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Coronaviruses (CoVs) maintain large RNA genomes that frequently undergo
mutations and recombination, contributing to their evolution and emergence.
In this study, we find that SARS-CoV-2 has greater RNA recombination fre-
quency than other human CoVs. In addition, CoV RNA recombination primarily
occurs at uridine (U)-enriched RNA sequences. Therefore, we next evaluate the
role of SARS-CoV-2 NSP15, a viral endonuclease that targets uridines (EndoU),
in RNA recombination and virus infection. Using a catalytically inactivated
EndoU mutant (NSP15"%*4), we observe attenuated viral replication in vitro and
in vivo. However, the loss of EndoU activity also dysregulates inflammation
resulting in similar disease in vivo despite reduced viral loads. Next-generation
sequencing (NGS) demonstrates that loss of EndoU activity disrupts SARS-
CoV-2 RNA recombination by reducing viral sub-genomic mRNA but increas-
ing recombination events that contribute to defective viral genomes (DVGs).
Overall, the study demonstrates that NSP15 plays a critical role in regulating
RNA recombination and SARS-CoV-2 pathogenesis.

The emergence of the SARS-CoV-2 in 2019 resulted in a global pan-
demic with unprecedented economic disruption and 700 million cases
worldwide'”. While initial efforts to quell the outbreak focused on
vaccination®, the development of SARS-CoV-2 variants of concern
demonstrated the ability of the virus to evolve and evade host
immunity*°. As a result, “herd” immunity to COVID-19 has rendered a
less deadly, but a still quite infectious and transmissible SARS-CoV-2.
Importantly, the continued evolution of SARS-CoV-2 suggests that
most people will face multiple infections and potential long-term
complications including numerous manifestations of long COVID®’.
Genomic mutation and recombination are the main drivers of CoV
evolution. While employing an error prone polymerase like other RNA
viruses, CoVs have a significantly lower mutation rate governed by a

proofreading viral 3’ exonuclease®’. Yet, the sheer number of SARS-
CoV-2 infections worldwide has led to accumulation of advantageous
mutations and evolution of variants’. RNA recombination offers a
second mechanism for adaptation, shuffling of chunks of genetic
sequence within and between virus strains'’. Importantly, recombina-
tion is required for the CoV lifecycle including its generation of sub-
genomic messenger RNA (sgmRNA) from discontinuous genome
segments”. In addition, genetic and experimental analyzes reveal
extensive recombination between virus strains of the CoV families™>".
Giving rise to hybrid and novel strains, these recombinant viruses may
be the key to viral emergence and immune evasion. Finally, RNA
recombination gives rise to defective viral genomes (DVGs) which play
a complex and still unresolved role in engaging host immunity
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following infection. These activities highlight the importance of RNA
recombination to CoV infection and identify the need to better
understand its underpinnings.

Despite playing a critical role, CoV RNA recombination is still
poorly understood. Prior to the development of next-generation
sequencing (NGS), analysis of recombination was severely limited and
difficult to study”. Even early NGS approaches have complicated
analysis with PCR duplication, error rate, and other sequencing arti-
facts reducing confidence in potential findings. However, as the SARS-
CoV-2 pandemic continued, novel techniques and approaches have
allowed further insights into CoV recombination. Initial work by our
group found that SARS-CoV-2 is more recombinogenic than MERS-
CoV”. The work has also implicated viral exonuclease NSP14 in playing
arole in promoting recombination in mouse hepatitis virus. Similarly,
recombination has been reported to induce significant DVG produc-
tion following SARS-CoV-2 infection driving host immune responses™.
Notably, SARS-CoV-2 was also shown to primarily recombine at uridine
rich sequences”; these U-rich tracts are potential targets for CoV
NSP15, a highly conserved viral endonuclease targeting uridines
(EndoU)'*?°, Prior work has shown CoV EndoU plays a critical role in
preventing host sensor recognition by cleaving viral RNA and pre-
venting interferon responses”'*?"#, Given that RNA recombination
junctions primarily occur at uridine-rich tracts, NSP15 may contribute
to CoV RNA recombination.

In this study, we explore RNA recombination in the context of
SARS-CoV-2 and other human CoVs. Using a refined analysis pipeline,
we demonstrate that SARS-CoV-2 RNA is more recombinogenic than
other human CoVs. We also show that RNA recombination occurs
primarily at uridine-enriched tracts across each of the human cor-
onaviruses (HCoVs). Mechanistically, the uridine-rich sequence at the
RNA recombination junctions suggests a role for CoV endor-
ibonuclease NSP15. Therefore, we generate a catalytically inactive
NSP15 mutant (NSP15"2%Y), NSP15"2*A shows attenuated viral replica-
tion in vitro and in vivo, but similar in vivo pathogenesis as wild-type
(WT) infection, which is driven by augmented host responses char-
acterized by both antiviral activity and inflammation mediated tissue
damage. Surprisingly, loss of NSP15 activity increases recombination
events in vitro including deletions and micro-deletions; yet, NSP15"%#
also has reduced viral subgenomic mRNA formation. In vivo, NSP15"24
continues to show reduced viral subgenomic mRNA formation. In
addition, NSP15"%* infected animals contain a viral population with
reduced diversity but strong selection of particular DVG populations.
Overall, our results highlight a critical role for NSP15 in modulating
differential RNA recombination (facilitating sgmRNA formation but
antagonizing DVGs), which may contribute to the development of viral
infection, pathogenesis, and host immune responses.

Results

Increased RNA recombination in SARS-CoV-2 compared to other
human coronaviruses

Our prior studies suggested that SARS-CoV-2 RNA was more recom-
binogenic than MERS-CoV RNA”. To determine if SARS-CoV-2 RNA
produced greater recombination frequency than other HCoVs, we
conducted additional experiments with SARS-CoV-2 and two common
cold HCoVs strains, HCoV-OC43 and HCoV-229E. Briefly, we chose
appropriate cell lines to infect with SARS-CoV-2 (Vero E6), HCoV-229E
(HUH7?), or HCoV-OC43 (HCT8) at low MOL. These cell lines were used
to maximize infection of each CoV, and we harvested after significant
cytopathic effect (>40%) was observed to maximize viral RNA yield.
Total cellular RNA was collected, and NGS libraries were constructed
using the random-primed ClickSeq approach®. NGS reads were pro-
cessed and aligned to corresponding virus genomes, and analysis was
conducted with bioinformatic pipeline “ViReMa (Virus Recombination
Mapper)” to map the distribution of RNA recombination events
(Fig. 1a)*?%. In addition, our previously published MERS-CoV data®

were reanalyzed using the same bioinformatic pipeline to facilitate
comparisons.

Analyzing junction frequency (JFreq: the number of ViReMa-
detected recombination junctions per 10* mapped viral reads®),
revealed a significantly higher frequency of recombination for SARS-
CoV-2 than MERS-CoV, HCoV-229E, and HCoV-OC43 (Fig. 1b). While
the other HCoVs had comparable recombination events that hovered
at JFreq of 70-76, SARS-CoV-2 had a -1.8 fold greater JFreq of -125.
These results demonstrate that SARS-CoV-2 RNA is more recombino-
genic than HCoVs 229E and HCoV-0OC43, which is consistent with our
earlier studies with MERS-CoV®. It remains unclear if the higher
recombination rate is unique to SARS-CoV-2, but not to other HCoVs.
While representative alpha (HcoV-229E) and beta (MERS-CoV, HCoV-
0C43) CoVs lack the higher recombination rate, further study with
other CoVs is required to determine conservation of the phenotype.

Human coronavirus RNA recombination occurs most frequently
at U-rich tracts

Our previous studies found that SARS-CoV-2 RNA recombination was
enriched at uridine-rich tracks flanking the “start” and “stop” sites of
recombination junctions, both in cell culture and from human clinical
specimens™”. Here, we evaluated whether the U-favored RNA
recombination applies to other HCoVs. The uridine and other
nucleotide percentages were calculated at each upstream (-25to 1) or
downstream (+1 to +25) positions of the recombination junction, as
well as the linear genome positions (Fig. 1a). Each recombination event
was also weighted by abundance to provide a representative under-
standing of the nucleotide frequency at each position. However, con-
trasting the prior approach®, sub-genomic mRNA (sgmRNA) events
were excluded due to their predominance and putatively different
recombination mechanisms. We observed distinct peaks of uridine
percentage (U%) flanking recombination junctions in all 4 HCoV
infections (Fig. 1c), while no robust trends were observed in the other
nucleotides (Supplementary Fig. 1). Our results indicate that the RNA
recombination of all four HCoVs are most frequent at uridine(U)-rich
sequences near both start (donor) sites and stop (acceptor) sites of
RNA recombination and that the U-enriched RNA recombination is not
unique to SARS-CoV-2 but applies to the other HCoVs tested.

Loss of EndoU activity attenuates SARS-CoV-2 replication

in vitro

Given the propensity for CoV recombination to occur in uridine-
enriched RNA tracts, we next focused on CoV non-structural protein 15
(NSP15), an endoribonuclease that cleaves RNA at uridine rich sites
(EndoU)". NSP15 is known to play a key role in evading type l interferon
(IFN) by targeting viral RNA for cleavage and disrupting recognition by
host sensors”*. Importantly, NSP15 activity is maintained across the
entire CoV family, and the active site residues are conserved (Fig. 2a,
b)?%. While established to play a role in CoV infection and immune
evasion, we sought to determine if NSP15 EndoU activity impacts SARS-
CoV-2 viral RNA recombination.

While NSP15 deletion mutants are not viable, catalytically inactive
mutants have been recovered and characterized in several CoVs
including mouse-hepatitis virus (MHV) and MERS-CoV*%. Several stu-
dies have already established NSP15"%* and other mutations result in
loss of NSP15 activity in biochemistry assays”°**, In this study, we
took a similar approach by targeting amino acid H234 to ablate cata-
lytic activity as previously described” (Fig. 2a—c). Using our established
SARS-CoV-2 reverse genetic system®*, we generated a NSP15 mutant
(NSP15"2*) capable of robust replication without significant changes in
plaque morphology. Following inoculation of Vero E6 cells at MOI 0.01,
the NSP15"%* exhibited modest attenuation (-0.5log) in viral replica-
tion at both 24- and 48-h post infection (HPI) relative to the WT SARS-
CoV-2 virus (Fig. 2d). These results suggest that the NSP15"%* had a
small impact on the viral replication capacity. We then examined viral
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Fig. 1| Human coronavirus RNA recombination favors U-rich tracks.

a Schematic of RNA recombination reads that consist of gaps in linear genome, and
the nucleotide positions flanking the recombination start (donor) and stop
(acceptor) sites. b Cell culture infected with human coronaviruses and sequenced
with random primers. SARS-CoV-2 RNA showed higher recombination tendency
than other human coronaviruses. “JFreq” (junction frequency) measures the

number of recombination events per 10* sequenced virus reads. ¢ The RNA
recombination of human coronaviruses utilizes U-rich sequences flanking the
recombination junctions. b, ¢ N =3 biological replicates for SARS-CoV-2 and MERS-
CoV; N =2 biological replicates for hCoV-229E and hCoV-OC43. Statistics are con-
ducted with one-way ANOVA, a =0.05. Data are presented as: mean + standard
deviation.

replication in Calu-3 2B4 cells, an interferon (IFN)-responsive human
respiratory cell line. We observed a more robust reduction (-llog) in
viral replication of the NSP15"2** at both 24 and 48 HPI (Fig. 2e). Taken
together, our data demonstrate that the disruption of the catalytic
endoU domain in NSP15 attenuates viral replication in vitro.

NSP15"2** has increased sensitivity to type I interferon

Prior studies demonstrate the importance of CoV NSP15 in controlling
the type 1 IFN response following infection”?. To examine IFN sensi-
tivity of NSP15"2**, we pretreated Vero E6 cells with 100 units of uni-
versal type I IFN and infected at MOI 0.01. Compared to untreated cells,
WT SARS-CoV-2 had a modest reduction in viral replication (-6 fold)
following type I IFN pretreatment, consistent with previous findings
(Fig. 2f)*. In contrast, the NSP15 mutant virus had a 27-fold reduction in
viral titers (Fig. 2f). These results indicate that the NSP15">* is more
sensitive to type I IFN responses than WT SARS-CoV-2. These results
are consistent with findings from MHV and MERS-CoV?-*.

NSP15"234A attenuates viral replication, but not disease in vivo
Having established attenuation in vitro, we next evaluated the
NSP15"2*A in vivo using the Golden Syrian Hamster model of

infection®?°. Briefly, 3-to-4-week-old golden Syrian hamsters were
challenged with either WT SARS-CoV-2 or NSP15"2** at 10° focus
forming units (FFU) and monitored for weight loss and disease over a
7-day time course (Fig. 3a). At 2, 4, and 7 days post infection, cohorts
of animals were nasal washed under anesthesia, subsequently
euthanized, and lung tissues were collected for further analyzes of viral
titers and histopathology. Surprisingly, hamsters infected with
NSP15"2* exhibited similar weight loss and disease as WT-infected
animals (Fig. 3b). These results contrast in vitro findings and indicate
that NSP15"%** maintains the capacity to cause significant disease
in vivo.

Examining viral load in the nasal wash and lung, we observed that
both WT and NSP15"2* infected animals had similar viral titers at day 2
post infection (Fig. 3c, d). However, by day 4 post infection, we
observed significant reductions in viral titers in the nasal wash (-2 log).
While significantly reduced in the lung, the attenuation (-0.5 log) in
NSP15"23*A was small relative to WT-infected animals (Fig. 3¢, d). By day
7, WT and NSP15"2** were both cleared from hamsters (Fig. 3c, d).
Together, the data argued that the NSP15">** mutant had modest
attenuation in the lung versus a more robust attenuation in the upper
airways.
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Fig. 2 | SARS-CoV-2 Nspl5 mutant (H234A) in vitro characterization. a Sequence
alignment of Nspl5 endoribonuclease domain from different coronaviruses.

b SARS-CoV-2 Nspl5 hexamer (grey) with catalytic amino acid residues labeled
(blue). The histidine-to-alanine mutation at amino acid position 234 is in red.

¢ Schematic of the Nsp15 structure showing the N-terminal domain (ND), middle
domain (MD), and endoribonuclease domain (endoU). Nucleotides in red represent
the 2-bp substitution in the H234A mutant. d Viral replication in Vero E6 cells
infected with WT (black) or H234A (red) at MOI = 0.01. e Viral replication of Calu-3

Hours Post-Infection

48 Hours Post-Infection

2B4 cells infected with WT (black) or H234A (red) at MOI = 0.01. f Vero E6 cells were
treated with control (solid) or 100 U type I interferon (IFN) (hashed) 16 h prior to
infection with WT (black) or H234A (red) at MOI = 0.01. Viral replication was mea-
sured at 48 h post infection. The fold change relative to control is shown in brackets
for each virus. d-f Data are presented as mean + SD. Statistics are conducted with
two-tailed Student’s t-test, a = 0.05, N=6 from two experiments with three biolo-
gical replicates each.

Similarly, viral antigen staining in the lung also showed reduced
infection in the NSP15"*A infected animals as compared to WT con-
trols (Fig. 4). Airway, parenchyma, and overall lung antigen scoring
showed a significant deficit in the NSP15"2* compared to WT at day 4
with similar trends at day 2 (Fig. 4a-c). While antigen distribution
between the airway and parenchyma was similar, overall staining
intensity and area were diminished in the mutant relative to WT at days
2 and 4 (Fig. 4d, e). Similar to viral titer (Fig. 3c, d), day 7 viral antigen
staining was absent in both infection groups which is consistent with
viral clearance (Fig. 4f, g). Together, the viral titer data and antigen
staining demonstrate modest attenuation of viral replication in
NSP15"24 despite significant weight loss following infection.

Significant disease and damage observed following NSP15"24
infection

Having established reduced viral loads and antigen staining in the lung,
we further evaluated disease and damage in the lung of NSP15"2*

infected hamsters. Utilizing H&E staining, a certified pathologist
examined lung sections from days 2, 4, and 7 following WT and
NSP15"2* infection (Supplementary Fig. 2a). Despite differences in viral
antigen staining, both WT and NSP15"2* infected hamsters had sig-
nificant immune infiltration and damage relative to mock (Supple-
mentary Fig. 2b-e). At day 2, little pathology or immune infiltration
were observed, consistent with previous studies of SARS-CoV-2 in
hamsters™* (Supplementary Fig. 2c). However, both WT and NSP15"2#
viruses had significant disease at day 4 characterized by bronchiolitis,
interstitial pneumonia, vasculitis, and alveolar cytopathology (Supple-
mentary Fig. 2d). At day 7, we observed severe disease in both WT and
NSP15"2* infected hamsters (Supplementary Fig. 2e); while the damage
score from virus associated lesions were slightly reduced, the NSP15"2*
mutant still produced significant disease despite reduced viral loads in
the lung (Fig. 4). Together, the inflammation and immune infiltration
likely lead to lung damage resulting in the similar weight loss and dis-
ease observed between mutant and WT virus infected animals.
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WT or H234A and monitored for weight changes and signs of disease over a 7-day
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were measured for nasal wash (c) and lung (d) for animals infected with WT or
H234A at day 2, 4, and 7 post infection. b—d Data are presented as mean + SD.
Statistical analysis was measured using a two-tailed Student’s t-test. Statistics are
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not detected.
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NSP15"*** mutant induced augmented host immune

responses in vivo

Coronavirus NSP15 has been shown to play an important role in
cleaving viral RNA and preventing recognition by host innate immune
sensors'®7*>¥4% Tq evaluate changes in host responses, we profiled
the transcriptomes of WT and NSP15"%** mutant at days 2 and 4 post
infection. Total cellular RNA from hamster lung tissues was sequenced
with Poly(A)-ClickSeq as previously described*-*2. By mapping reads to
the Mesocricetus auratus (Golden Hamster) reference genome, we
obtained gene counts across 15606 annotated and unknown genes.
Our results show divergent transcriptomic profiles between WT and
NSP15"23#A especially at day 2 (Fig. 5a, red box). By day 4, this diver-
gence was mostly diminished with the NSP15%2**-infected lungs having
a similar gene expression profile to WT infected lungs. Principal

component assay (PCA) confirms that the host responses against
NSP15%24 diverged from WT at day 2, while day 4 infections and PBS
mock controls clustered respectively (Fig. 5b). Gene expression ana-
lyzes (Supplementary Fig. 3a) revealed 1266 differentially expressed
genes between WT and H234A at day 2 (P,q;< 0.1, [fold change| > 1.5);
864 with increased expression in H234A and 402 with decreased
expression (Fig. 5¢). In contrast, only 57 differentially expressed genes
were observed at day 4: 42 with increased expression in H234A and 15
with decreased expression (Supplementary Fig. 3a). The results indi-
cate that differential host responses occur between NSP15"* and WT
infection at early times post infection.

We further scrutinized how NSP15"%* induced different host
responses than WT at day 2 (Fig. 5¢). Among the upregulated genes, we
identified enrichment of immune modulatory genes (e.g., Ifnbl, Ifnl3,
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Fig. 5 | NSP15H234A resulted in elevated host immune responses during early
infection. a Hierarchical gene clusters based on average read count of each gene.
H234A and WT showed distinctive gene expression profiles with particular clusters
of genes (red box) at day 2 (D2) but not at day 4 (D4). b Principal component assay
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Days Post Infection Days Post Infection Days Post Infection

replicates) up- or down- regulated genes (WT vs H234A) at D2. e At D2, WT and
H234A showed both correlated and anti-corelated gene expression profiles in
comparison to mock. Red box: genes that are up-regulated for both WT and H234A;
blue box: genes that are down-regulated by WT but up-regulated by H234A. f RNA
fold expression (Log2 transformed) of individual innate immune genes in infected
WT (black) and H234A (red) relative to time-matched mock hamster lungs. Data are
presented as mean + SD. Statistics are conducted with two-tailed Student’s t-test,
a=0.05, N=3 biological replicates.

Cxcl10) as well as several genes known for their function in dsRNA-
binding and RNA cleaving/modification (e.g., Zbtb32, Rpp25, Aicda,
Uppl, Ddx60, and Dhx58). Our results suggest that the catalytically
active NSP15 endonuclease activity suppresses the activation of these
host immune factors. We subsequently conducted DAVID* gene
ontology (GO) analysis using a curated list of 444 differentially upre-
gulated genes and 171 differentially downregulated genes of
H234A(D2) (Paqj<0.1, [log2FC| >1, relative to WT(D2)). The top 10
(ranked by p-value) GO terms in biological process, cellular compo-
nent, and molecular function are presented (Fig. 5d, and Supplemen-
tary Fig. 3b). Examining the GO biological processes, several are
associated with either innate immunity or response to viral infection
(innate immune response, defense response to virus, cellular response
to lipopolysaccharide (LPS), response to virus, immune response),

suggesting loss of NSP15 activity is driving increased host sensing and
type | interferon responses. However, several GO processes aug-
mented in the NSP15"%*-infected animals are associated with inflam-
mation, overactive immune responses, and apoptosis (inflammatory
response, positive regulation of NIK/NF-kB signaling, positive regula-
tion of inflammatory response, apoptotic process). Together, the
results indicate that NSP15"2* induces a robust antiviral response
controlling virus infection coupled with excessive inflammation driv-
ing immune-mediated pathology.

To further understand the host responses, we compared the
transcriptomics of WT and NSP15"%*A vs. PBS mock control at day 2
and day 4 (Fig. 5e, and Supplementary Fig. 4a). At day 2, most differ-
entially expressed genes (P,q;<0.1) between WT and NSPI5"»*
showed a clear correlation, indicating that host responses to NSP15"2*
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follow the same trajectory as WT, but elicit greater gene expression
relative to WT (Fig. 5e). Examination of genes upregulated in both
infections (Fig. 5e, red box) finds increased antiviral factors in the
NSP15%2*A.infected animals including interferon genes (e.g., Ifnbl,
Ifnl3) and interferon stimulated genes (e.g., Rsad?, Ifit3, Ifit2, Mx1, Isgl5,
Bst2). These results are consistent with the finding that the loss of
NSP15 activity increased host sensing of viral RNA and augmented
innate immune responses. At the same time, the cluster of genes
upregulated in both infection groups also has several inflammatory
markers (e.g., Tnfaipé, llirn, Socsl, Tnfsf13b) and cytokines (e.g., Cxcl10,
Ccl5, Cxcl9, Ccl19). This demonstrates that the lack of NSP15 activity
also elicits stronger inflammatory responses. In addition, the anti-
correlatively expressed genes between WT and NSP15%2*** (suppressed
in WT but induced in NSP15%2**, Fig. 5e, blue box) also have several
factors associated with inflammation (e.g., Csf3, Pla2g2a, Ptgds, IL1b,
MMp?7), suggesting that NSP15"2* induces the expression of inflam-
matory genes which are typically suppressed in WT infection. By day 4,
NSP15"2*A gene expression is largely comparable to that of WT, with
only 42 upregulated genes in the mutant (Supplementary Fig. 5a);
these genes show a similar trajectory but with increased magnitude in
the NSP15%2** (Supplementary Fig. 5b).

To further examine early innate host responses, we profiled
individual gene expressions in the hamster lung at both day 2 and 4
post infection. Looking at type I (Ifnb1) and type Il IFN (/fnl3), we found
that NSP15"%* had a significant increase in expression as compared to
WT at day 2 (Fig. 5f). Similarly, interferon stimulated genes (Rsad1, Mx1,
Isgl5, Ifit3, Bst2) also had increased expression in the NSP15"2** com-
pared to WT at day 2 (Fig. 5f, and Supplementary Fig. 4c). By day 4,
gene expression in WT infected animals had recovered to similar levels
as the mutant. While higher IFN responses correspond to diminished
viral load in the NSP15"2*, we also noted increases in cytokines and
inflammatory genes. NSP15"2** infected hamster lungs have aug-
mented cytokine expression at day 2 including Cxcl10, Ccl5, Cxcl11, and
Cxcl9 (Fig. 5f, and Supplementary Fig. 4d). In addition, inflammatory
genes including Tnfaip6, Tnfsfl3b, Pla2g2a and IlIrn were also
increased at day 2 in NSP15"%** as compared to WT control (Fig. 5f, and
Supplementary Fig. 4e). We also conducted qRT-PCR to verify that
Ifnb1, Ifnl3 and llirn are significantly induced in NSP15"**-infected
lungs at D2 but not D4 (Supplementary Fig 4f). Combined with the
broad network analysis, our results demonstrate that NSP15"%* drives
an augmented immune response, pairing antiviral activity with
excessive inflammation and damage during early infection.

NSP15">** increased RNA recombination but reduced sgmRNAs
in vitro

Having established viral replication attenuation and altered host
responses, we next evaluated changes in viral RNA recombination of
WT and NSP15"%**, Total cellular RNA was collected from Vero E6 cells
infected with WT or NSP15"2*A (Fig. 6a). NGS libraries were made using
Tiled-ClickSeq (TCS)”, an approach that uses >300 primers targeting
the entire SARS-CoV-2 genome to provide sensitive detection and even
coverage across the virus genome. TCS also allows for improved RNA
recombination resolution”” and better effectiveness than a random
priming approach for sequencing SARS-CoV-2 genome from cell lysate
(Supplementary Fig. 5a). We subsequently analyzed SARS-CoV-2
sequencing data and RNA recombination events with “ViReMa” as
described above™*.

Using two-dimensional scatter plots, we visualized the frequency
and location of RNA recombination events relative to their start and
stop position and normalized the frequency of each recombination
event to sequencing depth at the junction (Fig. 6b). This depicts sev-
eral types of recombination events including: (1) canonical and non-
canonical sub-genomic mRNA, bound on the X axis and capturing
events between the Transcription Regulatory Sequence (TRS)-leader
and the rest of genome (Fig. 6b, blue box); (2) micro-deletions

(MicroDel) of <25 nucleotides along the X =Y axis (Fig. 6b, magenta
box); (3) deletions (>25nts.) dispersed below the X=Y axis (Fig. 6b,
green triangle). In addition, we also detected other RNA recombination
events such as end fusion (recombination between 3’-end of genome
to 5-start of genome) and insertion events (long and micro-insertions).
However, no statistical differences were found between WT and H234A
for these events, and they are therefore depicted separately for clarity
(Supplementary Fig. 5b).

While RNA recombination was observed in both infection groups,
NSP15"2*A infected cells produced significantly more RNA recombi-
nation than WT (Fig. 6b). Specifically, the NSP15"* showed a -16%
increase in JFreq (recombination junctions per 10* mapped viral reads)
compared to WT (Fig. 6¢). Having established that the lack of NSP15
activity increases RNA recombination, we next evaluated if the loss of
NSP15 activity altered the uridine-enriched sequences flanking SARS-
CoV-2 RNA recombination junctions (Fig. 6d). Following NSP15"4
infection, we observed modest increase of uridine frequencies near
RNA recombination start/stop sites mainly upstream of the junction,
but no substantial differences in other nucleotides (Supplementary
Fig. 6). These results suggest that endoU activity of NSP15 is not
required for the uridine-favored RNA recombination in SARS-CoV-2.

Examination of the types of recombination indicated significant
shifts between the WT and NSP15"2* (Fig. 6e). For example, despite
more overall abundant recombination events, NSP15">* infection
produces less sub-genomic mRNAs (sgmRNA) as compared to WT
(-27% reduction). From the nine canonical sgmRNAs, we found that six
had significant reduction compared to WT (Fig. 6f). We also use the
linear viral sequencing across the intact TRS-L as a proxy for viral
genomic RNA and evaluate the ratio of sgmRNA to viral genomic RNA
(Supplementary Fig. 5d). While the frequency of intact TRS-L is similar
between infections, NSP15">* showed a decreased TRS-L:TRS-B
junction frequency that gives rise to sgmRNAs (Supplementary
Fig. 5e). These changes result in a lower subgenomic/genomic RNA
ratio and confirm reduced sgmRNA formation in NSP15"2* com-
pared to WT.

In contrast to the sgmRNA, the frequency of deletion (>25 nts.)
and micro-deletions (<25nts.) was significantly higher in the NSP15"24
as compared to WT (Fig. 6e), which are major contributors to DVGs™.
For deletions, the NSP15"%** had a ~77% increase in JFreq relative to
WT. Examination of the deletion distribution found them spread
throughout the genome for both infections, but more abundant in
NSP15%2*A (Fig. 6g). Notably, despite more overall deletions in
NSP15"%** some sites were more abundant in WT cell lysate (e.g., start
positions at nts.1854, 1988, and 6949). For micro-deletions, NSP15"%*
also showed an increase in JFreq (-48%) compared to WT (Fig. 6e).
Similar to deletions, NSP15"%** micro-deletions showed increased
frequencies and distribution, especially towards the 3’end of the viral
genome (Fig. 6h). Together, this demonstrates that NSP15 plays a role
in divergent regulation of RNA recombination events: limiting dele-
tions and micro-deletions but also facilitating the formation of
sgmRNAs.

Notably, while micro-deletion events were mainly with low fre-
quency (<1.5%), two high-frequency events were observed in our ana-
lysis. The first event, a high-frequency micro-deletion between
nts.11078-11080 (NSP6, -4.2-4.3%), was shared by both WT and
NSP15%2*A This micro-deletion recombination results in a single
nucleotide change (nt. 11079) and a frame shift in the open reading
frame. In contrast, the second high-frequency micro-deletion recom-
bination between nts. 23583 and 23599 was found to be ~30-fold more
frequent in NSP15"2** than WT. This site corresponds to a deletion of
the QTQTN motif found in the furin-cleavage loop of SARS-CoV-2
spike, a common attenuating mutation observed following passage in
Vero cells*. We further scrutinized the accumulation of A11078-11080
(NSP6) and A23583-23599 (QTQTN) by sequencing the parental virus
strains P1 stock (Supplementary Fig. 7). We found that both parental
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Fig. 6 | NSP15H234A resulted in increased RNA recombination but reduced
sgmRNA. a Schematic of RNA sequenced from monolayered cells infected by
viruses. Created in BioRender. Zhou, T. (2025) https://BioRender.com/b8kgz7t. b 2D
maps of recombination events and their frequencies from cell monolayer-infected
by WT (black) or H234A (red). Each event represents a recombination sequence
mapped to a start position (Y-axis, donor site) and a stop position (X-axis, acceptor
site). ¢ Across the entire genome, H234A showed significantly higher recombina-
tion (JFreq: number of recombination reads per 10* viral genome reads) than WT.
d H234A showed altered utilization frequencies of uridines flanking the recombi-
nation junctions. e H234A showed increased JFreq of deletion, micro-deletion

(MicroDel), but reduced intracellular sgmRNA. f The most abundant 9 canonical
sgmRNAs, their mean recombination rates and the percentage change of sgmRNA
between WT and H234A; g 1D map of deletion events (>25nts.) showed that H234A
in general contained more genomic deletions than that of WT in cell lysate. h 1D
map of micro-deletions events (3-25nts.) showed H234A contained more genomic
micro-deletions than WT in cell lysate. A substantial micro-deletion in NSP6 was
shared for both WT and H234A. Another predominant microdeletion in spike
protein is unique to H234A but not WT. ¢, e, f Data are presented as mean + SD.
Statistics are conducted with two-tailed Student’s ¢-test, a = 0.05, N =3 biological
replicates. b, d, g, h Data are presented as mean (N =3 biological replicates).

WT and NSP15"2* had the A11078-11080 (NSP6) with comparable
frequencies, which may be the result of T7/RDRP processibility in
adjacent regions (11075-(U)g-11082) or a consistent sequencing artifact
at this poly U region. In contrast, neither parental virus showed ele-
vated frequency of A23583-23599 (QTQTN). Together, the loss of
NSP15 activity led to the rapid accumulation of this micro-deletion
conferring a fitness advantage in Vero cells®.

NSP15"2* increased accumulation of defective viral genomes
in virions

Cell associated RNA represents viral replication occurring in a complex
intracellular environment under pressure by host anti-viral and
immune processes. In contrast, purified virions provide a controlled
microenvironment to investigate if cellular RNA recombination events
carry forward during infection, such as viral particles composed of
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DVGs*~*, To this end, we collected the supernatant from Vero E6 cells
infected with WT SARS-CoV-2 or NSP15"%** pelleted virus particles
using sucrose cushion (Fig. 7a) and conducted NGS and bioinformatic
analyzes as described above.

From purified virions, we found that viral RNA recombination
trends recapitulated the events found in cell lysates (Fig. 7b). While the
frequency of recombination events in virions decreased compared to
cellular lysates, the NSP15">**virions showed significantly increased
(-25%) JFreq compared to WT (Fig. 7c). Similarly, U-rich tracts were still
the primary site for recombination in the virions with or without
NSP15/endoU activity (Fig. 7d, and Supplementary Fig. 8). These results
confirm that the NSP15"2** increased recombination without sub-
stantially compromising U-enriched tracts adjacent to recombination
events in purified virions. Consistent with cellular data, no statistical
differences were found between WT and NSP15"%* for end-fusion or
insertion events (Supplementary Fig. 5c).

Examination of the types of recombination revealed similarities
and differences with cellular RNA analysis. Only trace amounts of
sgmRNAs were detected in purified WT and NSP15"%* virions
(Fig. 7e, f, and Supplementary Fig. 5f). This is consistent with
sgmRNAs not being packaged into virion and reflects the relative
purity of the virion preparation. Similar to viral cellular RNA, both
deletions (>25nts.) and micro-deletions (<25nts.) were found to be
significantly increased in the NSP15"*** mutant relative to WT
(-200% and ~58% increase of JFreq, respectively). Examining their
distribution, the deletions had greater frequency and distribution
across the genome in NSP15"2** compared to the WT (Fig. 7g).
Similarly, the micro-deletion rates were also more abundant and
diverse in NSP15"2** compared to WT (Fig. 7h). Notably, both highly
abundant micro-deletions (A11078-11080 (NSP6) & A23583-23599
(QTQTN)) from cellular lysates were retained in the virions. In
addition, the relative abundance was similar to cellular RNA findings
with A11078-11080 at equivalent levels and A23583-23599 showed a
~29-fold increase over WT in NSP15"2*A, Importantly, the results
demonstrate that the increased deletion and micro-deletions pro-
duced by NSP15"2** infection are recapitulated in virus packaging
and carried forward as DVGs. Supporting this idea, we found that the
NSP15%%** mutant has threefold higher RNA/PFU ratio in super-
natant relative to WT following infection of Vero cells (Supplemen-
tary Fig. 5g). These results are consistent with reduced titer of
mutant virus (Fig. 2d), and indicate that the dysregulated recombi-
nation in NSP15"*A virus contributes to increases in defective virus
particles. In addition, these DVGs may contribute to augmented
immune responses during NSP15 mutant virus infections'.

NSP15"2** altered RNA recombination landscape and sgmRNA
formation in vivo

Having demonstrated that the NSP15"%* can significantly increase
RNA recombination in vitro, we evaluated viral recombination events
in vivo. Using total RNA from homogenized hamster lung tissue
(Fig. 8a), we utilized tiled-clickseq and ViReMa to evaluate recombi-
nation events following WT and NSP15"%* infection. For both WT and
NSP15"2* infected hamster lungs, we observed substantially fewer
recombination events (Fig. 8b, ¢) as compared to cell lysate or virions
(Figs. 6 and 7). This ~2-3 fold reduction in recombination JFreq indi-
cates that the in vivo environment restricts accumulation of recom-
bination events. Importantly, reduced recombination frequency in
hamsters is consistent with findings from human autopsy samples*
and suggest more restrictive selection pressure impacts the accumu-
lation of recombination events.

In both day 2 and day 4 lung samples, the NSP15"2* showed
slightly reduced recombination events than WT, contrasting cellular
and virion results. In the lung tissues, NSP15"2* showed a modest
increased in U% flanking RNA recombination start and stop sites rela-
tive to WT (Supplementary Fig. 8b). This result is consistent with

similar findings in vitro (Supplementary Fig. 6) and suggest that the
endoU activity of NSP15 is not required for U-favored recombination of
SARS-CoV-2.

Also consistent with in vitro findings, NSP15"** maintained sig-
nificant reduction in sgmRNA (Fig. 8d, and Supplementary Fig. 9c). At
both day 2 and 4, NSP15">*A-infected hamsters had reduced sgmRNA
JFreq (30% and 52%, respectively) relative to WT infected animals.
Similarly, we observed a lowered ratio of sgmRNA to genomic RNA
(Supplementary Fig. 9d, e) from the lungs of animals infected with
NSP15"2*A relative to infection with WT. These results demonstrate
that sgmRNA formation is reduced in the absence of NSP15 activity
in vivo, similar to in vitro results.

Examining recombination types also found varying trends
between in vitro and in vivo infection with WT and NSP15"2**, Both WT
and NSP15"2** had no significant differences between end-fusion,
insertion and micro-insertion (Supplementary Fig. 9a), similar to cel-
lular and virion analyzes. However, both WT and NSP15"%* demon-
strate complexity in the context of deletion and micro-deletions. The
NSP15"%**-infected hamster lungs exhibited a trend towards modest
reductions in their total deletion and micro-deletions frequencies
relative to WT (Fig. 8d). Examining further, the diversity and frequency
of the recombination events highlight differences between WT and
NSP1512*A, For example, at day 4, WT-infected hamster lungs accu-
mulated one dominant (A11078-11080) and abundant low frequency
micro-deletions (Fig. 8e). In contrast, the NSP15"2** -infected lungs
produced micro-deletions with less diversity, but with higher fre-
quencies at specific sites (Fig. 8e). The high frequency, low diversity
micro-deletions indicate strong selection as evidenced by the absence
of A23583-23599 (AQTQTN) event in NSP15"%* -infected lungs (A%WT-
H234A =-0.1% on D2, -0.02% on D4). This AQTQTN mutation, highly
penetrant in Vero cells, has been shown to be highly attenuated
in vivo®. Similar to micro-deletions, the long deletion events in ham-
ster lungs followed the same trend (Fig. 8f, and Supplementary Fig. 9
g), with NSP15"2* produced less deletion events but with higher fre-
quencies at certain sites, especially at D4. We further demonstrate that
NSP15"24* infected animals have higher frequencies of individual
deletion/micro-deletion, in spite of reduced diversity of events (Sup-
plementary Fig. 10). At D4, NSP15"2** -infected lungs had lower num-
ber of deletion/micro-deletion events (Supplementary Fig. 10a), but
individual events are of higher frequency of recombination (Supple-
mentary Fig. 10b). H234A-infected lungs also contained more high-
frequency deletions/micro-deletions than WT (Supplementary
Fig. 10c). To visualize these data, we created stacked circle plots
(Fig. 8g, and Supplementary Fig. 10d), with each circle representing a
recombination event whereas the size of the circle represents the
frequency of the event. At D2, WT and H234A show similar population
of recombination events. At D4, WT generates more events, but the
frequency of each event remains comparable. NSP15"%** generates
fewer events, its recombination events accumulated to higher fre-
quencies. D4 marks the peak of anti-viral responses during hamster
lung infection, as RNA expression changes (Fig. 5) precede protein
secretions. This suggests that the selective pressure shapes the land-
scape of RNA recombination in NSP15"%*-infected lung that produces
reduced number of events, but higher frequency in defective genome
species. Notably, the outcome of selection pressure varies across
individual animals (Supplementary Fig. 9h). Among four individual
hamsters, NSP15"2*-infected lungs gave rise to several high-frequency
micro-deletions that only occurred in a single animal. In contrast, WT-
infected lungs contained background micro-deletions with low fre-
quency in each individual, except for the common A11078-11080
(NSP6) event found in all animals from both groups at days 2 and 4. The
increased frequency of deletion and micro-deletion events in
NSP15"2*A-infected at specific genomic positions in lungs (Fig. Se, f) is
consistent with in vitro findings, that the lack of NSP15 activity can still
drive the accumulation of DVGs in vivo. On the other hand, the
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ified virions recapitulated the increased JFreq of H234A than that of WT. d H234A
mutant virus particles recapitulated the altered recombination U frequencies
similar to that of cell monolayer. e While little sgmRNA was encapsidated by virus
particles, H234A particles contained more DVGs such as deletions and micro-
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deletions. f The most abundant 9 canonical sgmRNAs found in supernatant frac-
tion. g 1D map of deletion events (>25nts.) showed that H234A in general contained
more genomic deletions than that of WT in supernatant. h 1D map of micro-
deletions events (3-25nts.) showed H234A contained more genomic micro-
deletions than that of WT in supernatant. Error bar: standard deviation. c, e, f Data
are presented as mean + SD. Statistics are conducted with two-tailed Student’s ¢-
test, a = 0.05, N = 3 biological replicates. b, d, g, h Data are presented as mean (N=3
biological replicates).

reduced distribution of these events demonstrate that these DVGs
are shaped by a strong, individually divergent selective pressure
in vivo.

Discussions

While severity and lethality of COVID-19 have largely declined, SARS-
CoV-2 remains a global health problem due to its ability to evade host
immunity through evolution. Viral RNA recombination plays a role in

this process, and we show here that SARS-CoV-2 RNA recombines at a
higher rate than other human CoVs (Fig. 1b). In addition, we confirm
that hotspots for RNA recombination occur at uridine-rich sites across
all CoVs tested (Fig. 1c). Importantly, we also demonstrate a role for
viral endonuclease NSP15 in balancing SARS-CoV-2 RNA recombina-
tion. In the absence of NSP15 catalytic activity (NSP15"2*Y), infected
cells and purified virions accumulated more genomic deletions and
micro-deletions. (Figs. 6 and 7). In contrast, the sgmRNA
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Fig. 8 | NSP15H234A resulted in increased defective viral genomes (DVGs) in
packaged virions. a Schematic of RNA sequenced from infected hamster lung.
Created in BioRender. Zhou, T. (2025) https://BioRender.com/qadé6dhx. b 2D maps
showing the coordinates of recombination events in hamster lung and the average
frequency of each event at day 2 (D2) and day 4 (D4). ¢ Across the entire genome,
H234A showed slightly reduced recombination rate than correspondent WT control,
at both D2 and D4; d H234A continued to significantly restrict the formation of
sgmRNA in hamster lungs. H234A showed a trend of decreased rate of deletions and
micro-deletions. e In hamster lungs, WT and H234A showed different patterns of

micro-deletions at D4: WT accumulated a myriad of near-background micro-dele-
tions, while H234A contained fewer events but with higher frequencies. f Deletions at
D4 exhibit similar patterns as micro-deletions. g Stacked circle plot highlights the
divergent evolution of deletions in hamster lung at D4. Each circle represents a
deletion event, and area of the circle represents the frequency. WT has more events,
but lower frequency of each event. H234A has less events and therefore slightly
reduced JFreq, but more frequency of each event. ¢, d Data are presented as

mean + SD. Statistics are conducted with two-tailed Student’s ¢-test, « = 0.05, N=4
biological replicates. b, e-g Data are presented as mean (N = 4 biological replicates).

Nature Communications | (2026)17:280

12


https://BioRender.com/qad6dhx
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-67001-2

recombination is reduced in NSP15"%** compared to WT. The in vivo

model represents a stronger selective pressure and hence, lowered
overall recombination rate (Fig. 8). In vivo, we recapitulate the reduced
sgmRNA formation in NSP15"2* compared to WT. In addition, the
absence of NSP15 activity suppresses the diversity of recombination
deletions but increases the frequency of a subset of events (Fig. 8).
Combined with transcriptomic analyzes, loss of NSP15 activity renders
a stronger, earlier interferon and inflammatory responses in hamster
lungs (Fig. 5). The induced antiviral state reduces viral replication, but
also promotes immune-mediated damage, resulting in similar disease
in hamsters infected with either mutant or WT virus (Figs. 2 and 3).
Overall, our studies demonstrate that NSP15 catalytic activity plays a
critical role in controlling host responses, facilitating sgmRNA forma-
tion, and limiting DVG accumulation during SARS-CoV-2 infection.

NSP15 endonuclease activity has previously been found to be a
critical factor in controlling the host innate immune response'”'520%,
Showing a preference for cleaving uridines and poly U tracts®***,
NSP15 endonuclease activity suppresses production of pathogen-
associated molecular patterns and impairs immune sensing. The loss
of NSP15 activity has also been associated with increased sensitivity to
type | interferon treatment and attenuation of CoV replication'7'5292,
Our study largely confirms these findings with enhanced sensitivity to
type | IFN pretreatment (Fig. 2) and amplification of antiviral gene
expression (Fig. 5) following NSP15"%* infection. However, we also
observed an increased expression of genes associated with inflam-
mation and cytokines as well as significant lung pathology following
NSP15%2* infection. Together, our results show that the loss of NSP15
activity promotes an amplified immune response resulting in both viral
suppression and immune-mediated damage.

Prior studies demonstrate that loss of NSP15 in CoVs is related to
the increased dsRNA levels which leads to enhanced activation of
immune sensors™*>"', Our work adds*® additional details related to
CoV NSP15 activity and host responses. Prior studies have shown that
dysregulated viral RNA recombination drives virus-host
interactions*>***!, as well as cytokine production in lung tissues®.
Recent studies from COVID-19 positive patients also reveal the critical
connection between RNA recombination and host IFN responses™.
Here, our work demonstrated loss of NSP15 results in dysregulated
RNA recombination (Figs. 6-8) and coincides with the elevated cyto-
kine responses in hamster lungs (Fig. 5). Thus, we contend that the
elevated interferon and inflammatory responses in NSP15 mutant may
be attributed to dysregulated RNA recombination. The excess
recombination in the NSP15 mutant would provide a mechanism for
the reported increased in dsRNA formation as well as increased DVGs
(Fig. 7) which both induce strong host innate immune responses.

In addition to host immune induction, our studies demonstrate
the impact of selection pressure on viral recombination outcomes.
Here, we utilize two distinct systems to explore recombination: in vitro
and in vivo. Our in vitro model uses Vero E6 cells which are a highly
permissive model lacking type 1 IFN responses; in this system, the
majority of cells are infected, and viral RNA can evolve without notable
selective pressure from intrinsic or bystander cell host immunity. In
contrast, the in vivo hamster model is a restrictive model that controls
and clears viral infection over time. The combination of few cells
infected, robust bystander responses with interferon capacity, and
infiltration of host immune cells renders significant selection pressure
absent in the Vero E6 model.

A more restrictive system explains the different recombination
landscape between WT and NSP15"%** in vivo (Fig. 8), as compared to
in vitro (Figs. 6 and 7). Importantly, it also provides context for the
divergent results of overall recombination (JFreq) between in vitro and
in vivo (Figs. 6b and Fig. 8b). We postulate that the differences are a
product of the more restrictive in vivo environment. The elevated host
anti-viral immunity during NSP15"%** infection (Fig. 5) actively clears
viral RNA with disadvantageous recombination events (e.g., A23583-

23599(QTQTN)), resulting in reduced JFreq in vivo. Supporting this
idea, the deletions and micro-deletions found in NSP15">** infected
animals start to differentiate towards high individual frequency but
low overall abundance at D4 (Supplementary Fig. 10d), after eliciting
mRNA expressions of anti-viral genes (Fig. 5). Loss-of-NSP15 induced
high recombination frequency and is consistent in our in vitro (Fig. 6g,
h) and in vivo (Fig. 8e, f) data. We think that the high frequency, low
abundance deletions/ microdels in NSP15"%** infected animals are a
combination of induced RNA recombination rate (high frequency) and
elevated host anti-viral clearance (low abundance). Together, these
factors drive viral genomic evolution in hamster lungs. In comparison,
from D2 to D4, WT infected animals only show increased overall
abundance (more recombination events) without increased frequency
(Supplementary Fig. 10d), suggesting minimal evolutionary pressure.
Notably, these recombination sites in NSP15"%** are not conserved
across multiple animals; this suggests that they are not a product of
selection, but rather from more divergent recombination in the
mutant (Fig. 8g). We predict at early times post in vivo infection (DO-
D1), NSP15"2* may produce increased overall recombination rate
relative to WT; however, as host immunity is activated and suppresses
NSP15"2*A infection earlier, recombination events are reduced due to
increased selection at the later time points captured in our analysis.
Further examination of recombination kinetics is needed to clarify
these questions.

Our manuscript also provides critical insights into key elements of
CoV recombination and evolution. While structurally and functionally
conserved, the catalytic activity of NSP15 endonuclease varies among
coronavirus species*’ and variants®>. Recent studies showed that many
of the prevalent SARS-CoV-2 variants convey decreased nuclease
activity of NSP15. Here, we showed that the loss of NSP15 endoU
activity leads to higher RNA recombination. This suggests a potential
link between reduced endoU activity and increased recombination
which may explain differences between SARS-CoV-2 and other CoVs.
Consistent with this idea, a change in endoU activity may alter virus
evolution and contribute to rapid development of novel variants.
While more frequent RNA recombination may be unique to SARS-CoV-
2, it is unclear if this trait is conserved in other sarbecoviruses and
requires further study. Notably, for all CoVs tested, uridine rich tracts
serve as the primary site for recombination (Fig. 1c) and the process
operates independently of NSP15 activity. While we had initially pos-
tulated that NSP15 endoU serves to provide cleaved template RNA to
facilitate recombination, we instead found accelerated recombination
in its absence suggesting a key role in regulation of overall
recombination.

Our results also provide experimental insights to connect NSP15
endoU activity to the correct formation of SARS-CoV-2 canonical
sgmRNAs. The coronavirus TRS is a conserved RNA motif that resides
at stem loop 3 of virus SUTR*. The production of subgenomic mRNA
(sgmRNA) relies on the correct recognition of the complementarity
between leader TRS (TRS-L) and the recombination to body TRS (TRS-
B)***. The conserved Sarbecoviruses “AACGAAC” TRS-L motif*® is
A-rich in positive sense and U-rich in negative sense viral RNAs, which
is also flanked by A/U-rich sequences both up- and down-stream. It is
conceivable that the endoU activity of NSP15 may play a role in med-
iating the template-switching between +gRNA and -sgmRNA to give
rise to +sgmRNA. Indeed, previous studies speculated that NSP15
cleavage of TRS is required to form sgmRNA**%, Our data demon-
strated that the loss of endoU activity significantly downregulated the
formation of TRS-L and TRS-B recombination both in vitro
(Figs. 6 and 7) and in vivo (Fig. 8). This provides experimental evidence
that NSP15 plays a critical role to “proofread” the correct recombina-
tion between TRS-L and TRS-B.

Our results also provide mechanistic insight into the role of NSP15
beyond viral IFN antagonist. Our data show augmented host immune
responses in the NSP15"%** but also a shift in DVG formation. The dual
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impact of limiting innate immune sensing and production of immu-
nogenic DVGs highlight the crucial role for NSP15 during SARS-CoV-2
infection. It is also possible that NSP15 activity varies across the CoV
family, modulating the levels of recombination and possibly explaining
the increased recombination observed in SARS-CoV-2. Notably, it also
questions the safety of targeting NSP15 for drug and therapeutic
treatment. While targeting NSP15 activity may attenuate viral replica-
tion, it may also promote immune-mediated damage as a byproduct of
treatment. In addition, NSP15 targeting may increase viral recombi-
nation permitting more rapid formation of resistance to this and other
treatments. Given the mutagenesis concerns associated with molnu-
piravir treatment, similar safety challenges might be associated with
NSP15-targeted treatments.

Overall, this research provides a detailed exploration of SARS-
CoV-2 recombination in vitro and in vivo. Our results confirm higher
recombination in SARS-CoV-2 primarily at uridine-rich tracts. Impor-
tantly, we show that SARS-CoV-2 NSP15 endonuclease activity is key to
balancing recombination in cells, in virions, and in vivo. Together, the
work highlights novel elements of CoV recombination and novel
mechanistic insights into how NSP15 modulates host immunity and
DVG production.

Methods

All studies were conducted under protocols approved by the institu-
tional biosafety committee at the University of Texas Medical Branch.
Similarly, animal studies were conducted under protocols approved by
the UTMB Institutional Animal Care and Use Committee and complied
with USDA guidelines in a laboratory accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care. UTMB PHS
Animal Welfare Assurance Number: A3314-01

Cell culture

Vero E6, Huh7, and HCT-8 cells were grown in high glucose Dulbecco
modified Eagle medium (DMEM; Gibco #11965-092) supplemented
with 10% fetal bovine serum (FBS) (HyClone #SH30071.03) and 1%
antibiotic-antimycotic (Gibco #5240062). Calu3 2B4 cells were cul-
tured in high glucose DMEM supplemented with 10% defined FBS,
1mM sodium pyruvate (Gibco), and 1x antibiotic-antimycotic. Cells
were maintained at 37 °C in a humidified incubator with 5% CO..

Viruses

The recombinant and mutant SARS-CoV-2 viruses were generated
based on the USA-WA1/2020 sequence provided by the World Refer-
ence Center for Emerging Viruses and Arboviruses, which was origin-
ally obtained by the Center for Disease Control and Prevention®’. The
Nspl5 mutant was constructed with restriction enzyme-based cloning
techniques and our reverse genetic system as previously described®.
Virus stocks were amplified using Vero E6 cells. Viral RNA was extrac-
ted from recovered viruses, and the mutation was verified using NGS as
previously described”.

In vitro infection

In vitro infection of Vero E6 and Calu3 2B4 cells was performed as
previously described™. Briefly, Vero E6 or Calu3 2B4 cells were seeded
in a 6-well plates or T-175 flasks. HUH7 (HCoV-229E) and HCT8 (HCoV-
0C43) were seeded in T-175 flasks. For experiments involving IFN-I pre-
treatment, Vero E6 cells were treated with 100 units of Universal Type |
IFN for 16 h prior to infection. Cell growth media was removed and
infected with either WT (SARS-CoV-2, HCoV-229E, HCoV-OC43) or
mutant SARS-CoV-2 virus (NSP15"2*}) at an MOI of 0.01 for 45 min at
37°C. Following adsorption, cells were washed three times with
phosphate-buffered saline, and fresh growth medium was added.
Three or more biological replicates were collected at each time point.
Viral titers of the samples were subsequently determined using focus-
forming assay as previously described®’. Following in vitro infection,

culture supernatant was harvested, clarified, and virus particles
were pelleted by ultracentrifugation with previously established
methods™.

In vivo infection

Hamster infection studies. Three-to-four-week-old male golden Syr-
ian hamsters were purchased from Envigo. Procedures involving
infectious SARS-CoV-2 were performed in the Galveston National
Laboratory ABSL3 facility. Animals were housed in ventilated cages
prior to the study. Animals were intranasally infected with 10° FFU of
WT or H234A in 100-pl inoculum or mock-infected with PBS. Animals
were monitored daily for weight loss and signs of clinical disease for up
to 7 days post infection (DPI). On days 2, 4, and 7, five animals from
each group were anesthetized with isoflurane (Henry Schein Animal
Health) and nasal washed with PBS and subsequently euthanized with
CO, for organ collection. Lung lobes were collected in either PBS for
viral titers, RNAlater (Invitrogen #AM7021) for NGS/gene expression,
or 10% phosphate-buffered formalin (Fisher #SF100) for
histopathology.

Histology. Left lung lobes were collected and fixed in 10% buffered
formalin for at least 7 days. Fixed tissues were paraffin-embedded,
sections cut into 5-uM thickness and stained with hematoxylin and
eosin on a SAKURA VIP 6 tissue processor at the University of Texas
Medical Branch Surgical Pathology Laboratory. For viral antigen
staining, tissue sections were deparaffinized and reacted with SARS-
CoV-2 N-specific primary antibody and incubated with a secondary
horseradish peroxidase (HRP)-conjugated anti-rabbit antibody as
previously described™. Viral antigen was visualized and scored blinded
on a scale of O (none) to 3 (most) in 0.25 increments with scores
averaged from at least two sections from each hamster. Scores based
on N staining in the parenchyma, airways, and overall lung section and
scored by trained investigators. Hemoxylin and eosin (H&E) staining
was performed by the University of Texas Medical Branch Histology
Laboratory and then analyzed and scored by a blinded board-certified
pathologist. Pathology scored based on combination of lung damage,
immune infiltration, and overall involvement across multiple lung
sections per animal on scale of 0-100.

Virus quantitation. For in vitro samples, viral titers were measured
using focus forming assay as previously described”. Briefly, hamster
lung lobes were homogenized with zirconia beads in a MagNA Lyser
instrument (Roche Life Science) and clarified with low-speed cen-
trifugation. Vero E6 cells were seeded in 96-well plates to achieve 100%
confluency at the time of titration. A tenfold serial dilution was per-
formed for virus-containing supernatant, and 20 pL of the dilutions
were transferred to Vero E6 cells after the culture medium was
removed. Cells were incubated for 45 min at 37 °C with 5% CO, to allow
adsorption before 0.85% methylcellulose overlay was added. After
removing the overlay, cells were washed 3 times with PBS before
fixation in 10% buffered formalin for 30 min at room temperature.
Cells were permeabilized and incubated with SARS-CoV-2 nucleo-
capsid antibody (Cell Signaling) followed by Alexa FluorTM 555-
conjugated a-mouse secondary antibody (Invitrogen). Fluorescent
foci images were captured on Cytation 7 imaging multi-mode reader
(BioTek) and foci were counted with Image).

Next generation sequencing (NGS) libraries. For NGS analyzes, RNA
template was extracted from infected cells, supernatant or animal
tissue with Direct-zol RNA miniprep kits (Zymo Research).

To sequence different HCoVs, a random hexamer (Ng) primer was
used with standard “ClickSeq”**. In brief, viral RNAs were extracted
from cell lysate and reverse transcribed with Ng and 1:35 azido-
ddNTP:dNTP ratio. The azido-ddNTP-terminated cDNAs were “click-
ligated” with a 3’-alkyne modified adapter. The ligated cDNAs then
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underwent final PCR to fulfill illumina library structure. Gel selected
libraries were single-end sequenced with illumina NextSeq 2K.

To further investigate the recombination rate of SARS-CoV-2, we
used “Tiled-ClickSeq”* approach, which uses >300 primers specific to
SARS-CoV-2 genome and ClickSeq components®**° to achieve sensitive
detection and even coverage of coronavirus genome. The extracted
RNAs from cell or animal tissue were used as template for Tiled-
ClickSeq libraries with standard protocol”. Gel selected libraries were
pair-end sequenced with illumina NextSeq 2K and the R2 reads were
used to map primer sequences.

To understand the transcriptomic changes of infected animals,
the extracted total cellular RNA from hamster lungs were subjected to
PolyA-ClickSeq", which utilizes a semi-anchored oligo(dT) primer (5
(T)1-3’) to specifically target polyA tails of cellular mRNA and a 1:5
azido-ddNTP:dNTP ratio to ensure sufficient termination of cDNA. The
PolyA-ClickSeq library was constructed with previously established
protocol®, and gel selected libraries were single-end sequenced with
ElementBio Aviti.

Bioinformatics and data analysis. Raw reads sequenced from Tiled-
ClickSeq libraries are processed and analyzed with previously estab-
lished bioinformatic pipelines 7CS (https://github.com/andrewrouth/
TCS) with parameters “p PMV”. In brief, after initial quality filter and
trimming of illumina adapter, the detected primer sequences from R2
reads will subsequently be trimmed from respective R1 reads (there-
fore excluding potential primer-genome recombination). The pro-
cessed R1 reads are then mapped to SARS-CoV-2 reference genome
(NCBI reference: NC_045512.2). The same processed R1 reads are also
analyzed with ViReMa (version 0.28) (https://sourceforge.net/
projects/virema/) with parameters “--ErrorDensity 2,30 --Seed 25
--Defuzz --X 3”. The ViReMa-output BED files are further analyzed to
categorize different recombination events with custom python script
“plot cs freq.py” (included in the TCS package), which defines the
length of microindel to be within 25nts. 2D-maps of ViReMa-mapped
recombination events are plotted with ViReMaShiny®* (https://
routhlab.shinyapps.io/ViReMaShiny/) with modifications for cos-
metic and style.

Raw reads sequenced from random primed libraries are pro-
cessed with fastp® for adapter removal and quality control. To remove
potential artifacts of random hexamer, all R1 reads were trimmed by 8
bases from 3’-direction (“-t 8”). For each virus, the corresponding virus
genome was first polished with Pilon®* with sequenced reads to
improve mapping efficiency. This is followed by ViReMa mapping of
recombination reads to the Pilon®*-polished viral genomes (NCBI
reference number SARS-CoV-2: NC_045512.2; MERS-CoV: NC_019843.3;
hCoV-229E: NC_002645.1; hCoV-OC43: ATCC VR-1558) with the same
parameters stated above.

For recombination events detected by ViReMa, “JFreq” (junction
frequency) is the metric to reflect overall number of recombination
events of the sample. JFreq is normalized by measuring (the total
number of recombination events)/(10* sequenced virus reads of indi-
vidual sample). Recombination frequency (in percentage) is the metric
to reflect individual recombination event frequency at the junction,
which is normalized by (the number of individual event)/(sequencing
coverage at the junction).

Raw reads sequenced from PolyA-ClickSeq libraries are processed
and analyzed with the previously established DPAC* pipeline (https://
github.com/andrewrouth/DPAC/) with parameters “-p PMBCD”, which
detects and processes the polyA-containing reads and maps the
upstream sequence of polyA tail to host reference. In this study, a
PolyA-site clustering database was curated based on the published
reference genome and annotation of M. auratus (Genbank accession
number: GCA_000349665.1). Due to the incompleteness of the refer-
ence genome, the genome mapping criterion was slightly loosened in
hisat2®> stage with parameter “-score-min L,0,-0.3". Differential gene

expression profiles of mock (1X PBS), WT, and H234A infected hamster
lung tissues were then analyzed with DESeq2°° that has been integrated
in the DPAC pipeline (D stage) to reveal the normalized read count of
each annotated gene.

For differential gene expression analyzes, hierarchical gene clus-
tering was conducted with Cluster 3.0 (http://bonsai.hgc.jp/
~mdehoon/software/cluster/). This is followed by TreeView (http://
jtreeview.sourceforge.net/) to visualize the heat map and gene clus-
ters. A gene is considered differentially expressed with Benjamini and
Hochberg P,gj<0.1 and |log2FC|>0.585. Gene ontology assay was
conducted with DAVID** and differentially expressed genes (Paq; < 0.1, |
log2FC| >1), to highlight the most direct GO terms in biological pro-
cess, cellular component, and molecular function.

Stacked circle plots are made with Hiplot server (https://hiplot.
org). All other statistics are conducted on GraphPad Prism (v.10.6.1).

qRT-PCR. For viral RNA, qRT-PCR is conducted with previously
established method®’, with QuantStudio5 qPCR system and RdRp-
specific forward primer (5-GTGARATGGTCATGTGTGGCGG) and
reverse primer (5-CARATGTTAAASACACTATTAGCATA). For hamster
lung host mRNA, qRT-PCR is conducted with NEB Luna Universal qPCR
system with the following primer sets: /fnbl (F: 5- AATCATTA-
GAAGGCTCACTTG; R: 5- CTTTGACCTTTCAGATGCT), Ifnl3 (F: 5-
TGCAGGAGTTCTGCAGTGT; R: 5- CATTCTGTGGGGTCTGAGTC), /lirn
(F: 5- TGTGAAGTGATGGTACAG; R: 5- CAGAGGGATTCAGACTATTG).
GAPDH (F:5-CCTGGATCATCCATCCAC; R: 5-GAAACTGTGAGGGA-
GATG) is used as a reference gene to normalize gene expression levels
which are represented as fold change over mock samples, as pre-
viously described®’.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw sequencing data of this study are available in the NCBI
sequence read archive (SRA) with accession number: PRJNA1131338,
PRJNA1154272. MERS-CoV data are reanalyzed from existing SRA pro-
ject: PRINA623016%. Supplementary Figs. 1-10 are provided as Sup-
plementary Figs. A list of sorted recombination deletion and micro-
deletion frequencies from in vitro and in vivo samples are provided in
Supplementary data 1. Raw reads count and mapping rate are listed in
Supplementary data 2. A description of all supplementary files is
included. Source data are provided in Source Data File. Source data are
provided with this paper.
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