VIRUS-CELL INTERACTIONS

SOCIETY FOR

; ®
microsioocy | \/ rOlogy '.)

L] amean | Journal of

Check for
updates

Reverse Genetics Reveals a Role of Rotavirus VP3
Phosphodiesterase Activity in Inhibiting RNase L Signaling
and Contributing to Intestinal Viral Replication In Vivo

Yanhua Song,>P-<9 Ningguo Feng,>< Liliana Sanchez-Tacuba,>?< Linda L. Yasukawa,>P< Lili Ren,® Robert H. Silverman,f
Siyuan Ding,9 Harry B. Greenberg2-<

2Department of Medicine, Division of Gastroenterology and Hepatology, Stanford University, Stanford, California, USA
bDepartment of Microbiology and Immunology, Stanford University, Stanford, California, USA

cPalo Alto Veterans Institute of Research, VA Palo Alto Health Care System, Palo Alto, California, USA

dinstitute of Veterinary Medicine, Jiangsu Academy of Agricultural Sciences, Nanjing, China

eSchool of Pharmaceutical Sciences, Nanjing Tech University, Nanjing, China

‘Department of Cancer Biology, Lerner Research Institute, Cleveland Clinic, Cleveland, Ohio, USA

9Department of Molecular Microbiology, Washington University in St. Louis, St. Louis, Missouri, USA

Yanhua Song and Ningguo Feng are co-first authors. Author order was determined by inverse seniority.

ABSTRACT Our understanding of how rotavirus (RV) subverts host innate immune
signaling has greatly increased over the past decade. However, the relative contribu-
tion of each virus-encoded innate immune antagonist has not been fully studied in
the context of RV infection in vivo. Here, we present both in vitro and in vivo evi-
dence that the host interferon (IFN)-inducible 2’-5'-oligoadenylate synthetase (OAS)
and RNase L pathway effectively suppresses the replication of heterologous RV
strains. VP3 from homologous RVs relies on its 2’-5'-phosphodiesterase (PDE) do-
main to counteract RNase L-mediated antiviral signaling. Using an RV reverse-
genetics system, we show that compared to the parental strain, VP3 PDE mutant
RVs replicated at low levels in the small intestine and were shed less in the feces of
wild-type mice, and such defects were rescued in Rnasel~/~ suckling mice. Collec-
tively, these findings highlight an important role of VP3 in promoting viral replica-
tion and pathogenesis in vivo in addition to its well-characterized function as the vi-
ral RNA-capping enzyme.

IMPORTANCE Rotaviruses are significant human pathogens that result in diarrhea,

dehydration, and deaths in many children around the world. Rotavirus vaccines have Citation Song Y, Feng N, Sanchez-Tacuba L,
suboptimal efficacy in low- to middle-income countries, where the burden of the Yasukawa LL, Ren L, Silverman RH, Ding S,
. . . . . . . Greenberg HB. 2020. Reverse genetics reveals a
diseases is the most severe. With the ultimate goal of improving current vaccines, : ) =
: . . . . . role of rotavirus VP3 phosphodiesterase activity
we aim to better understand how rotavirus interacts with the host innate immune in inhibiting RNase L signaling and
system in the small intestine. Here, we demonstrate that interferon-activated RNase contributing to intestinal viral replication in

vivo. J Virol 94:e01952-19. https://doi.org/10
1128/JV1.01952-19.

Editor Susana Lépez, Instituto de

L signaling blocks rotavirus replication in a strain-specific manner. In addition, virus-
encoded VP3 antagonizes RNase L activity both in vitro and in vivo. These studies

highlight an ever-evolving arms race between antiviral factors and viral pathogens Biotecnologia/UNAM
and provide a new means of targeted attenuation for next-generation rotavirus vac- Copyright © 2020 American Society for
cine design. Microbiology. All Rights Reserved.
Address correspondence to Siyuan Ding,
KEYWORDS gastrointestinal infection, innate immunity, interferons, rotavirus, virus- siyuan.ding@wustl.edu, or Harry B. Greenberg,
hbgreen@stanford.edu.

host interactions
Received 19 November 2019

Accepted 7 February 2020

espite the availability of several safe and effective vaccines, rotaviruses (RVs) ?ggf’;ﬁe‘iggg"”“"pt posted online 12
uary

remain a major human pathogen. On a global scale, RVs are the leading etiological Published 16 April 2020
agent of severe, acute gastroenteritis and dehydrating diarrhea in infants and young

May 2020 Volume 94 Issue 9 e01952-19 Journal of Virology jviasm.org 1


https://doi.org/10.1128/JVI.01952-19
https://doi.org/10.1128/JVI.01952-19
https://doi.org/10.1128/ASMCopyrightv2
mailto:siyuan.ding@wustl.edu
mailto:hbgreen@stanford.edu
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.01952-19&domain=pdf&date_stamp=2020-2-12
https://jvi.asm.org

Song et al.

children, resulting in over 200,000 deaths annually (1, 2). Although symptomatic RV
infections occur commonly in the young of almost all mammalian species (3), the
replication of heterologous RV strains (strains not native to the host species from which
they are isolated) is greatly restricted by the host innate immune system in the small
intestine (4-7). Attenuation of heterologous RVs in humans serves as the genetic basis
for attenuation of several currently licensed vaccines (8, 9). It was previously shown by
our laboratory and others that both type | and type Il interferon (IFN)-mediated
antiviral signaling partially underlies this host range restriction (HRR) in a suckling
mouse model (10-13). However, the precise antirotaviral effectors activated by host
IFNs remain incompletely understood.

Members of the Reoviridae family, RVs have a triple-layered icosahedral capsid and
an 11-segmented double-stranded RNA (dsRNA) genome (2, 14). Like many segmented-
genome viruses, they can undergo gene reassortment at a high frequency during
mixed infections (15). We previously used in vitro mixed infection followed by plaque
purification to generate a reassortant library between a homologous murine RV EW
strain (native to the mouse species) and a heterologous simian RV RRV strain (7). A set
of genetic studies linked several murine RV genes to an efficient intestinal replication
and spread phenotype in vivo (7). Using this system, we identified murine RV genes
encoding NSP1 along with a constellation of VP3, NSP2, and NSP3 that seemed to work
in concert to promote intestinal replication in a host-specific manner (7). The precise
roles of these viral proteins in promoting RV replication are not yet defined. With the
advent of a tractable RV reverse-genetics system (16), we now have the ability to more
specifically dissect and examine these individual genes and their functions in RV
replication at a molecular level.

In this study, we address a key gap in our knowledge of RV-host interactions. What
are the IFN-associated antiviral effectors? And of the RV genes that are different
between homologous and heterologous RVs, what viral factors, if any, confer resistance
to host IFN signaling? Here, we show that the IFN-inducible 2’-5’-oligoadenylate
synthetase (OAS)-RNase L pathway, recently shown to be targeted by the RV VP3
2'-5'-phosphodiesterase (PDE) domain (17), suppresses RV replication in a virus strain-
and host species-specific manner both in vitro and in vivo. Using a set of molecular
tools, including the recently described RV reverse-genetics system, we demonstrate, for
the first time, that VP3's PDE activity functionally antagonizes RNase L signaling and is
critical for successful RV replication and pathogenesis in vivo.

RESULTS

RV VP3 confers viral resistance to IFN signaling in an RV strain-specific manner.
To uncover the roles of specific RV genes and their protein products in resisting
IFN-mediated antiviral factors, we first examined the replication of homologous or
heterologous RVs in mock- or IFN-B-treated murine embryonic fibroblasts (MEFs). The
replication of the simian RV RRV strain, measured by a focus-forming unit (FFU) assay,
was significantly reduced (~130-fold) in IFN-B-stimulated MEFs compared to wild-type
(WT) MEFs (Fig. 1). In contrast, the replication of the tissue culture-adapted murine RV
ETD strain was minimally affected by IFN pretreatment (Fig. 1), suggesting that distinct
RV strains responded differently to IFN-B-stimulated cellular signaling. To identify the
specific RV gene segment(s) in the murine RV that was responsible for the IFN-B
resistance phenotype, we took advantage of a collection of reassortants that we
previously isolated from murine RV- and simian RV-coinfected suckling mice (7).
Importantly, all the reassortant RVs that contain gene 3 (which encodes VP3) derived
from the murine RV EW strain background, including BR 22-1-2, BRI 2-2-1, BRI 9-1-1,
D1/5, and EA 4-1-2, exhibited reduced insensitivity to exogenous IFN signaling (Fig. 1)
(<15-fold). However, reassortant RVs that encode VP3 derived from the simian RV RRV
strain, including BRM 29, BR 13-2-1, BR 19-1-2, and D10/2, were highly sensitive
(>30-fold) to IFN treatment (Fig. 1). Gene 8, which encodes NSP2, albeit to a lesser
degree, also contributed to this phenotype. Therefore, RV's ability to counteract exog-
enous IFN activity and replicate efficiently cosegregates with VP3 and NSP2 originating
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FIG 1 Murine RV VP3 confers resistance to IFN antiviral activity in MEFs. WT and Ifnar1~/~ Ifngr1—/~ MEFs were pretreated
with or without 1,000 U/ml murine IFN-B for 24 h and then infected with the indicated RV strains (MOl = 1). At 24 h
postinfection (hpi), virus-infected cells were harvested, and virus yields were determined by a focus-forming unit (FFU)
assay. Fold differences in virus titers were calculated as follows: yield of WT or Ifnar1=/= Ifngr1=/— MEFs with IFN treatment
(FFU per milliliter)/yield of MEFs without IFN treatment. The fold differences in virus titers presented are the means of
quadruple data points. R represents viral genes from the simian RV RRV strain, and E represents viral genes from the murine
RV EW strain.

from the murine parental virus. As expected, IFN-B had no effect on RV replication in
MEFs isolated from Ifnar1 =/~ Ifngr1—/— mice that lack the type I IFN receptor (Fig. 1).
Collectively, using MEFs and RV genetics, we demonstrate that RV strains responded
differently to exogenous IFN treatment and that the murine RV gene encoding VP3
cosegregated with enhanced virus replication in IFN-treated MEFs in a strain-specific
manner.

The OAS-RNase L pathway restricts heterologous RV replication in mice. It was
previously shown that a C-terminal PDE domain of RV VP3 enabled this domain to
degrade 2'-5’-oligoadenylate (2-5A) and thus prevent RNase L activation (17). However,
in those studies, the PDE activity of VP3 was examined as a truncated protein, not in the
context of full-length RV VP3, and not in the context of an actual RV infection, either in
vitro or in vivo. In order to directly dissect the physiological relevance of the OAS-RNase
L pathway for actual RV replication in vitro or in vivo, we first isolated MEFs from WT or
Rnasel knockout (KO) mice. Consistent with the data described above (Fig. 1), we found
that IFN-B stimulation significantly reduced simian RV but not murine RV replication in
WT MEFs (Fig. 2A). More importantly, simian RV became resistant to exogenous IFN
treatment in Rnasel~/~ MEFs, suggesting that the OAS-RNase L pathway may account
for the majority of the IFN-mediated suppression of replication of the simian RV in MEFs
from WT mice.

Next, we examined whether the OAS-RNase L pathway also plays a role in control-
ling RV replication in vivo using a well-established suckling mouse model (18, 19). To
this end, we perorally inoculated 5-day-old WT and Rnasel~/~ suckling mice with either
the simian RV RRV strain (107 FFU) or the murine RV EW strain (10* 50% diarrhea doses
[DDs,)) and monitored shedding of viral RNA in the feces over a 4-day time course. The
amount of virus for each strain was determined based on data from previous publica-
tions (6, 7, 10, 12, 19-21). For RRV infection, we detected significantly more (~10-fold)
infectious RVs in stool samples harvested from Rnasel=/— mice than in those from the
WT littermates at 2, 3, and 4 days postinfection (dpi) (Fig. 2B). In line with our in vitro
results, levels of EW shedding were comparable in the WT and Rnasel=/~ groups (Fig.
2B). Taken together, these results indicate that the OAS-RNase L pathway plays a
significant role in restricting the replication of heterologous RV both in vitro and in vivo.
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FIG 2 RNase L signaling inhibits simian RV replication in vitro and in vivo. (A) WT and Rnasel-/~ MEFs were
pretreated with or without 1,000 U/ml murine IFN- for 24 h and then infected with simian RRV or murine ETD RV
at an MOI of 1 for 24 h. Virus yields were determined by a focus-forming unit assay. Fold differences in virus titers
were calculated as follows: yield of WT or Rnasel~/~ MEFs with IFN treatment (FFU per milliliter)/yield of MEFs
without IFN treatment. The fold differences in virus titers presented are the means of quadruple data points. n.s.,
not significant. (B) Five-day-old WT and Rnasel~/~ pups were orally inoculated with simian RRV (107 PFU) or murine
EW (10* DDs,). Fecal specimens were collected on the indicated days postinfection and subjected to a real-time
PCR-based assay measuring RV gene NSP5 levels with standard curves to determine infectious virus particles per
gram of stool sample. The numbers of mice in each group are indicated in parentheses.

The OAS-RNase L pathway restricts the replication of certain RV strains in
human cells. To facilitate a more mechanistic study of OAS-RNase L signaling in human
intestinal cells in vitro, we utilized CRISPR-Cas9 to genetically delete RNASEL in HT-29
cells, a human intestinal epithelial cell (IEC) line commonly used for RV studies because
of its small intestinal features (20, 22). RNase L depletion was confirmed by both
Western blotting and Sanger sequencing (Fig. 3A). RNase L-deficient HT-29 cells were
fully viable and did not exhibit altered cell proliferation or metabolic activities (data not
shown). We also used an rRNA cleavage-based assay (23) to confirm the loss of function
of the OAS-RNase L pathway in RNASEL=/~ HT-29 cells. Specifically, following the
transfection of cells with poly(I-C), a dsRNA mimetic that activates the OAS enzymes
(24-26), rRNA, represented as the 18S and 28S bands, was prominently degraded in WT
HT-29 cells into smaller digested fragments (Fig. 3B and C). In contrast, RNASEL=/—
HT-29 cells remained completely resistant to poly(l-C)-induced rRNA degradation (Fig.
3B and Q).

Paralleling our findings in WT and Rnasel-deficient MEFs (Fig. 2A), our findings in
human HT-29 cells showed a virus strain-specific and partial-host-range phenotype (Fig.
2A). The replication of WI61, a human RV strain, and SA11, a simian RV strain, was not
affected by the loss of RNase L signaling (Fig. 3D). However, virus titers of more distantly
related RVs, including the bovine RV NCDV strain and the porcine RV OSU strain, were
enhanced by approximately 5- to 7-fold in RNASEL=/~ cells compared to those in WT
HT-29 cells (Fig. 3D), further highlighting RNase L as an RV strain-specific inhibitory
mechanism.

Intact PDE activity is required for OAS-RNase L inhibition by RV VP3. In order
to study the role of PDE activity in the full-length VP3 protein, we used site-directed
mutagenesis to specifically replace the two key catalytic histidine (H) residues at
positions 718 and 797 (17) with arginine (R), either individually or in combination. All
green fluorescent protein (GFP)-tagged VP3 proteins, including the WT, the single
mutants H718R and H797R, and a double mutant, H718R/H797R, were equally ex-
pressed when transfected into HEK293 cells (Fig. 4A). We also found by fluorescence
imaging that the mutant proteins were expressed at comparable levels and that the
specific PDE site mutations did not alter the subcellular localization of VP3 (Fig. 4B).
Compared to the diffuse GFP signal in the cytoplasm and nucleus, WT and all three
mutant VP3s colocalized with cytochrome C oxidase IV (COXIV), a well-characterized
mitochondrial marker, as previously reported (20) (Fig. 4B). Given that the VP3 PDE
domain alone inhibited RNase L-mediated rRNA degradation (17), we next tested the
ability to block RNase L activation by different VP3 constructs. Using the previously
established rRNA degradation assay (Fig. 3B), we noticed that compared to mock
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FIG 3 RNase L depletion facilitates strain-specific RV replication in HT-29 cells. (A) Single clonal RNASEL~/~ HT-29 cells were

generated by CRISPR-Cas9 (detailed in Materials and Methods) and validated by Western blotting

(top) and Sanger

sequencing (bottom). (B) WT and RNASEL~/~ HT-29 cells were transfected with 4.0 ug/ml poly(l-C) for 9 h, and total RNA
was extracted and resolved by an RNA chip assay. The positions of 18S and 28S rRNAs are indicated. (C) Quantification of

intact 18S and 28S rRNA bands and RNase L cleavage products in panel B. The data presented are the ar
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indicated RV stains (MOl = 1) for 24 h. Virus yields were determined by a focus-forming unit assay. The virus growth ratio
was calculated as follows: yield of RNASEL—/~ (FFU per milliliter)/yield of WT (FFU per milliliter) HT-29 cells. The ratios

presented are the means of quadruple data points.

transfection or the GFP empty vector control, full-length VP3 significantly inhibited
poly(l-C)-induced 18S and 28S cleavage (Fig. 4C and D). However, mutation of either H
site to R abolished VP3's ability to inhibit RNase L signaling (Fig. 4C and D), suggesting
that the PDE activity is essential for RNase L inhibition by VP3.

Next, we examined the relative contribution of VP3 PDE antagonism of the RNase L
pathway to RV replication. To this end, we utilized the recently described RV reverse-
genetics system (16) to rescue recombinant RVs that encode either WT or mutant VP3s.
We successfully recovered four recombinant viruses: the parental simian RV SA11 strain
and three mutant RVs with key VP3 H residues mutated to alanine (A), creating the
single mutants H718A and H797A and a double mutant, H718A/H797A (Fig. 5A). The
ability of these RVs to replicate in MA104 cells, an IFN-defective monkey kidney cell line
most frequently used for RV propagation (27), was not compromised by any of the VP3
mutations at any time point examined (Fig. 5B). We also used plaque assays to quantify
the yield of infectious RVs (WT SA11 and three VP3 mutants) from infected MA104 cells
and observed no replication differences (data not shown). The mutant RVs were
genetically stable and did not revert back to WT VP3 sequences during serial passage
in MA104 cells (data not shown).

We hypothesized that this lack of attenuation might be due to a relatively weak
IFN-RNase L response in MA104 cells. Therefore, we proceeded to examine the capacity
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FIG 4 VP3 PDE activity is required for inhibiting the OAS-RNase L pathway in the full-length VP3 protein. (A) HEK293 cells were transfected with the GFP empty
vector or GFP-tagged WT and VP3 mutants from the simian RV RRV strain. At 24 h, cell lysates were harvested and either immunoprecipitated with an anti-GFP
antibody and probed for GFP in a Western blot (top) or directly examined by Western blotting for GAPDH (bottom). (B) HEK293 cells were transfected with the
GFP empty vector or the GFP-tagged WT and VP3 mutants from the simian RV RRV strain. At 24 hpt, cells were fixed with 4% paraformaldehyde, stained for
COXIV (mitochondrial marker [mito]), and imaged with a Zeiss LSM710 confocal microscope. Inset images are labeled with red boxes in the merged channel.
Yellow signals, indicative of VP3 and COXIV colocalization, are pointed out with white arrows. (C) HEK293 cells were transfected with GFP and the indicated
RRV VP3 WT and mutants for 24 h and transfected with 1 ug/ml poly(l-C) for another 6 h. Total RNA was then extracted and resolved by an RNA chip assay.

(D) Quantification of intact 18S and 28S rRNA bands and RNase L cleavage products in panel C. The arithmetic means = standard deviations from three
independent experiments are shown.

of WT and VP3 mutant RVs to block RNase L activation in IFN-signaling-competent
HT-29 cells. Interestingly, there was no rRNA degradation observed in RV infection
alone without poly(l-C) stimulation. We reason that this could be due to an alternative
mechanism of RV-mediated RNase L inhibition, independent of the PDE activity (28).
Consistent with our hypothesis, poly(l-C)-induced rRNA degradation was significantly
blocked by WT VP3 RV (Fig. 6A and B). In contrast, poly(l-C) stimulation-mediated rRNA
degradation was enhanced after the H-to-A mutations, in particular at the H797 site
(Fig. 6A and B). As a consequence, these VP3 PDE mutant RVs also replicated less
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efficiently than the WT recombinant virus in WT HT-29 cells (Fig. 6C). Importantly, such
a defect was rescued in RNASEL—/~ HT-29 cells, suggesting that the RNase L pathway
accounts for the attenuated replication phenotypes of these VP3 mutant RVs (Fig. 6C).

VP3 PDE activity promotes intestinal RV replication in vivo. Finally, to examine
the pathophysiological relevance of RNase L-mediated RV inhibition and VP3 PDE-
dependent RNase L counteraction, we turned to an in vivo mouse model (18, 19) and
studied the replication and pathogenesis of WT and VP3 mutant RVs in WT C57BL/6 and
Rnasel~/~ mice on the same genetic background. Five-day-old suckling pups were
orally inoculated with an equal dose of 10° PFU of the recombinant WT SA11 or the VP3
double mutant H718A/H797A viruses. We monitored the induction of diarrhea and
intraintestinal replication by standard diarrhea scores (29) and real-time PCR assays (19),
respectively.

In C57BL/6 mice, WT SA11 had slightly more diarrhea occurrence than the VP3
mutant virus at 1 and 3 dpi (Fig. 7A). In Rnasel~/— mice, we observed overall increases
in diarrhea development for both viruses at 1, 2, 3, and 6 dpi (Fig. 7A). Altogether, these
results suggest that RNase L at least partially regulates RV-related disease severity and
that encoding a functional copy of VP3 confers small yet significant advantages over
viruses with VP3 PDE point mutations.

Vis-a-vis the viral load within tissues, we quantified virus replication levels in all four
groups at 3 dpi. We did not observe detectable numbers of RV RNA copies in the liver,
biliary tract, or blood (data not shown). In addition, almost identical levels of WT and
H718A/H797A VP3 SA11 were found in the mesenteric lymph node (MLN), the immune
cell compartment of the gastrointestinal tract, in C57BL/6 mice (30). In contrast, we
detected significantly lower (1-log) levels of replication of the VP3 mutant virus than of
WT SA11 in the small intestinal tissues (Fig. 7B), suggesting that the effect of VP3 on
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converted to PFU counts based on the standard curve. The numbers of mice in each group are indicated in parentheses.

enhancing RV replication via its PDE domain is likely to be a small bowel epithelium-
specific phenotype. Furthermore, H718A/H797A VP3 SA11 replication was enhanced by
at least 10-fold in the small intestinal epithelial cells of Rnasel~”— mice (Fig. 7B),
comparably to that of WT SA11, suggesting that once the restriction pressure is lifted,
having VP3 PDE activity does not confer further replication advantages in the gut.
Finally, the amount of H718A/H797A mutant SA11 in fecal specimens was decreased
compared to that of the WT VP3 virus in WT mice at 2 and 3 dpi, and such attenuation
was again rescued in the absence of Rnasel (Fig. 7C). Collectively, using CRISPR-Cas9 KO
cells, animal models, and genetic tools (including natural reassortants and the reverse-
genetics system), we demonstrated that in the small intestine, OAS-RNase L signaling
plays an important role in the restriction of RVs in a virus strain-specific manner.

DISCUSSION

The levels of RV replication and virulence (in this model system, diarrhea) are
strongly influenced by virus strains, cell types, and host species. Viral genetic factors
controlling these phenotypes are likely to be multigenic. Here, we examined the
molecular mechanisms underlying differential RV resistance to exogenous IFN signal-
ing. Using a naturally derived reassortant RV library (7), we pinpointed RV's ability to
antagonize the effects of exogenous type | IFN to gene segment 3, which encodes the
RNA-capping enzyme VP3 (Fig. 1). We then determined that in both human HT-29 cells
and suckling mice in vivo, the OAS-RNase L pathway is key to mediating IFN’s suppres-
sion of selected heterologous RVs, and it is counteracted by the presence of a
homologous RV VP3 (Fig. 2 to 4). We next demonstrated, using the recently established
reverse-genetics system (16), that RVs encoding VP3 PDE mutants fail to inhibit RNase
L and replicate poorly in HT-29 cells and in mouse intestine (Fig. 6 and 7). In conclusion,
we used a multipronged approach to directly demonstrate that VP3-encoded PDE
activity can counteract RNase L signaling within the context of RV infection and is
important for promoting RV replication and pathogenesis in vivo.

Cell specificity becomes an important aspect of studying innate immunity, as many
pattern recognition receptors and antiviral molecules are expressed in a highly specific
manner in certain cells and tissues (31). In our study of the OAS-RNase L system, we also
observed such differential activation in MA104 versus HT-29 cells (Fig. 5B and Fig. 6C).
In fact, a cell-type-specific activation of OAS-RNase L was previously reported for
coronavirus infections (32-36). This is particularly important in light of the recent 2019
novel coronavirus (SARS-CoV-2) outbreak (37). It would be interesting to examine
whether this new bat coronavirus exhibits PDE activity to inhibit RNase L function in a
cell-type-dependent manner, paving the way for future targeted attenuation in vaccine
design.

Our data demonstrating that point mutations within the PDE domain of VP3 lead to
reduced RV replication in HT-29 cells are particularly intriguing (Fig. 6). Given that the
human RV vaccines now in use are all based on live attenuation (8), we predict that
targeted mutations of VP3 PDE activity would create recombinant viruses that are less
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virulent and potentially safer. Theoretically, with the additional targeted VP3 attenua-
tion, a higher dose of RV vaccine could be administered to enhance immunogenicity
without causing diarrhea or other adverse effects. Testing of this hypothesis would
require the recovery of a fully recombinant human RV using the reverse-genetics
system, which would ideally then be tested in a primary human intestinal enteroid-
hematopoietic coculture system. The other alternative is to further investigate the role
of VP3 and PDE mutations in the background of a completely infectious and virulent
murine RV. Such a recombinant viral construct will enable studies of adaptive immune
responses both during the initial infection and using a subsequent challenge model to
examine vaccine efficacy.

Another interesting observation made in this study is that in vivo, heterologous
simian RV replication is suppressed by RNase L signaling in the intestinal epithelium but
not in the MLNs (Fig. 7). Cell-type-specific RNase L activity has previously been reported
(35, 36). This is also reminiscent of our previous findings with heterologous RV infec-
tions in Mavs—/~ mice (20). We reason that this could be due to distinct IFN responses
in epithelial cells compared to hematopoietic cells (38). It is plausible that immune cells
in MLNs have other non-IFN-mediated antiviral signaling pathways (i.e., Toll-like recep-
tors or the inflammasome, etc.) to compensate for the loss of RNase L. It is also possible
that other IFN-stimulated genes besides OASs are at play in this immune compartment,
whereas OAS-RNase L accounts for the majority of IFN’s antiviral activity in epithelial
cells. Using a now readily available and highly tractable reverse-genetics system, we
report the recovery of the first VP3 mutant RVs and demonstrate that intact PDE activity
is required for optimal virus replication in vitro and in vivo. Although much work
remains, the present study represents an important additional step toward the mech-
anistic understanding of the complex and multigenic nature of RV-IFN signaling
interactions.

MATERIALS AND METHODS

Cells and viruses. The African green monkey MA104 kidney epithelial cell line was cultured in
complete M199 medium. The human embryonic fibroblast HEK293 cell line was cultured in complete
Dulbecco’s modified Eagle’s medium (DMEM). The human colonic epithelial HT-29 cell line was cultured
in complete advanced DMEM-F-12 medium. Human and animal RV strains, including human WI61,
simian RRV and SA11, bovine NCDV, porcine OSU, murine EW and ETD (a tissue culture-adapted strain
of the EDIM-derived EW strain), and reassortants between RRV and EW, were used in this study. EW was
propagated in suckling pups as previously described (39). The other RV strains were propagated and
titers were determined by plaque assays in MA104 cells (40).

Mice and RV infection. Wild-type 129sv, C57BL/6, and Ifnar1~/~ Ifngr1—/— mice were originally
purchased from the Jackson Laboratory and maintained as individual in-house breeding colonies.
Rnasel~’— mice were purchased from the Jackson Laboratory and were originally developed by, and
provided with permission of, Robert H. Silverman (41). Isolation of MEFs from different mouse back-
grounds was performed as described previously (42). MEF infection and virus titration were performed
as described previously (7). Five-day-old WT and Rnasel~/~ pups were orally inoculated with simian RRV
(107 PFU), murine EW (10* DD,,), or the recombinant simian RV SA11 strain (106 PFU) rescued using the
reverse genetic method (16). Fecal specimens were collected on the indicated days postinfection and
subjected to a real-time PCR-based assay measuring RV gene NSP5 levels with standard curves to
determine infectious virus particles per gram of stool sample, as described previously (29, 43). All mice
were housed at the Veterinary Medical Unit of the Palo Alto VA Health Care System. All animal studies
were approved by the Stanford Institutional Animal Care Committee.

Generation of recombinant RVs by the reverse-genetics method. The recombinant simian RV SA11
strain was rescued as described previously using the reverse genetic method (16, 44). BHK-T7 cells were
seeded into 6-well plates for 48 h and then transfected with the plasmids pT7-VP1SA11, pT7-VP2SA11,
pT7-VP3SA11, pT7-VP4SA11, pT7-VP6SAT11, pT7-VP7SA11, pT7-NSP1SA11, pT7-NSP2SA11, pT7-NSP3SA11,
pT7-NSP4SA11, and pT7-NSP5SA11 to generate SA11 WT virus. We generated pT7-VP3H718ASA11, pT7-
VP3H797ASA11, and pT7-VP3H718AH797ASA11 using site-directed mutagenesis. At 24 h posttransfection
(hpt), we replaced the medium with serum-free DMEM. After another 24 h, we removed the medium, seeded
10° cells/well of MA104 cells in serum-free DMEM supplemented with trypsin (0.5 ng/ml), and incubated the
cells for 72 h. MA104 cells were infected by recombinant WT or VP3 mutant RVs at a multiplicity of infection
(MOI) of 1 to quantify replication kinetics.

Generation of CRISPR-Cas9 knockout cells. Single clonal RNASEL knockout HT-29 cells were
generated using transient transfection of a PX458 vector (Addgene plasmid 48138) that expresses Cas9
and single guide RNA (sgRNA) against RNASEL. Green fluorescent protein (GFP)-positive cells were
single-cell sorted into 96-well plates at 48 h posttransfection using a BD Aria Il instrument, allowed to
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grow into colonies, and screened by Western blotting and Sanger sequencing for knockout single clones
as previously described (22).
RNase L-mediated rRNA cleavage assay. HEK293 cells in 24-well plates were transfected with RRV
WT and PDE mutant VP3 using Lipofectamine 3000. At 24 hpt, cells were transfected with 1 ug/ml of
poly(I-C) for 6 h. For HT-29 cells, 4 ug/ml of poly(I-C) was used for 1 h, and the cells were then infected
with recombinant WT or VP3 mutant RVs at an MOI of 10 for 9 h. Total RNA was extracted using a Thermo
Fisher PureLink RNA minikit and resolved by an RNA chip assay. The cleavage products of 18S and 28S
rRNAs were quantitated using the Bioanalyzer system as described previously (28). For quantification, the
areas below the curves of the regions corresponding to 18S and 28S and those between 18S and 28S
were calculated from the electropherogram, and their sum was taken as 100%. The fraction represented
by each band was then calculated.
Western blotting. Cell lysates were harvested in radioimmunoprecipitation assay (RIPA) buffer
supplemented with a protease inhibitor cocktail and a phosphatase inhibitor. Proteins were resolved
by SDS-PAGE and analyzed as described previously (38) using antibodies for RNase L (catalog
number aa139-167; LifeSpan) (1:1,000), GFP (catalog number A11122; Thermo Fisher) (1:1,000), and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (catalog number 60004-1; Proteintech) (1:
1,000). Secondary antibodies were anti-rabbit (catalog number 7074; CST) (1:5,000) or anti-mouse
(catalog number 7076; CST) (1:5,000) immunoglobulin G-horseradish peroxidase-linked antibodies.
Protein bands were visualized with the Clarity ECL substrate, Amersham Hyperfilm, and a Structurix
X-ray film processor.
Fluorescence imaging. HEK293 cells in 8-well chamber slides were transfected with GFP-tagged WT
or PDE mutant VP3 and fixed with 4% paraformaldehyde at 24 h, as previously described (22). Samples
were then stained with a primary antibody against COXIV (catalog number 4850; Cell Signaling) and DAPI
(4’ 6-diamidino-2-phenylindole) (catalog number P36962; Thermo Fisher) and imaged with a Zeiss LSM
710 confocal microscope. Images were analyzed using Volocity v5.2.

Statistical analysis. Data in the bar graphs are displayed as means = standard errors of the means

(SEM). Statistical significance of the data in Fig. 2A, Fig. 3D, and Fig. 6C was calculated by Student’s t test,
and statistical significance of the data in Fig. 2B, Fig. 3C, Fig. 4D, Fig. 5B, Fig. 6B, and Fig. 7A and C was
calculated by analysis of variance (ANOVA) using Prism 8 (*, P =< 0.05; **, P < 0.01; ***, P < 0.001). Statistics
in Fig. 1 were calculated using single-factor ANOVA and post hoc pairwise comparison. All experiments,
unless otherwise noted, were repeated at least three times.
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