMD cleavage were also observed
upon EndoU mutant infection in Zbp1”~ BMDMs, supporting
the idea that EndoU antagonizes a multitude of host sensors
that regulate cell death (ST Appendix, Fig. S6). These other host
sensors likely include PKR and OAS. EndoU mutant viruses
have been previously reported to activate PKR (5, 7, 8), which
induces apoptosis (45, 46). Additionally, the robust degradation
of host RNA that is induced by EndoU mutant infection (Fig. 3F)
through the OAS/RNaseL pathway can also induce apoptosis (47).
Recent studies have also documented that the inflammasome
senses coronavirus infection to activate pyroptosis (48, 49).
Opverall, the results shown here reveal that coronavirus nsp15/
EndoU activity is required to prevent early, robust activation of
several host PRRs, including ZBP1, that lead to the induction of
multiple, independent cell death pathways (Fig. 6D).

Coronavirus nsp15-NTD Mutant Viruses Are Highly Attenuated
In Vivo. To investigate whether the early, robust activation of the
innate immune response and subsequent cell death limits the
generation of progeny virus and attenuates viral 1nfect10n in vivo,
we intraperitoneally inoculated mice with 6 x 10* PFU of WT
MHYV or nsp15 mutant viruses and monitored disease progression.
Mice infected with WT MHV-A59 began losing weight as eatly as
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Fig. 5. Global transcriptomic profiling analysis reveals that nsp15/EndoU mutant viruses induce the expression of multiple host pattern recognition receptors
and interferon-stimulated genes during replication. (A) NMDS analysis of whole transcriptome sequencing of BMDMs infected at an MOI of 1.0 with either mock,
WT MHV-A59, MHV-nsp15-H262A, -L2D, or -E3K at 3, 6, 9, and 12 hpi. Ellipses represent 95% confidence levels for each group. Black boxes emphasize grouping
of the host response to WT MHV away from the host response to infection with the nsp15 mutant viruses. (B) Heat map depicting the top 1% of abundant
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normalized abundance of each DEG. The relative intensities (Z-score) are scaled from blue (low intensity) to orange (high intensity). (C-£) Volcano plots showing
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pathway in WT MHV and nsp15-mutant-infected cells. Data are representative of three independent experiments at each timepoint.

1 dpi and went on to lose an average of 13% of their weight by 5
dpi (Fig. 74). In contrast, mice infected with NTD mutant viruses
maintained their weight throughout the course of the experiment.
Mice infected with WT virus had high viral titers in both the liver
and spleen on 3 dpi and these titers remained high on 5 dpi, while
mice infected with the NTD mutant viruses had no detectable
viral titers in either spleen or liver on day 3 or day 5 postinfection
(Fig. 7 B and C). Histological analysis of infected livers showed

PNAS 2025 Vol.122 No.10 2419620122

a high number of necroinflammatory foci in the livers of mice
infected with WT virus, whereas only 0 to 1 foci per 10x field
were detected in the MHV-nsp15 mutant-infected mice (Fig. 7
D and E). The reduced pathogenesis of nsp15 mutant viruses can
be attributed to an inability to evade the host innate immune
response, as nsp15 mutant viruses caused morbidity and mortality
in z'ﬁmr_/_ mice that are not IFN-responsive (S Appendix, Fig. S7).
These results demonstrate that nsp15 plays a significant role in
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Discussion

Here, we report that the NTD and catalytic site of nspl5 are
equally essential for its ability to delay the activation of host innate
immune responses. We found that nsp15 functions to prevent viral
RNA from activating ZBP1-mediated necroptosis. During MHV-
A59 infection of BMDM cells, nsp15 activity not only delayed the
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Fig. 6. Coronavirus nsp15/EndoU mutants activate
ZBP1-mediated necroptosis and promote multiple
programmed cell death pathways. (A) Viability assay
after coronavirus infection. BMDMs were infected
at an MOI of 0.1 with WT MHV-A59, MHV-nsp15-
H262A, -L2D, or -E3K. Cell viability was measured
by CellTiter-Glo assay at 16 or 24 hpi. Results are set
relative to the cell viability of WT-infected cells at 16
hpi. Data are representative of three independent
experiments and represented as the mean + SD.
Statistical analysis was performed using a one-way
ANOVA at 24 hpi (****P < 0.0001). (B) Western blot
detection of markers of necroptosis. WT BMDMs or
Zbp1”~ BMDMs infected at an MOI of 1.0 with the
indicated viruses were treated with 20 pM Z-VAD-
FMK at 5 hpi and harvested at 9 hpi to evaluate
levels of pMLKL, tMLKL, pRIPK3, tRIPK3, pRIPK1,
tRIPK1, ZBP1, nucleocapsid, and p-actin. Data are
representative of three independent experiments.
(C) Evaluation of coronavirus-induced activation
of apoptotic and pyroptotic cell death markers.
Lysates were harvested at the indicated times to
evaluate cleaved caspase-3, cleaved caspase-8,
GSDMD, nucleocapsid, and p-actin expression by
western blot. Results are representative of three
independent experiments. (D) Schematic diagram
of the apoptosis, pyroptosis, and necroptosis
programmed cell death pathways.

elevated levels of ISGs in primary IFN-responsive cells and nasal
epithelial cells. Here, we found that disruption of either the NTD
or catalytic site of nsp15 impairs nsp15 function and promotes the

activation of host dsRNA sensors. Our group and several others have
previously demonstrated that during viral replication, nsp15 evades
the activation of host dsRNA sensors by limiting the accumulation

of dsRNA PAMPs (5-8, 19). If left uncleaved by nspl15, these

8 of 12

induction of necroptosis but also delayed other cell death mecha-
nisms, including apoptosis and pyroptosis. These data highlight
the key role that EndoU activity plays in reducing the level of viral
PAMPs that would otherwise activate host sensors. EndoU activity
prevents the early innate immune response and delays programmed
cell death in response to infection. This makes EndoU activity a
promising target for the development of antivirals.

Despite research on the nsp15 catalytic site, developing antivi-
rals that bind to the shallow catalytic pocket has proven challeng-
ing. Our study shows that the NTD of nsp15 is equally essential
for its activity and may represent a more feasible target for antiviral
drug development. We also highlight the importance of the nsp15
NTD in both MHV-A59 and SARS-CoV-2, suggesting that tar-
geting the NTD could offer broad-spectrum protection against
multiple coronaviruses.

The role of EndoU in antagonizing innate immune responses is
highly conserved and has been reported for SARS-CoV-2,
MERS-CoV, MHV-A59, and other coronaviruses (5-8, 50). These
studies focused on inactivation of the catalytic site, which led to

https://doi.org/10.1073/pnas.2419620122

dsRNA PAMPs are capable of activating A-form dsRNA sensors
(MDAS5, PKR, OAS) to promote several innate immune signaling
pathways. Here, we extended this previous work and evaluated path-
ways activated by both catalytic and noncatalytic EndoU mutant
viruses, revealing the transcriptional activation of genes involved in

the necroptotic cell death pathway, particularly ZBP1.

ZBP1 is a host sensor that contains two Za domains, which
are also present in the human ADARI protein and have been well
documented to bind both DNA and RNA that adopt the
left-handed Z-form nucleic acid (Z-NA) structure (51, 52). We
unexpectedly found that during coronavirus infection, EndoU
activity functions to delay the induction of necroptosis through
ZBP1. We hypothesize that the negative-sense substrate of EndoU
could adopt conformations that activate A-form dsRNA sensors,
as well as the Z-form sensor ZBP1. Indeed, two groups recently
reported that SARS-CoV-2 infection leads to the generation of
Z-RNA, but the identity of this Z-RNA was not characterized
(10, 11). This Z-RNA signal was detected late in infection and
may be dampened early in infection due to EndoU activity. Future
studies will be aimed at characterizing the identity and structure
of the viral PAMP that binds to ZBP1, and how its conformation
might be changed upon cleavage by nsp15.

The activation of ZBP1 has important consequences for the fate

of the cell. Following binding to its PAMP, ZBP1 recruits the RIPK3
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Fig. 7. Coronavirus NTD mutantviruses are highly attenuated in vivo. (A) C57BL/6 male mice (10 per group) were infected with 6 x 10* PFU of either WT MHV-A59,
nsp15-H262A, -L2D, or -E3K virus. Mice were weighed daily. Five mice per group were harvested on day 3, and the remaining mice were harvested on day 5.
Weight loss of WT-infected mice compared to mock was significantly different at all time points, with days 4 and 5 at P < 0.0001 using a two-way ANOVA. Data
are represented as mean + SD. (B and C) Evaluating viral titers in the liver (B) and spleen (C), as assessed by plaque assay. (D) Representative images of H&E
staining of infected liver tissue. Images are representative of five mice, with images taken at 10x magnification. (E) Quantitation of necroinflammatory foci per

10x field of each condition (average of 10 fields per section).

kinase to auto-phosphorylate and subsequently phosphorylate the
pseudokinase MLKL. Phosphorylated MLKL oligomerizes and
inserts itself into the plasma membrane, compromising membrane
integrity and inducing necroptotic cell death. We found that early
during MHV-A59 infection, loss of nsp15 activity led to higher
levels of phosphorylated MLKL compared to WT virus. This high-
lights the important role of nsp15 in preventing early activation of
ZBP1-mediated necroptosis. We also found that the residual
necroptotic markers activated in the absence of ZBP1 were mainly
driven by RIPK1, which is activated by pathways such as TNFa
signaling (39).

Recent studies have highlighted the role of necroptosis in
SARS-CoV-2 pathogenesis. MLKL phosphorylation has been
observed during SARS-CoV-2 infection in a variety of cell types,
including lung epithelial cells, neutrophils, adipocytes, pancreatic
islets, and platelets (53—-56). Using human lung epithelial Calu-3
cells, Li etal. recently showed that Z-NA is generated during
SARS-CoV-2 infection, leading to ZBP1 activation and subsequent
induction of necroptosis (11). The authors further confirmed their

PNAS 2025 Vol.122 No.10 2419620122

findings in vivo and showed that genetic ablation of ZBP1 reduced
SARS-CoV-2 pathogenicity in human ACE2-expressing mice. Our
initial investigations in iAT?2 cells revealed limited expression of
ZBP1 at both the RNA and protein levels, reducing the utility of
this cell system for necroptosis studies. We are currently developing
improved model systems to investigate the role of nsp15 endonu-
clease activity in regulating necroptosis and inflammation during
SARS-CoV-2 infection. The results of this work will be detailed in
a separate manuscript, which is currently in preparation.

It is now clear that many pathogenic DNA and RNA viruses
have evolved independent mechanisms to target ZBP1 and pre-
vent early cell death. Poxviruses encode the E3 protein that has a
Z-NA binding domain that competes with ZBP1 for binding to
viral RNA intermediates, thus preventing necroptosis (37).
Herpes simplex virus type 1 (HSV-1) encodes ICP6 that binds
to RIPK3 and prevents phosphorylation of MLKL, thus blocking
activation of necroptosis (57). Due to its inflammatory nature,
the induction of necroptosis can have dramatic consequences for
the outcome of infection. For example, recent studies using
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influenza A virus (IAV) found that viral replication induces the
generation of defective viral genomes that induce ZBP1-mediated
necroptosis and drive IAV disease severity (36). Interestingly,
Gautam et al. developed a RIPK3 inhibitor that specifically pre-
vented necroptosis, but not apoptosis, during IAV infection (58).
While this strategy did not affect viral titers in the lungs of infected
mice, it did lead to reduced lung injury and enhanced survival.
This work illustrates the role of necroptosis in driving disease
severity after infection with IAV (58). While uncontrolled
viral-induced necroptosis can exacerbate disease in some cases,
carly and controlled necroptosis is a highly effective antiviral
mechanism that can lead to clearance of infected cells and acti-
vation of innate and adaptive immunity (59). Future studies eval-
uating inhibition of necroptosis during coronavirus infection will
be important for identifying whether similar or distinct mecha-
nisms drive beneficial and pathogenic responses to IAV and coro-
navirus infections.

As the importance of several cell death pathways is becoming
more appreciated, the potential for crosstalk between these path-
ways has become an active area of research in the cell death field.
Whether multiple cell death pathways can be engaged in a single
cell remains a controversial question. The activation of pyroptosis,
apoptosis, and necroptosis, known as PANoptosis, has been
described to occur during several viral infections, including MHV
and SARS-CoV-2 (9). In contrast, another group used single-cell
imaging to emphasize the occurrence of necroptosis in
SARS-CoV-2-infected cells and apoptosis in bystander cells (10).
It is likely that the ability of multiple cell death pathways to be
engaged simultaneously depends on cell type, particularly on which
sensors and pathways are active in a given cell. We report here that
EndoU mutant viruses induce early and robust activation of pyrop-
tosis, apoptosis, and necroptosis in BMDM cells, which are known
to express a multitude of host sensors. The early induction of innate
immunity and cell death prevents viral propagation, leading to
attenuation of viral replication in cell culture and in vivo. This
protective effect is likely due to the timing of the immune response
and of cell death. Studies with SARS-CoV previously demonstrated
the importance of early versus late interferon treatment during
infection, with early treatment causing viral clearance and mild
disease and late treatment promoting inflammation and severe
disease (60). This was further corroborated by Karki et al., who
recently studied the effect of interferon treatment on the activation
of cell death pathways after coronavirus infection (9). The authors
found that interferon treatment following coronavirus infection
caused more robust activation of PANoptosis in BMDM cells,
leading to inflammation and lethality in mice. The importance of
the timing of the host response in dictating the course of infection
is a key consideration for interferon-based therapies.

In summary, this study documents the role of the coronavirus
endoribonuclease in limiting the accumulation of viral PAMPs
that activate host PRRs. EndoU activity is controlled by conserved
amino acids in the catalytic site as well as in the amino-terminal
domain, which provides independent targets for antiviral drug
development. We report the key role of EndoU activity in damp-
ening the host innate immune response and delaying the induc-
tion of cell death. We show that inactivating EndoU in the context
of infectious virus attenuates viral replication and pathogenesis in
IFN-responsive systems. Further studies are needed to determine
whether viral negative-sense RNA or other replication intermedi-
ates form Z-RNA structures that are recognized by ZBP1 and
whether this coronavirus Z-RNA contains multiple ZBP1 binding
sites. Understanding the mechanisms coronaviruses use to prevent
host recognition of viral RNA provides new opportunities for
therapeutic interventions.

https://doi.org/10.1073/pnas.2419620122

Materials and Methods

cells. Murine fibroblast 17CI-1 cells, baby hamster kidney cells expressing the
murine coronavirus receptor (BHK-R cells), mouse hepatocyte AML12 cells (ATCC),
African green monkey kidney Vero E6 cells (ATCC), Caco-2/AT cells (ATCC), and
primary differentiated bone marrow-derived macrophages (BMDM cells) were all
maintained in Dulbecco’s Modified Eagle's Medium. L929 cells were maintained
in Minimum Essential Medium. All experiments with human pluripotent stem
cell lines were performed using a deidentified sample and with the approval of
the Institutional Review Board of Boston University (protocol H33122). Human
iPSC-derived alveolar epithelial type Il cells (iAT2s) were derived from the SPC2
iPSC line carrying a SFTPC'"™™ reporter (SPC2-ST-B2 clone) and cultured as
detailed in S/ Appendix (61).

Mouse Lines. C57BL/6J mice were obtained from The Jackson Laboratory.
ifnar”"~ mice were a gift from Deborah Lenschow at Washington University in St.
Louis, MO.prT_/' mice (David Boyd at University of California in Santa Cruz, CA)
have been described previously and were used to isolate bone marrow cells (62).

MHV.The MHV strain A59 genome (GenBank AY910861.1) was previously cloned
into seven plasmids that were expanded, isolated, and sequenced. These plas-
mids were adapted to the CPER approach, which has been described for use with
SARS-CoV-2 (30-32). Additional details are provided in S/ Appendix.

SARS-CoV-2. The SARS-CoV-2 Washington isolate containing the spike D614G
substitution, with no further mutation (WT) or with the H234A or E3A mutation
within nsp15, was produced in and titrated on Caco-2/AT cells as detailed in
Sl Appendix.

Isolation and Differentiation of Murine Primary Macrophages. Femurs
were obtained from C57BL/&J, ifnar™'", or pr7"/" mice. From femurs, bone
marrow cells were collected and differentiated into BMDM cells, as previously
described (5).To generate L929 supernatant for BMDM media, 3.75 x 10°L929
cells were plated inT175 tissue culture flasks with 75 mL of L929 media. After 6
d of incubation at 37 °Ciin a 5% CO, incubator, the supernatant was harvested,
filtered, aliquoted, and stored at —20 °C for subsequent use.

Antibodies and Other Reagents. Rabbit anti-serum against nsp8 and nsp15
were generated by our lab and have been described previously (2, 16). Mouse
anti-nucleocapsid antibody (J.3.3) was generously provided by John Fleming
at University of Wisconsin-Madison. The following primary antibodies were
used at the indicated dilutions unless otherwise specified: mouse B-actin
1:5,000 (GenScript A00702), mouse anti-HA 1:500 (BioLegend 901516),
mouse anti-dsRNA K1 1:500 (SCICONS K1), rabbit anti-pMLKL 1:1,000 (CST
37333), rabbit anti-total MLKL (tMLKL) 1:1,000 (Abcepta AP14272b), rabbit
anti-pRIPK3 1:1,000 (CST 91702), rabbit anti-total RIPK3 (tRIPK3) 1:1,000
(ProSci Incorporated 2283), rabbit anti-pRIPK1T 1:1,000 (CST 31122), rab-
bit anti-total RIPK1 (tRIPK1) 1:1,000 (CST 3493), mouse anti-ZBP1 1:1,000
(AdipoGen AG-20B-0010), rabbit anti-cleaved caspase-3 1:1,000 (CST 9661),
rabbit anti-cleaved caspase-8 1:1,000 (CST8592), and rabbit anti-gasdermin-D
1:1,000 (Abcam ah209845). For western blotting, HRP-conjugated donkey anti-
rabbit was purchased from Jackson ImmunoResearch and HRP-conjugated goat
anti-mouse was from SouthernBiotech. Both were used at a dilution of 1:5,000.
For immunofluorescence, donkey anti-mouse Alexa Fluor 488 and donkey
anti-rabbit Alexa Fluor 594 were purchased from Jackson ImmunoResearch.
Both were used at a dilution of 1:1,000. For nuclear staining, Hoechst nucleic
acid stain (Thermo Fisher Scientific) was used at 1:1,000. To measure the
levels of mouse IFNo, we used a mouse IFN alpha ELISA kit (ThermoFisher
Scientific BMS6027). The pan-caspase inhibitor Z-VAD-FMK was purchased
from MedChemExpress. The RIPK1 inhibitor GSK'963 was purchased from
Sigma-Aldrich.

nsp15 Protein Purification. The codon-optimized MHV nsp15 sequence
(GenScript) was cloned into a pET46 bacterial expression vector with a 10
N-terminal histidine tag. Site-directed mutagenesis (Agilent Technologies) was
used to introduce mutations within nsp15. Constructs were transformed in C41
Escherichia coli cells. Cells were lysed and Ni-NTA agarose (Qiagen) was used
to purify protein. Proteins were concentrated and subjected to size-exclusion
chromatography. Additional details are provided in S/ Appendix.
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In Vitro nsp15 Cleavage Assay. Purified proteins (25 nM) were incubated
with a 10-fold excess of a single-stranded 16-nucleotide RNA substrate (IDT)
containing a 5 fluorescent tag and a single uridine cleavage site (6-FAM-
GAAGCGAAACCCUAAG) for 2 h at 33 °C. The reaction contained 1x cleavage
assay buffer (10 mM bis-tris, 10 mM sodium acetate pH 7, 1 mM DTT,and 5 mM
MnCl,). Reactions were stopped using an RNA loading buffer containing 95%
formamide, 2 mM ethylenediaminetetraacetic acid (EDTA), and 0.1% (w/v) xylene
cyanol. Reactions were run on 8 M urea 15% PAGE for 1 h at 220 V and imaged
with a Typhoon FLA 9000 (Cytiva).

MHYV Viral Infections. For infection, cells were plated and incubated overnight to
obtain a confluent monolayer. The next day, cells were washed once with PBS and
incubated with virus diluted in incomplete media for 1h at 37 °C.Viral inoculum
was removed and replaced with complete media or media containing 2% FBS.

MHV Replication Kinetics. WT or ifnar"~ BMDMs were infected at an MOI of
0.2. At indicated times, supernatants were collected, spun down, and frozen at
—80°C. Viral titers were quantified by plaque assay performed using 17CI-1 cells.

SARS-CoV-2 Infection of iAT2s and Vero E6 Cells. To measure viral replication
kinetics in Vero E6 cells, cells were infected with WT virus or the E3A mutant atan
MOl of 0.1.iAT2s were infected at an MOI of 0.3 for viral replication kinetics and
ISG induction. Additional details are provided in S/ Appendix.

Western Blot. BMDM cells were infected at an MOI of 1.0 for the indicated time.
For evaluation of necroptosis, cells were treated with 20 pM Z-VAD-FMK at 5 hpi.
For evaluation of RIPK1-dependent necroptosis, cells were treated with 20 pM
Z-VAD-FMK and 100 nM GSK'963 at 5 hpi. Cells were washed and harvested in
1x PBS and then lysed with radio-immunoprecipitation assay buffer. Clarified
lysates were subjected to western blot analysis. Additional details are provided
in S/ Appendix.

Coimmunoprecipitation of Coronavirus Replicase Proteins. BHK-R cells
were plated in 10 cm dishes and incubated overnight. Cells were infected atan
MOI of 0.01. At 16 hpi, cells were washed with 1x PBS and lysed in co-IP lysis
buffer (0.5% NP-40, 50 mMTris pH 8, 150 mM NaCl, and 5% glycerol) for 1 h at
4°C. Protein G beads were bound to anti-nsp8 antibody according to the manu-
facturer's instructions (Thermo Fisher Scientific). Cleared lysates were incubated
with antibody-bound beads overnight at 4 °C. Beads were washed with 1x PBS
containing 0.02% Tween-20 and eluted in 2x sample buffer. Input and co-IP
samples were probed with anti-HA and anti-nsp8 antibodies by western blot.

Immunofluorescence Microscopy. For colocalization studies, 17CI-1 cells were
plated onto coverslips inserted into 24-well plates and incubated overnight. Cells
were infected atan MOl of 1.0. At 6 hpi, cells were fixed with 3.7% formaldehyde
and permeabilized with 0.1%Triton X-100. Samples were blocked with 5% normal
donkey serum for 2 h. Primary antibody incubation was performed for 3 h with
the following antibodies: anti-HA (1:1,000), anti-nsp8 (1:10,000), and Hoechst
staining. Secondary antibody incubation was performed for 1 h and coverslips
were mounted onto slides with Fluoro-Gel mounting medium (Fisher Scientific).
Slides were imaged with a Deltavision Widefield Deconvolution microscope (GE)
and images were processed using Imaris (Bitplane). For anti-dsRNA immuno-
fluorescence, ifnar”'~ BMDMs were plated as mentioned above and infected at
an MOl of 0.1. At 5 hpi, cells were fixed and permeabilized as described above.
Samples were blocked with 5% normal donkey serum overnight. Primary anti-
body incubation was performed for 3 h with anti-dsRNAK1 (1:500) and Hoechst
staining. Secondary antibody incubation was performed for 1 h and coverslips
were mounted onto slides with Fluoro-Gel mounting medium (Fisher Scientific).
Slides were imaged with a Deltavision Widefield Deconvolution microscope (GE)
and images were processed using Imaris (Bitplane). The number of dsRNA puncta
per cell was quantified using Imaris.

RNA Isolation and qPCR. BMDM or AML12 cells were lysed with 350 pL of RLT
lysis buffer (Qiagen) per well. Total RNA was isolated with the RNeasy Mini Kit
(Qiagen). cDNA was synthesized from 500 ng of RNA using the RT First Strand
Kit (Qiagen). gPCR was performed using the RT” SYBR Green qPCR Mastermix.
Fold change was calculated using the 2(— A ACt) method. For ISG analysis of
iAT2s, cells were harvested in TRI Reagent, and RNA was isolated according to the
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manufacturer’s instructions. cDNA was synthesized from 500 ng of RNA using
the RT? First Strand Kit (Qiagen). qPCR was performed using the SsoAdvanced
Universal Probes Supermix (Bio-Rad). All gPCR runs were performed on a Bio-Rad
CFX Opus 96 Real-Time PCR system. Additional details are provided in S/ Appendix.

RNA Degradation. RNA degradation patterns of WT MHV-A59 and nsp15
mutant-infected RNA were measured using an Agilent 2100 Bioanalyzer system.
Briefly, 1 microliter of extracted RNA was measured using the Eukaryote Total
RNA assay following the standard protocol of the RNA 6000 Nano Kit (Agilent).

Mouse Infections. All mouse experiments were performed according to proto-
cols approved by the Loyola University Chicago Institutional Animal Care and Use
Committee. C57BL/6 male mice were intraperitoneally inoculated with 6 x 10°*
PFU of either WT-A59, H262A, L2D, or E3K. For infection of ifnar™'~ mice, mice
were inoculated with 50 PFU of either WT-A59, H262A, L2D, or E3K. Additional
details are provided in S/ Appendix.

Histology. Formalin-fixed liver samples were submitted to the Loyola
Department of Pathology and Laboratory Medicine for sectioning and hematox-
ylin and eosin staining. Slides were imaged with an Olympus BX46 microscope
and 10x objective. Images were evaluated for the number of necroinflammatory
foci per field.

RNA Sequencing. Whole transcriptome sequencing was performed at the
University of Chicago Genomics Facility. Raw read quality was examined using
FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Additional
details are provided in S/ Appendix.

Cell Viability. WT BMDMs were infected at an MOI of 0.1. At the indicated time-
point, cells were lysed with the CellTiter-Glo 2.0 cell viability assay (Promega)
according to the manufacturer's instructions. Luminescence was measured using
a GloMax Discover microplate reader (Promega).

Quantification and Statistical Analysis. Unpaired t tests and ANOVA tests
were performed using GraphPad Prism 10. Statistical details can be found in the
figure legends. Data are represented as mean = SD, as indicated in the figure
legends. The nsp15 NTD protein sequence alignment was performed using
SnapGene 7.0.1.

Data, Materials, and Software Availability. The RNA sequencing data of the
WT MHV-A59 and nsp15 mutant-infected BMDMs have been deposited in the
Sequence Read Archive under the BioProject accession number PRINAT130930
(63) Protein sequences used in the nsp15 NTD alignment were analyzed from the
following GenBank accession numbers: NC_048217.1 (MHV-A59), ON554096.1
(0C43), MT121215.1 (SARS-CoV-2), NC_004718.3 (SARS-CoV), OP712625.1
(MERS-CoV), KJ184549.1 (PEDV), KF514433.1 (229E), ON554022.1 (NL63),
ON128612.1 (HKU1), KF430219.1 (Bat coronavirus CDPHE15), and MT239440.1
(FIPV) (64-74). All other data are included in the manuscript and/or S/ Appendix.
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