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SARS-CoV-2 encodes numerous virulence factors, yet their precise mechanisms of
action remain unknown. We provide evidence that the SARS-CoV-2 nonstructural
protein 15 (nspl5) enhances viral virulence by suppressing the production of viral
double-stranded (dsRNA), a potent inducer of antiviral signaling. The viral variants
lacking nsp15 endoribonuclease activity elicited higher innate immune responses and
exhibited reduced replication in human stem cell-derived lung alveolar type II epi-
thelial cells, as well as in the lungs of infected hamsters. Consistently, these variants
caused significantly less weight loss and mortality compared to wild-type (WT) virus in
K18-hACE2 mice. Mechanistically, the cells infected with nsp15 mutants accumulated
more viral dsRNA, causing enhanced stimulation of the interferon pathway. Chemical
inhibition of interferon signaling dampened immune responses to nsp15 mutants and
restored their replication to levels similar to the WT virus. These findings indicate that
the endoribonuclease activity of nspl5 contributes to viral virulence by limiting the
accumulation of viral dsRNA, thereby allowing robust replication with reduced activa-
tion of the host innate immune response.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has an exceptional ability
to overcome host defense barriers. It encodes a range of highly specialized proteins that
work in concert with each other to neutralize host antiviral pathways at multiple stages,
creating an intracellular environment conducive for viral replication. A deeper under-
standing of how each of these proteins contributes to immune evasion will enhance our
knowledge of viral pathogenesis and guide the development of effective disease manage-
ment strategies, including the design of attenuated viruses as potential vaccine candidates.
This study addresses the function of the SARS-CoV-2 nonstructural protein 15 (nsp15)
in innate immune antagonism and viral pathogenesis.

The SARS-CoV-2 genome comprises approximately 30,000 nucleotides. The 5’
two-thirds of the viral genome contains two large, partially overlapping open reading
frames, ORFla and ORF1b, which are translated by host ribosomes into two polyproteins,
ppla and pplab, respectively. These polyproteins are cotranslationally processed by two
viral proteases, nsp3 (also called papain-like protease or PL”) and nsp5 (also called
3-chymotrypsin-like protease or 3CL"™), resulting in the release of 16 nonstructural
proteins (nsp1-16). Together, these nsps orchestrate the assembly of the replication—tran-
scription complex (RTC), which localizes to double-membrane vesicles (DMVs), also
known as replication organelles, that serve as the site for viral RNA synthesis (1, 2).
Proteins generated from the 3" end of the genome enhance viral replication through various
indirect mechanisms, such as co-opting host factors or antagonizing host innate defenses,
and enable the assembly of mature virus particles.

Nsp15 is an essential viral protein, highly conserved across coronaviruses (3, 4). Studies
have shown that it is a component of the coronaviral RTC (5, 6), and recent computational
modeling suggests that it may actually serve as a scaffold for RTC assembly (7). Additionally,
nspl5 from various coronaviruses—including porcine epidemic diarrhea virus (PEDV),
mouse hepatitis virus (MHV), infectious bronchitis virus (IBV), SARS-CoV, Middle East
respiratory syndrome coronavirus (MERS-CoV), and most recently SARS-CoV-2, has
been demonstrated to delay the activation of the interferon (IFN) pathway in infected
cells, primarily by preventing the accumulation of viral double-stranded RNA (dsRNA)
through its endoribonuclease activity (8—13). In vivo experiments with PEDV, MHYV, and
IBV demonstrated that nsp15 is a critical virulence factor—viral variants lacking the nsp15
endoribonuclease activity caused milder disease and were rapidly cleared (8, 9, 12). These
findings highlight the critical role of nsp15 during coronaviral infections.
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Significance

Severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2)
employs multiple strategies to
evade human antiviral defenses,
leading to potentially severe
outcomes such as pneumonia and
death. A detailed investigation of
these evasion strategies should
enhance our understanding of
SARS-CoV-2 pathogenesis and
guide future vaccine development.
In this study, we focus on the
SARS-CoV-2 nonstructural protein
15 (nsp15) and demonstrate that
its endoribonuclease activity
delays the activation of antiviral
responses in human lung cells.
SARS-CoV-2 variants lacking this
activity exhibit impaired replication
and cause milder disease in
animals, highlighting nsp15 as a
key virulence factor. These findings
underscore the importance of
nsp15's endoribonuclease activity
in both promoting virus replication
and influencing disease severity.
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Nspl5 has three domains: the N-terminal domain (NTD),
essential for protein oligomerization, the middle domain (MD),
involved in interactions with other viral proteins, and the
C-terminal domain (CTD), which harbors the endoribonuclease
activity (4, 14). Biochemical assays with recombinant nsp15 have
shown that it preferentially cleaves RNA substrates 3’ of uridines,
earning it the name of endoU (4, 15, 16). The conservation of
endoU across a wide range of coronaviruses underscores its essen-
tial functions in the viral lifecycle and pathogenesis, yet the rele-
vance of endoU to SARS-CoV-2 pathogenesis is yet to be defined.

Biochemical and structural studies have provided important
insights into SARS-CoV-2 endoU (14, 17, 18). The cryoelectron
microscopy (Cryo-EM) reconstruction of nsp15 bound to UTP
revealed that, similar to other coronaviruses (19), SARS-CoV-2
nspl5 assembles into a homohexamer. The NTD mediates oli-
gomerization by forming two head-to-head stacked trimers, with
the endoU domains facing outward (14). The endoU is only active
when in its hexameric form, although these observations are yet
to be confirmed in virus-infected cells. The endoU active site
consists of a catalytic triad—two histidines (H234 and H249)
and a lysine (K289)—which catalyzes RNA cleavage via the char-
acteristic acid-base reaction. This yields a single 3’cleavage product
(5'-OH-RNA) and a mixture of two 5’cleavage products
(RNA-2'3"-cyclic phosphate and RNA-3'-phosphate) (14). The
uridine specificity of endoU is primarily driven by a conserved serine
(8293) within the uridine-binding pocket (14, 20, 21). While struc-
tural studies, biochemical assays, and molecular dynamics have
detailed endoU’s enzymatic mechanism, they provide no insight
into its functions during SARS-CoV-2 infection.

While our work was in progress, Otter et al. demonstrated that
a recombinant SARS-CoV-2 with inactive endoU triggers an
enhanced innate immune response in cell culture and replicates
less efficiently in primary nasal epithelial cells, highlighting
endoU’s role in innate immune evasion (13). However, the in vivo
relevance of these findings remains unexplored. We generated
SARS-CoV-2 variants with mutations in the endoU catalytic site
as well as in a motif associated with nsp15’s uridine specificity and
tested the replication and pathogenic potential of these variants
in cell culture systems and animal models. Our results suggest that
SARS-CoV-2 nspl5 is a critical virulence factor, enabling the virus
to evade innate defense mechanisms in the respiratory tract and
thereby facilitating viral infection and pathogenesis.

Results

Generation of SARS-CoV-2 Variants Containing nsp15 Mutations.
To assess the functions of the nsp15 endoU activity during SARS-
CoV-2 infection, we aimed to generate viral variants containing
alanine substitutions at each of the three catalytic site residues,
H234, H249, and K289. These residues are highly conserved
across coronaviruses (Fig. 1 A and B), and their replacement
with alanine has been shown to disrupt the endoU activity (14,
22-24). Additionally, we chose $293, an amino acid implicated
in endoU’s uridine specificity (14, 17, 25), for substitution
with alanine. While we successfully generated the SARS-CoV-2
H234A, K289A, and S293A variants, we were unable to recover
the H249A variant despite multiple attempts. Further analysis
revealed that the H249A genome replicated minimally in producer
cells, around 2,000-fold lower than the wild-type (WT) virus,
potentially limiting the production of infectious virus particles
(81 Appendix, Fig. S1A). Similarly, no virus particles were recovered
when we replaced H249 with other small amino acids, such as
glycine or serine. However, substitution with the positively charged
amino acid arginine (H249R) was successful, although the virus
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titer was approximately 10-fold lower (2 < 0.05) than that of the
WT virus (SI Appendix, Fig. S1B). These findings suggest that
histidine at position 249 may play a critical role in nsp15 folding
or in protein—protein/protein-RNA interactions, leading us to
exclude this amino acid from further analysis.

Biochemical assays showed that catalytic site substitutions H234A
and K289A abolished nspl5’s ability to cleave a synthetic
single-stranded RNA (ssRNA) substrate (S/ Appendix, Fig. S2). In
contrast, S293A retained significant RNA cleavage activity under
saturating conditions, but, like the other mutants, failed to cleave
RNA when a 10-fold excess of substrate was used, indicating that
the S293A substitution reduces but does not abolish the endoU
activity. All nsp15 variants were purified as hexamers, indicating the
mutations did not disrupt oligomerization (S/ Appendix, Fig. S3).

The SARS-CoV-2 endoU Mutants Replicate as Efficiently as WT
Virus in Vero E6 Cells. The successful generation of recombinant
H234A, K289A, and S293A variants suggests that both the endoU
activity and uridine specificity of nsp15 are dispensable for core
replication processes of SARS-CoV-2. To confirm, we examined
the growth kinetics of nsp15 variants in Vero E6 cells, which lack
type I IFN production (26, 27) and therefore allow evaluation
of virus replication in the absence of robust innate immune
pressures. All nsp15 variants replicated to the same level as WT
virus, with similar nucleocapsid (N)-positive cell percentages and
comparable viral titers at 48 and 72 h postinfection (hpi) (Fig. 1 C
and D). Western blot analysis revealed equivalent N levels in cells
infected with all viruses (Fig. 1E). Importantly, no difference in
nsp15 abundance was observed between WT and nsp15 mutant-
infected cells (Fig. 1E), indicating the mutations did not impair
nspl5 production or stability. Finally, all endoU mutants formed
plaques with diameters similar to those of WT virus (S Appendix,
Fig. S1C). These findings suggest that the endoU activity of nsp15
is dispensable for efficient virus replication in an immune-deficient
environment.

The endoU Catalytic Mutants Replicate Poorly in Human
Stem Cell-Derived Lung Alveolar Epithelial Cells. Alveolar type
IT epithelial (AT2) cells are a primary target of SARS-CoV-2
infection in the human lungs (28). We previously reported that
human induced pluripotent stem cell-derived AT2 (1AT2) cells are
permissive to SARS-CoV-2 infection and respond by mounting
a strong IFN response (29, 30). To test whether nsp15 promotes
viral infection in an immune-competent environment, we infected
iAT2 cells in air-liquid interface (ALI) cultures with nspl5
mutants and compared their replication to WT virus by measuring
viral titers on the apical side of cells. The nsp15 catalytic mutants,
H234A and K289A, showed attenuated replication, with titers
8.4- and 20-fold lower than WT virus at 72 hpi, and 6.35- and
39.2-fold lower at 96 hpi, respectively (Fig. 17). In contrast, the
$293A mutant replicated similarly to WT virus, suggesting either
the S-to-A change did not impair nsp15’s uridine specificity, the
uridine specificity is not essential for virus replication in iAT?2 cells,
or the lower level of endoU activity of this mutant is sufficient
for RNA processing during infection. Collectively, these findings
indicate that nsp15’s endoU catalytic activity plays a critical role
in SARS-CoV-2 infection in immune-competent cells.

The endoU Catalytic Mutants Elicit an Elevated Innate Immune
Response in iAT2 Cells. We hypothesized that the reduced
replication of endoU catalytic mutants in iAT2 cells resulted from
their diminished ability to effectively suppress the antiviral innate
immune response. To test this, we performed global transcriptomic
analyses of iAT2 cells infected with our panel of recombinant
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Fig. 1. EndoU catalytic mutants replicate to the same level as WT virus in Vero E6 cells but are attenuated in iAT2 cells. (A) Schematic representation of the
SARS-CoV-2 genome. Nsp15 is highlighted in green. The Bottom panel shows amino acid sequence alignment of endoU active site residues from nsp15 homologs.
Three active site residues (H234, H249, and K289) and a residue critical for the endoU specificity of the protein (S293) are indicated with arrowheads. (B) Critical
active site residues are projected on the tertiary structure of an nsp15 protomer. (C) Vero E6 cells infected at an MOI of 0.1 were analyzed by flow cytometry.
The percentage of N-positive cells is shown. (D) Viruses egressed from infected Vero E6 cells in C were titrated by the plaque assay on Caco-2/AT cells. (E) Cell
lysates from Vero E6 cells in C were analyzed by western blot. (F) iAT2 cells, grown as ALI cultures, were infected on the apical side at an MOI of 0.3. Virus titer
in apical washes collected at indicated times was measured by the plaque assay on Caco-2/AT cells. Statistical significance was determined using the two-tailed

parametric t test.

viruses at 24 and 48 hpi. Principal component analysis revealed
that the nspl5 catalytic mutants H234A and K289A formed
a distinct cluster, separate from WT virus, at 24 hpi, with this
difference becoming more pronounced at 48 hpi (S Appendix,
Fig. S4A4). In contrast, S293A and WT virus clustered together,
indicating similar gene expression patterns. Consistently, H234A
and K289A induced more differentially expressed genes (DEGs)
than §293A when compared to WT virus (S/ Appendix, Fig. S4B).

Gene Ontology (GO) analysis showed that most of these DEGs
belonged to the pathways implicated in host responses to viral infec-

tions (SI Appendix, Fig. S5). Specifically, genes in the “Defense

PNAS 2025 Vol. 122 No.24 2426528122

Response to Virus” (Gene Ontology Group: 0051607) were signif-
icantly more upregulated by H234A and K289A than WT virus,
while $293A showed no notable differences (Fig. 24). Many of these
antiviral genes, including interferons (IFNs) (e.g., IFENB1, IFNLI,
IFNL2, IFNL3) and interferon-stimulated genes (ISGs) (e.g.,
IFIT1-3, IFITM1-3, OAS1-3, ISG15, RSAD2, BST2, MX1/2,
ZBP1) were also upregulated in WT virus-infected cells, though to
a lesser extent. We confirmed these findings by RT-qPCR analysis
of select ISGs (Fig. 2B and SI Appendix, Fig. S6).

In addition to antiviral genes, several inflammatory factors (e.g.,

CXCL3, CXCL5, CXCL10, CXCL11, IL6, CCL5, CCL20,
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Fig. 2. EndoU catalytic mutants induce an elevated innate immune response in iAT2 cells. (A) RNA extracted from iAT2 cells infected with indicated viruses
at an MOI of 0.3 was subjected to mRNA sequencing. The heatmap represents the Gene Ontology group, “Defense Response to Virus” (GO: 0051607). Some
representative genes differentially regulated by H234A and K289A viruses are listed. (B) Indicated I1SGs were quantified in infected iAT2 cells (MOI, 0.3) by RT-
gPCR. Statistical significance was determined using the two-tailed parametric t test. (C) iAT2 cells infected with indicated viruses (MOI: 0.3) were analyzed for
global proteomic analysis. The Left panel shows the Gene Ontology groups differentially regulated by nsp15 mutants compared to the WT virus. The Right panel
shows the heatmap generated for the Gene Ontology group, “Defense Response to Virus” (GO: 0051607). Some representative genes differentially regulated by
H234A and K289A viruses are listed. (D) Cell lysates prepared from infected iAT2 cells (MOI: 0.3) were analyzed by western blot for indicated proteins.

SOCS1, CSF3, MMP13) were also more strongly elicited in
H234A and K289A infections compared to WT, suggesting
endoU activity also delays the inflammatory response to infection.
Together, these findings indicate that endoU regulates antiviral
and inflammatory responses, potentially preventing excessive tis-
sue damage. This aligns with reports that coronavirus endoU
activity facilitates viral evasion of host sensors (10, 11).

We next performed a global proteomic analysis of infected cells
to examine immune responses at the protein level. Consistent with
the transcriptomics data, H234A and K289A viruses, but not
S293A, triggered an earlier and more robust innate immune
response compared to WT virus (Fig. 2C), an observation we sub-
sequently confirmed by western blot (Fig. 2D). Notably, viral nsp2
and nsp15 levels were lower in H234A and K289A-infected cells
(Fig. 2D), aligning with the poor replication of these variants in
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iAT?2 cells. Together, these results indicate that SARS-CoV-2 with
catalytically inactive endoU is less effective at facilitating evasion
of host innate immune responses.

The Active-Site endoU Mutants Are Attenuated in K18-hACE2
Mice. Given the lower replication of nspl5 catalytic mutants in
iAT?2 cells, we tested their replication and virulence in vivo. For
this, we first intranasally infected K18-hACE2 transgenic mice
expressmg human anglotensm converting enzyme 2 (hACE2) (8
mice per virus) with 1 x 10% plaque-forming units (PFU) and
monitored weight loss and survival. By 7 d postinfection (dpi), 6/8
mice infected with WT virus and 5/8 with S293A lost over 20%
of body weight, while only 3/8 for H234A and 1/8 for K289A
showed similar weight loss (Fig. 34). Survival rates were 75 and
87.5% for H234A and K289A, compared to 25 and 37.5% for
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WT virus and S293A (Fig. 3B), suggesting that nsp15 catalytic
mutants are less virulent.

Next, we investigated the replication kinetics of WT, H234A,
and K289A viruses in the lungs and brain of K18-hACE2 mice.
For this, 18-wk-old mice were intranasally inoculated with 5 x
10° PFU (12 mice per virus), and viral load in the lungs and brain
was measured at 2 and 6 dpi. We selected 6 dpi because neuroin-
vasion in K18-hACE2 mice typically occurs after six days of infec-
tion with the used inoculum size. Consistent with our in vitro
results, the viral titer and RNA copy number in the lungs of
WT-infected mice were higher than those in H234A and
K289A-infected animals at 2 dpi (Fig. 3 Cand D). By 6 dpi, the
virus was nearly undetectable in the lungs. Although no virus was
detected in the brain at 2 dpi, infectious virus particles became
detectable in 3/6 mice infected with the WT virus by 6 dpi, with
the average viral titer of 2.84 x 10" PFU/mg of brain tissue
(Fig. 3E). In contrast, the average titers in the brains of H234A
and K289A-infected animals were 5.86 x 10° and 3.85 x 10* PFU/
mg of brain tissue, respectively. These results indicate that nsp15
mutants replicate relatively inefficiently in the lungs of
K18-hACE2 mice.

The Active-Site endoU Mutants Exhibit Reduced Replication
and Enhanced Innate Immune Response in Hamsters. While
hACE2 transgenic mice represent a powerful model for the study
of SARS-CoV-2 virulence, the weight loss and death in these

animals are linked to viral neuroinvasion (31-34). In contrast, in

Syrian hamsters, the infection is largely restricted to the respiratory
system, with a similar lung pathology as in humans (31, 35, 36). To
assess the role of endoU in viral replication and immune evasion
in this animal model, we infected Syrian hamsters with WT virus
and H234A (8 hamsters per virus) at a low dose of 1,000 PFU
per animal and harvested their nasal turbinates, lungs, heart, and
small intestine at 2 and 5 dpi. While uninfected animals gained
body weight during the course of the experiment, the weight
of infected hamsters remained unchanged, with no statistically
significant difference between WT- and H234A-infected animals
(SI Appendix, Fig. S7A).

The RT-qPCR and plaque assay revealed an appreciable, but
statistically insignificant, decrease in both viral RNA and infec-
tious titer in nasal turbinates of H234A-infected animals com-
pared to WT virus-infected animals at 2 and 5 dpi (Fig. 3C and
SI Appendix, Fig. S7B). However, H234A-infected animals had
significantly lower viral RNA and titers in the lungs at 5 dpi. Little
or no viral replication was detected in extrapulmonary tissues
(Fig. 3C and SI Appendix, Fig. S7B). RT-qPCR revealed signifi-
cantly elevated expression of interferon beta (IFNB1) and ISGs
in the lungs of H234A-infected animals at 2 dpi (Fig. 3), which
returned to baseline by 5 dpi. Correspondingly, there was a marked
increase in immune cell infiltration, including neutrophils and
mononuclear cells, in the lungs of three out of four hamsters
infected with the H234A mutant compared to those infected with
the WT virus (Fig. 4 C and D and SI Appendix, Fig. S7C). The
effect of the H234A substitution on viral titer and ISG expression
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Fig. 3. EndoU catalytic mutants cause attenuated disease in K18-hACE2 mice (A and B). K18-hACE2 mice intranasally inoculated with 1 x 10* PFU/animal of indicated
viruses (8 mice per virus) were monitored daily for weight loss (A) and death (B). Animals Iosin§ over 20% of their body weight were killed as per our IACUC protocols.

(C-E) Male and female K18-hACE2 mice (aged 18 wk) were intranasally inoculated with 5 x 10

PFU of WT (n = 12 mice), H234A (n = 12 mice), or K289A (n = 12 mice).

Lungs and brains were collected from infected mice at 2 and 6 dpi, with six mice per virus per time point, and viral titers were determined by plaque assay on Caco-2/
AT cells. Shown are viral titers in the lungs at 2 dpi (C) and in brain at 6 dpi (£). Viral RNA levels in the lungs were measured at 2dpi by RT-qPCR targeting the E gene (D).
Each dot represents an infected animal. Statistical significance was determined using the two-tailed, unpaired parametric t test. ns, not significant.

PNAS 2025 Vol. 122 No.24 2426528122

https://doi.org/10.1073/pnas.2426528122 5 of 11


http://www.pnas.org/lookup/doi/10.1073/pnas.2426528122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2426528122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2426528122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2426528122#supplementary-materials

Downloaded from https://www.pnas.org by UPPSALA UNIVERSITETSBIBLIOTEK on July 9, 2025 from P address 130.238.191.128.

6 of 11

in the lungs of infected hamsters was further confirmed in an
independent experiment (S7 Appendix, Fig. S8). In all, these find-
ings indicate that nsp15’s endoU activity promotes viral infection
by facilitating the evasion of host innate immune responses in the
lungs of hamsters.

Cells Infected with nsp15 Catalytic Mutants Accumulate More
dsRNA. To investigate how endoU activity mediates evasion of
innate immunity, we first examined whether it regulates the
production of SARS-CoV-2 defective particles, known inducers
of innate immune responses (37, 38). Since H234A and K289A
exhibited similar effects in earlier experiments, we only focused
on H234A for mechanistic studies. Our analysis revealed no
significant difference between WT virus and H234A in the
infectious units-to-RNA ratio, suggesting that nspl5 does not
regulate defective virus particle production (S Appendix, Fig. S9).

Nsp15’s endoU activity is thought to minimize viral dsRNAs
that serve as pathogen-associated molecular patterns (PAMPs) for
innate immune induction (8, 10, 11, 13). When stained with an
antibody directed against dsRNA, iAT?2 cells infected with H234A
showed puncta that appeared bigger than those seen in WT
virus-infected cells (Fig. 54). An unbiased analysis of over 1,000
puncta confirmed a statistically significant increase in dsRNA
accumulation in H234A-infected cells, supporting endoU’s role
in limiting dsRNA in infected cells (Fig. 5B).

We hypothesized that increased dsRNA accumulation in
H234A-infected cells enhanced IFN production, leading to elevated
expression of IFN-responsive genes. Supporting this, treating iAT?2
cells with JAK1/2 inhibitors Ruxolitinib and Baricitinib during virus
infection completely blocked immune responses triggered by both
WT and H234A viruses (Fig. 5C). Notably, under these conditions,
H234A replication was restored to levels comparable to the WT
virus (Fig. 5D). Similar results were obtained with the K289A
mutant (8] Appendix, Fig. S10). JAK1/2 inhibitors block
IFN-mediated STAT phosphorylation and nuclear translocation,
consequently suppressing cell responsiveness to IFN without alter-
ing its production and release. Combined with our previous obser-
vation that SARS-CoV-2-infected cells exhibit reduced IFN
responsiveness (30), this suggests that cells infected with endoU
mutants produce more IFN, which in turn triggers ISG expression
in neighboring cells, thus restricting viral spread. Overall, these
findings demonstrate that SARS-CoV-2 endoU is a potent virulence
factor that facilitates evasion of host IFN responses.

Discussion

We report that SARS-CoV-2 endoU is a critical virulence factor.
K18-hACE2 mice infected with endoU catalytic mutants had
higher survival rates compared to those infected with WT virus,
likely due to reduced viral replication in the respiratory tract,
which prevented neuroinvasion, the major cause of death in these
mice (33, 34). This phenotype is likely driven by an earlier and
stronger innate immune response in the respiratory tract, limiting
viral spread to other organs. This is supported by a recent study
demonstrating elevated immune responses in human airway epi-
thelial cells infected with an endoU-deficient virus (13), and by
our findings of reduced viral titers and enhanced ISG induction
in the hamster lungs and human lung type II epithelial cells
infected with endoU-deficient viruses. These results highlight the
role of endoU in promoting viral replication by antagonizing the
innate immune response.

While biochemical experiments have demonstrated the critical
role of $293 in endoU’s uridine specificity—the S to A substitu-
tion at this position significantly impaired the uridine specificity

https://doi.org/10.1073/pnas.2426528122

(16, 17)—in our settings, the S293A substitution neither reduced
virus replication nor triggered an elevated innate immune response.
We propose three possible explanations for this. First, the $293
residue may not be as pivotal for nsp15’s uridine specificity within
infected cells. Notably, the biochemical assays involving $293 were
performed in the absence of other viral proteins that normally
interact with nsp15 during infection, such as nsp7, nsp8, and
nspl2 (5, 39). It is possible that interaction with these proteins
during infection diminishes the significance of the $293 residue
in determining nsp15’s uridine specificity. Second, since serine
and alanine are quite similar in size, the S-to-A change may be
too subtle to significantly alter endoU’s preference for uridine in
an infectious context. Third, uridine-specificity may not be as
critical for immune-evasion functions of SARS-CoV-2 nspl5.
Structural and biochemical studies indicate that other residues,
including N277, W332, and Y342, also contribute to endoU’s
uridine specificity (16, 17, 21). A comprehensive mutational anal-
ysis of these residues, either individually or in combination, could
help clarify these points.

IF analysis of cells infected with an nspl5 catalytic mutant
demonstrated a significant increase in J2-reactive RNA accumu-
lation. The precise nature of these nucleic acid molecules is
unknown. It has been proposed that both dsRNA replication
intermediates and negative-strand poly-U sequences act as PAMPs
in coronavirus-infected cells, triggering the innate immune
response via pathogen recognition receptors (PRRs), such as
MDAS3, RIG-1, PKR, and OAS. Nsp15 is thought to cleave these
RNAs, preventing PRR activation (8, 10-13, 40). Hackbert et al.
demonstrated that in MHV-infected bone marrow—derived mac-
rophages (BMDMs), dsRNA antibody-reactive RNA molecules are
negative-sense RNAs spanning the entire viral genome and that these
RNAs are around 10 times more abundant in cells infected with
endoU mutants compared to WT virus (10). This suggests that the
negative-sense coronaviral RNA molecules may contain sequences or
structures specifically recognized and cleaved by nsp15. However,
Ancar et al., using cyclic phosphate cDNA sequencing, showed that
endoU activity predominantly targets positive-strand viral RNA
in MHV-infected BMDMs (41). Since this analysis was per-
formed relatively late during infection (8 and 12 hpi), it may
reflect nonspecific activity of nsp15. Further studies at early infec-
tion stages are needed to pinpoint endoU’s specific targets and
clarify its role in viral RNA processing.

In addition to serving as PAMPs for the IFN pathway, viral
dsRNA also triggers other antiviral processes. For instance, corona-
viral dsRNA activates PKR, a key antiviral protein (8, 11, 13, 42).
Upon binding to dsRNA, PKR undergoes autophosphorylation,
phosphorylates the alpha subunit of eukaryotic initiation factor 2
(eIF2a0), and induces global translation shutoff and stress granule
(SG) formation, severely impairing viral replication. A recent study
showed that the avian coronavirus IBV inhibits SG formation by
regulating dsRNA levels via its endoU activity (42). The OAS/
RNase L pathway is another defense mechanism activated by viral
dsRNA. Upon dsRNA binding, OAS enzymes (isoforms 1-3) pro-
duce 2'-5"-oligoadenylates (2-5A), which activate RNase L to
degrade viral and host RNAs, suppressing viral replication. MHV
nspl5 is known to inhibit this pathway (8, 11). Additionally, a
recent study showed that viral dsRNA in SARS-CoV-2-infected
cells adopts a Z conformation, acting as a PAMP for Z-conformation
nucleic acid binding protein 1 (ZBP1)(43-45). ZBP1 activation
triggers PANoptosis, a cell death pathway that restricts viral repli-
cation. Our recent MHYV study showed increased activation of the
ZBP1 pathway in cells infected with endoU-deficient viruses com-
pared to WT (46). We are further exploring this in the context of
SARS-CoV-2.
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Fig. 4. The endoU catalytic mutant H234A replicates less efficiently and elicits higher immune responses in the lungs of hamsters. Syrian hamsters were
intranasally inoculated with 1 x 10° PFU of WT virus (n = 8), H234A virus (n = 8), or with 100 uL of 1X PBS (n = 4). Half of the animals were killed on day 2 and
the rest on day 5 postinfection, and their nasal turbinates, lungs, heart, and small intestine were harvested. (4) Viral titers were measured by the plaque assay
on Caco-2/AT cells. (B) Expression of indicated genes in the lungs was measured by RT-qPCR. (C) Images of H&E-stained lung tissues collected at 5 dpi. Black
arrows indicate foci of immune cell infiltrates. (D) The percent area of lung scans containing immune cell infiltrates was measured as detailed in the Materials
and Methods section. Statistical significance was determined using the two-tailed parametric t test.

SARS-CoV-2 encodes several proteins that antagonize the endoU is one of the most potent SARS-CoV-2 innate immune
innate immune system, yet the loss of endoU activity significantly antagonists. Although endoU is thought to restrict innate immune
compromised the virus’s immune-evasion capacity, indicating that ~ activation by regulating dsRNA levels, direct experimental
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Fig. 5. The endoU catalytic mutant H234A elicits increased accumulation of dsRNA in infected cells. (A) iAT2 cells infected with indicated viruses at an MOI of
0.3 were stained with anti-dsRNA antibody (green). Nuclei were counterstained with DAPI (blue). Representative images are shown. (B) Quantification of area
per punctum. 5,640 puncta for WT virus and 12,809 puncta for H234A virus were quantified in two fields across 27-41 Z planes of iAT2 cells infected at an MOI
of 0.3 for 48 h. (C) Gene expression in iAT2 cells infected at an MOI of 0.3 for 48 h in the presence or absence of 10 uM compounds was analyzed by RT-qPCR.
(D) Virus titer in apical washes collected from iAT2 cells grown in the presence or absence of 10 uM compounds for indicated times was measured by the plaque
assay on Caco-2/AT cells. Statistical significance was determined using the two-tailed parametric t test.

evidence is lacking. The physiological substrates of endoU in
infected cells, along with its temporal and spatial regulation,
remain unknown. Key questions include whether nsp15 primarily
targets ssRNA or dsRNA in cells, whether this targeting occurs
within replication organelles, and how the extent and specificity
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of RNA cleavage is regulated. Biochemical studies show that nsp15
can cleave both ss- and dsRNA (25, 47), but which of these species
is predominantly targeted during infection is unclear. It is likely
that nsp15 targets both dsRNAs and long viral ssRNA with short
dsRNA motifs. A recent computational model suggests nsp15 acts
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as a scaffold for the RTC, positioning it near viral RNA. It is
plausible that nsp15 cleaves viral RNA within replication orga-
nelles, preventing RNA spillover into the cytoplasm where it could
activate PRRs and trigger immune responses. Additionally, it is
unclear whether endoU targets host RNAs and what determines
its substrate specificity. Addressing these questions is critical for
understanding how SARS-CoV-2 and other coronaviruses evade
or suppress innate immune responses to optimize their replication
and will inform the development of antivirals and live-attenuated
vaccines for SARS-CoV-2 and related respiratory coronaviruses.

Materials and Methods

Biocontainment. All experiments were conducted in a state-of-the-art biosafety
level 3 (BSL-3) laboratory at Boston University's National Emerging Infectious
Diseases Laboratories (NEIDL) and Washington University in St Louis, adhering
to biosafety protocols sanctioned by Institutional Biosafety Committees (IBC) of
these institutions. The research was performed by scientists who had undergone
extensive training in biosafety, biosecurity, and BSL-3 protocols before engaging
in any experiments.Also, all Boston University researchers were medically cleared
by the Boston University Research Occupational Health Program.

SARS-CoV-2 nsp15 Protein Purification. The codon-optimized SARS-CoV-2
nsp15 sequence (GenScript) was cloned into a pET46 bacterial expression vector
containing an N-terminal 10X His-tag and a TEV cleavage site. The nsp15 mutants
H234A, K289A, and S293A were generated by site-directed mutagenesis using
the WT SARS-CoV-2 nsp15 construct as the template. C41 Escherichia coli cells
were used for protein purification. Additional details are provided in S| Appendix.

In Vitro RNA Cleavage Assay. Purified proteins were incubated with a 16nt
ssRNA substrate containing a 5’ fluorescent tag and a single uridine cleavage site
(FAM-GAAGCGAAACCCUAAG)for 2 h at 33 °C.The reaction contained 1X cleavage
assay buffer (10 mM Tris, 10 mM NaCl, pH 7.5), 1 mM DTT, 5 mM MnCl,, and
proteins mixed with 250 nM of RNAat 1:1, 1:2, 1:5, or 1:10 ratios. The reactions
were stopped using an RNA loading buffer containing formamide, EDTA, and
xylene cyanol. The samples were run on 8 M urea 15% PAGE for 1 h at 220 Vand
imaged with a Typhoon 9000 PLA imager to image the 5' cleavage products.

Cells, Antibodies, and Reagents. Details of the cells, antibodies, and reagents
used in this study are provided in S/ Appendix.

Generation of Recombinant SARS-CoV-2 by CPER. We employed the circu-
lar polymerase extension reaction (CPER) to generate recombinant SARS-CoV-2,
using our previously published protocol (48). Further details are provided in
Sl Appendix.

Infection of iAT2 Cells. iAT2 cells were generated from our previously pub-
lished SPC2-ST-B2 iPSC line (49, 50) and infected using our previously published
protocol (29). Briefly, the cells grown as ALl cultures were infected with SARS-
CoV-2 viruses, concentrated and partially purified by passing through a 20%
sucrose cushion, to obtain an MOI of 0.3 (based on the titration performed on
Caco-2 cells overexpressing hACE2 and human transmembrane protease, serine
2 (h"TMPRSS2) Caco-2/AT cells). A 50 uL virus inoculum preparedin 1 x Dulbecco's
phosphate-buffered saline (DPBS) (or 1x DPBS only for mock infection) was added
to the apical side of cells and incubated for 2 h at 37 °C, followed by the removal
of the inoculum and washing of the apical side of cells three times with 1x DPBS
(100 pL per wash).The apical washes were collected on different days of infection
by adding 100 uL of 1x DPBS to the apical side of cells and incubating at 37 °C for
15 min. The number of infectious virus particles in apical washes was measured
by the plaque assay on Caco-2/AT cells. For protein extraction for western blot,
iAT2 cells were lysed in the RIPA Lysis and Extraction Buffer (Thermo Scientific;
#89900). Trizol (Invitrogen; #15596026) was used to extract RNA for RT-qPCR.

Animal Handling, Maintenance, and Infection.

K18-hACE2 Mice. All experimental protocols were approved by the Boston
University Institutional Animal Care and Use Committee (PROT0202000020).
The mice were housed in a facility accredited by the Association for the Assessment
and Accreditation of Laboratory Animal Care (AAALAC). The heterozygous
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K18-hACE2 C57BL/6 J mice (strain: 2B6.Cg-Tg(K18-ACE2)2Primn/J) of both
sexes were acquired from Jackson Laboratory (Jax, Bar Harbor, ME). The animals
were group-housed by sexinTecniplast Green Line individually ventilated cages
(Tecniplast, Buguggiate, Italy) under controlled conditions, with 30 to 70% humid-
ityand a 12-h light/dark cycle. They had ad libitum access to both standard chow
diets (LabDiet, St. Louis, MO) and water. The infection details are provided in
Sl Appendix.

Syrian hamsters. Hamster studies were conducted in accordance with the recom-
mendations in the Guide for the Care and Use of Laboratory Animals of the NIH.
The protocol was approved by the Institutional Animal Care and Use Committee
atthe Washington University School of Medicine (assurance numberA3381-01).
Forty male hamsters (5 to 6 wk old) were obtained from Charles River Laboratories
and housed at Washington University in an enhanced Biosafety level 3 laboratory.
Additional details are provided in S/ Appendix.

Quantitative Real-Time PCR (RT-qPCR). RNAisolated from cells or tissues was
used for cDNA synthesis with the ReadyScript cDNA Synthesis Mix (Sigma-Aldrich;
#RDRT-25RXN). This cDNA served as the template for RT-qPCR. Briefly, a 20 ul
of reaction mixture was prepared, containing 10 ng of cDNA, 0.75 pM of each
forward and reverse primer, and 10 uL of the 2X Luna Universal One-Step Reaction
Mix (New England Biolabs; #M3003S). Data were acquired using a QuantStudio3
Real-Time PCR System (Applied Biosystems) under the following conditions: an
initial denaturation at 95 °C for 10 min, followed by 40 cycles of denaturation at
95°Cfor 155, and annealing/extension at 60 °C for T min. A melt curve analysis
of the PCR product was conducted from 65 °C to 95 °C, increasing by 0.5 °C
per second, with a 30-s hold at 65 °C and a 5-s hold at each subsequent step,
acquiring fluorescence at each temperature increment. Ctvalues were determined
using QuantStudio™ Design and Analysis software V1.5.1. RPS11 was used as the
housekeeping gene. The primers used are listed in SI Appendix, Table S1. The
2722% method was applied as a relative quantification strategy for qPCR data
analysis in Microsoft Excel. The calculated fold-change results, relative to either
mock or WT, were graphed and analyzed using GraphPad Prism 10.

Flow cytometry. For detection of SARS-CoV-2 N by flow cytometry, uninfected
and infected cells, fixed in 4% paraformaldehyde, were permeabilized in the
Cytofix/Cytoperm buffer from the BD Cytofix/Cytoperm Fixation/Permeabilization
kit (BD Biosciences; # 554714) for 15 min at RT. The cells were then washed
once in 1x Cytoperm/Cytowash buffer and stained with SARS-CoV-2 nucleocap-
sid antibody (Rockland; #200-401-A50, 1:2,000) for 1 h at RT. Following three
washes in 1x Cytoperm/Cytowash buffer, the cells were incubated with donkey
anti-rabbit 1gG-AF647 secondary antibody (ThermoFisher Scientific; #A-31573).
Gating was based on uninfected control cells. Data were collected using a BD
LSR Il flow cytometer (BD Biosciences, CA) and analyzed with FlowJo v10.6.2
(FlowJo, Tree Star Inc).

Confocal microscopy. Cell staining for confocal microscopy was performed as
described in our previous publication (30). Briefly, virus-infected iAT2 cells grown
on transwells were fixed in 4% paraformaldehyde, permeabilized with 0.1%Triton
X-1001in PBS, and blocked with a buffer containing 0.1% Triton X-100, 10% goat
serum, and 1% BSA. Cells were incubated overnight at 4 °C with anti-dsRNA
antibodies, followed by staining with secondary antibodies at room temperature
for Thinthe darkand counterstained with DAPI. Images were acquired at 60X on
a Nikon Ti2 Eclipse microscope across at least 130 Z-planes, each 150 nm thick.
Two microscopic fields were captured per well. Stacks were generated by including
every 5th Z plane (750 nm thick) to minimize double counting puncta. Signals
were normalized to uninfected cells to exclude background noise. Stacks were
analyzed in ImageJ using the difference of Gaussians (DoG) feature enhancement
algorithm.

Transcriptomic analysis of cells. Total RNA was extracted from iAT2 cells
infected with SARS-CoV-2 at 24 and 48 hpi, along with time-matched unin-
fected controls, using Trizol reagent. All conditions were performed in biologi-
cal triplicates. The samples were then sent to BGI Genomics (Cambridge, MA)
for library preparation and sequencing (Paired-end, 150 bp, 20 M reads per
sample). Raw read quality was examined using FastQC (51), and the quality
trimming was performed using BBduk (52). Clean reads were mapped to the
Genome Reference Consortium Human Build 38 (GRCh38, accessed from the
Ensembl database http://www.ensembl.org/) using STAR (53) and to the SARS-
CoV-2 genome using BWA-MEM (54). Raw gene counts were generated with
FeatureCounts (55). Differentially expressed genes (DEGs) were identified using
the R package DESeq2 (56). First, genes with fewer than 10 raw counts or present
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in less than three samples were discarded. The filtered raw gene count matrix
was used to obtain DEGs, identified by comparing the gene-normalized count
inWTand nsp15 mutant-infected samples to mock samples. DEGs were defined
as those with a fold change gene expression greater than 4 and an adjusted
p-value of less than 0.01.The DEG profiles were then used to predict associated
Gene Ontology Terms using the Gene Set Enrichment Analysis analysis in the R
package clusterProfiler (57). DEGs enriched in GO:0051607 (Defense Response
to Virus) in each strain were visualized by their fold changes compared to mock
using the R package pheatmap (58).

Proteomic analysis of cells. SARS-CoV-2-infected iAT2 cells, along with time-
matched uninfected controls, were harvested in biological triplicates at 48 and
72 hpi.The cells were detached by incubating with Accutase at 37 °C for 30 min.
Subsequently, the cells were transferred to 1.5 mL Eppendorf tubes and centri-
fuged at 300xg for 5 min. The cell pellet was washed with 1x DPBS and lysed
in a lysis buffer consisting of 1% sodium deoxycholate (SDC) in 100 mM Tris pH
8and x protease inhibitor (Sigma-Aldrich; #11836170001). The proteins were
reduced and alkylated with 10 mM TCEP and 40 mM CAA, respectively, boiled
for 5 min at 95 °C, and sonicated in a Bioruptor (Diagenode) for 10 cycles of 30's
on/30s off. The samples were digested overnight with a 1:100 (w/w) Trypsin/Lys-C
Mix (Promega; #V5071) at 37 °C. Samples were acidified with TFA, centrifuged at
18,000 g for 10 min, approximately 150 ng of peptides were loaded onto pre-
conditioned EvoTips (EvoSep), and washed following manufacturer instructions.
Details of LC-MS/MS and data analysis are provided in S/ Appendix.

Data, Materials, and Software Availability. The transcriptomics data have been
uploaded to NCBI under the BioProject Accession PRINAT162484, which can be
viewed in read-only format using the following link: https://dataview.ncbi.nlm.
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