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Loss of IKK Subunits Limits NF-kB Signaling in
Reovirus-Infected Cells
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ABSTRACT Viruses commonly antagonize innate immune pathways that are primar-
ily driven by nuclear factor kappa B (NF-«B), interferon regulatory factor (IRF), and
the signal transducer and activator of transcription proteins (STAT) family of tran-
scription factors. Such a strategy allows viruses to evade immune surveillance
and maximize their replication. Using an unbiased transcriptome sequencing (RNA-
seq)-based approach to measure gene expression induced by transfected viral
genomic RNA (vgRNA) and reovirus infection, we discovered that mammalian reovi-
rus inhibits host cell innate immune signaling. We found that, while vgRNA and reo-
virus infection both induce a similar IRF-dependent gene expression program, gene
expression driven by the NF-kB family of transcription factors is lower in infected
cells. Potent agonists of NF-«B such as tumor necrosis factor alpha (TNF-a) and
vgRNA failed to induce NF-kB-dependent gene expression in infected cells. We
demonstrate that NF-kB signaling is blocked due to loss of critical members of the
inhibitor of kappa B kinase (IKK) complex, NF-«B essential modifier (NEMO), and
IKKB. The loss of the IKK complex components prevents nuclear translocation and
phosphorylation of NF-kB, thereby preventing gene expression. Our study demon-
strates that reovirus infection selectively blocks NF-«B, likely to counteract its antivi-
ral effects and promote efficient viral replication.

IMPORTANCE Host cells mount a response to curb virus replication in infected cells
and prevent spread of virus to neighboring, as yet uninfected, cells. The NF-«kB fam-
ily of proteins is important for the cell to mediate this response. In this study, we
show that in cells infected with mammalian reovirus, NF-«kB is inactive. Further, we
demonstrate that NF-«B is rendered inactive because virus infection results in re-
duced levels of upstream intermediaries (called IKKs) that are needed for NF-«B
function. Based on previous evidence that active NF-«B limits reovirus infection, we
conclude that inactivating NF-kB is a viral strategy to produce a cellular environ-
ment that is favorable for virus replication.

KEYWORDS NF-kB, innate immunity, reovirus

Citation McNamara AJ, Danthi P. 2020. Loss of
IKK subunits limits NF-kB signaling in reovirus-

he mammalian innate immune response is an effective response to viral intrusion. infected cells, J Virol 94:600382-20. httpsy/doi

The primary mechanism of innate control of virus infection is the production of 0rg/10.1128/JV1.00382-20.
antiviral cytokines. Paracrine signaling by these cytokines establishes an antiviral state Editor Susana Lépez, Instituto de
in neighboring, uninfected cells, making them refractory to virus infection and limiting Biotecnologia/UNAM

Copyright © 2020 American Society for

dissemination of virus in the host (1). Expression of these cytokines is under the control AL :
Microbiology. All Rights Reserved.

of two major transcription factors, nuclear factor kappa B (NF-«B) and interferon Address correspondence to Pranav Danthi,

regulatory factor 3 (IRF3) (2). NF-kB and IRF3 are activated downstream of a signal that pdanthi@indiana.edu.

is initiated by extracellular sensing of pathogen-associated molecules, during transit Received 3 March 2020

through cellular uptake pathways, or within the cell (2). For RNA viruses, cell surface or Accepted 5 March 2020

endosomal sensing of the genomic material via Toll-like receptors (TLRs) and cytoplas- Q;ﬁjﬁ;%‘;g‘a"”s“ipt pestdiainsll
mic sensing via the RIG-I-like receptors (RLRs) are two major mechanisms of pathogen Published 4 May 2020

recognition (2). Animal models and cell lines lacking any component of the signaling

May 2020 Volume 94 Issue 10 e00382-20 Journal of Virology jviasm.org 1


https://orcid.org/0000-0001-6199-6022
https://doi.org/10.1128/JVI.00382-20
https://doi.org/10.1128/JVI.00382-20
https://doi.org/10.1128/ASMCopyrightv2
mailto:pdanthi@indiana.edu
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.00382-20&domain=pdf&date_stamp=2020-3-11
https://jvi.asm.org

McNamara and Danthi

module—sensor, transcription factors, or cytokines—are typically more susceptible to
viral infections than those with an intact immune response (3-6).

Because these initial stages of the innate immune response are so effective at
limiting viral replication, most viruses have evolved one or more mechanisms to limit
either the production or activity of these antiviral cytokines (7, 8). Frequently, viruses
antagonize the immune response by sequestering, degrading, or inactivating one or
more cellular components that are required for a cytokine-based antiviral response (7,
8). Targeting transcription factor function is a commonly used viral strategy, perhaps
because transcription factors serve a critical node that controls the expression of
multiple antiviral molecules. Among these, NF-kB can control the function of a wide
variety of proinflammatory chemokines and cytokines (9). The NF-«B transcription
factor family is composed of five different subunits that function as homo- or het-
erodimers. The classical NF-kB complex (here referred to as NF-«kB), composed of p65
and p50 subunits, is a critical regulator of antiviral gene expression (9). In an inactive
state, it is sequestered in the cytoplasm by the inhibitor of kB (IkB) proteins (9). NF-«B
transcriptional activity is regulated by the inhibitor of kappa B kinase (IKK) complex, a
protein complex which causes the degradation of 1kB (9). The IKK complex, which is
composed of IKKa, IKKB, and the NF-«B essential modifier (NEMO), phosphorylates I«B,
which leads to its ubiquitination and degradation. Freed from its inhibitor, NF-«B
translocates to the nucleus, binds to DNA, and initiates gene expression. The transac-
tivation function of NF-«B also requires IKK-mediated phosphorylation of the p65
subunit (10).

Mammalian orthoreovirus (reovirus) is a double-stranded RNA (dsRNA) virus which
replicates in the cytoplasm of the host cell (11). Like most other viruses, reovirus
pathogenesis is influenced by NF-«B signaling (12). In a newborn mouse model, NF-«B
plays an antiviral role in the heart. In comparison to wild-type mice, NF-«kB p50~/~ mice
exhibit higher viral titers, tissue damage, and cell death, indicating that NF-«B is
antiviral in this context. This outcome is due, at least in part, to an inability of p50~—/—
mice to produce beta interferon (IFN-B). Despite the fact that the viral genomic RNA
remains within the reovirus core, the current model posits that the innate immune
response is initiated when genomic RNA from incoming virions is sensed by the RLRs
RIG-I and MDAS5 (9, 13). The sensing of the RNA leads to the activation of IRF3 and
NF-«B, which lead to the production of IFN and other inflammatory cytokines (14).
Whether reovirus actively limits this antiviral response has not been extensively scru-
tinized.

In this study, we investigated whether reovirus inhibits innate immune signaling
following infection. Using transcriptome sequencing (RNA-seq), we found that NF-«B
activity was inhibited in infected cells following treatment with multiple agonists,
including viral genomic RNA (vgRNA) and tumor necrosis factor alpha (TNF-@). We
discovered that this inhibition was due to reduced cellular levels of the IKK components
IKKB and NEMO. Loss of the IKK complex led to inhibition of NF-«B nuclear transloca-
tion and consequent blockade of its transactivation function. Blockade of viral gene
expression prevented IKK loss, suggesting that events in viral replication after cell entry
are required for IKK loss and NF-«B inhibition. This study highlights a previously
unknown mechanism by which reovirus infection blunts the host innate immune
response.

RESULTS

NF-«kB-dependent gene expression is blocked in reovirus-infected cells. The
genomic dsRNA within reovirus particles serves as the pathogen-associated molecular
pattern that activates the innate immune response via RIG-I and MDA5 (15-17). To
determine if reovirus infection modifies this response, we compared the host cell
response in L929 cells following transfection of vgRNA with the response following
infection with reovirus strain T3A. Using RNA-seq analyses, we found that viral RNA
transfection induced the expression of 978 genes (Fig. 1A and B). For these analyses, we
considered only those genes whose expression was increased by >4-fold (log, fold
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FIG 1 Reovirus strain T3A inhibits NF-«kB-dependent gene expression. (A) ATCC L929 cells were transfected with 0.5 ug of vgRNA. At 7 h following transfection,
total RNA was extracted and subjected to RNA-seq analyses. A volcano plot showing genes whose expression was induced by >4-fold (log, fold change
[log,FC] > 2) and with a false-discovery rate (FDR) of <0.05 in comparison to that in mock-infected cells are shown within the box. (B, C) ATCC L929 cells were
transfected with 0.5 ug of vgRNA for 7 h or infected with 10 PFU/cell of reovirus strain T3A for 20 h. Total RNA was extracted and subjected to RNA-seq analyses.
(B) Heat map comparing expression of the genes shown in the boxed region of panel A following vgRNA transfection and T3A infection. (C) Scatterplot
comparing expression of the genes shown in the boxed region of panel A following vgRNA transfection and T3A infection. Black dots denote genes that were
not expressed significantly differently in the two treatments. Red dots represent genes that were expressed to a significantly lower extent in T3A-infected cells.
iRegulon analyses of both sets of genes is also shown. NES, normalized enrichment score. (D, E) ATCC L929 cells were adsorbed with phosphate-buffered saline
(PBS) (mock) or 10 PFU/cell of T3A. Following incubation at 37°C for 20 h, cells were transfected with 0.5 ug viral RNA for 7 h. Total RNA was extracted and
subjected to RNA-seq analyses. (D) Heat map comparing expression of the genes shown in the boxed region of panel A following vgRNA transfection of
mock-infected and T3A-infected cells. (E) Scatterplot comparing expression of the genes shown in the boxed region of panel A following vgRNA transfection
of mock-infected and T3A-infected cells. Black dots denote genes that are not expressed significantly differently in the two treatments. Red dots represent
genes that are expressed to a significantly lower extent in T3A-infected cells transfected with vgRNA. iRegulon analyses of both sets of genes are also shown.

change [log,FC] > 2) and that were identified with a false-discovery rate (FDR) of <0.05
to be significantly different. We used iRegulon, which predicts transcriptional regulators
for a similarly expressed gene set by providing a normalized enrichment score (NES)
(18). A high NES for a given transcription factor indicates that many of the genes in a
set are likely regulated by that transcription factor. We used this program to identify
which transcription factors most likely regulate the genes induced following treatment
with vgRNA. We found that, of the 978 genes induced by vgRNA, the highest NES scores
were assigned to NF-«B and IRF, with scores of 4.0 and 10.0, respectively (Fig. 1Q).
Predictably, reovirus infection induced a similar gene expression profile. In total, 65% of
the 978 genes induced by vgRNA were also induced by reovirus. When we used
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iRegulon to predict the transcription factors that regulate the genes induced by
reovirus infection, we found that, while genes regulated by IRF were enriched in this list
(NES, 12.0), genes regulated by NF-«B were not. Surprisingly, the NES for NF-«B fell
below the 3.0 cutoff, indicating that NF-«B target genes were not enriched in the set
of genes induced by reovirus infection (Fig. 1C).

Of the 978 genes induced by vgRNA described above, 35% (339 of 978) were
expressed to a lower extent in reovirus-infected cells. Using iRegulon, we predicted that
NF-kB target genes were enriched in this set, as the NES for NF-«B increased from 4.0
to 4.9 (Fig. 1Q). In agreement with the results we show in Fig. 1A and B, these data
suggest that NF-«B and IRF transcription factor families are regulated differently in cells
transfected with RNA and in cells infected with reovirus. Thus, the observed differences
in the gene expression profiles of RNA-transfected and reovirus-infected cells are not
related to differences in RNA sensing. Instead, this difference may be because reovirus
fails to activate the NF-«B signaling pathway or because it has evolved a mechanism to
block NF-«B signaling.

To distinguish between these possibilities, we determined whether reovirus infec-
tion inhibits vgRNA-induced NF-kB activation. Toward this end, we compared if gene
expression in uninfected cells transfected with vgRNA differed from that in infected
cells transfected with vgRNA. As described above, vgRNA transfection of uninfected
cells induces expression of 978 genes (Fig. 1A). In infected cells, however, vgRNA failed
to induce 13% of these genes (133 of 978) (Fig. 1D and E). We used iRegulon to predict
that the most likely transcriptional regulator of genes whose expression was inhibited
by reovirus infection was NF-kB, with an NES of 6.1. These data allow us to conclude
that reovirus blocks NF-«B-dependent gene expression, even in the presence of a
potent agonist such as vgRNA.

vgRNA and reovirus infection activate NF-«kB downstream via a common set of
sensors that detect RNA (15-17, 19). To determine if the inhibitory effect of reovirus on
NF-«B-dependent gene expression is only restricted to viral RNA-induced gene expres-
sion, we used TNF-@, a potent stimulator of NF-kB signaling. RNA-seq analyses of
uninfected cells treated with TNF-q, using the same criteria described above, led to the
upregulation of 32 transcripts (Fig. 2A). In contrast, TNF-a had no significant effect on
gene expression in cells infected with T3A (Fig. 2B to D). These data indicate that
infection of cells with T3A results in blockade of NF-kB-dependent transcription. vgRNA
and TNF-« initiate NF-«B signaling via distinct routes. Therefore, our analyses suggest
that reovirus blocks NF-kB signaling at a common downstream step.

IKK activity is diminished in reovirus-infected cells. To verify our RNA-seq
analyses, we measured the capacity of vgRNA and TNF-« to induce the expression of
an NF-kB target gene in reovirus-infected cells using reverse transcription-quantitative
PCR (RT-qPCR). For these experiments, we monitored the transcript levels of IkBa, an
NF-kB target gene. Because the IkBa protein inhibits NF-«kB nuclear translocation, its
expression serves as a feedback inhibitor of NF-«kB activity (20). Consistent with our
RNA-seq data, we found that reovirus inhibits IkBa expression to a significant extent
following treatment with either agonist (vgRNA or TNF-«) (Fig. 3A and B). Because the
effects of reovirus on both NF-kB agonists were equivalent, we used TNF-« for the
remainder of our experiments. TNF-a treatment of cells should promote nuclear
translocation of p65. We measured nuclear p65 levels in mock-infected and reovirus-
infected cells treated with TNF-a. As expected, TNF-a treatment of mock-infected cells
resulted in an accumulation of p65 in the nucleus within 1 h (Fig. 3C). Prior infection
with T3A prevented TNF-a-driven accumulation of p65 in the nucleus. These data agree
with previous evidence indicating that degradation of the IkBa protein is blocked in
reovirus-infected cells (21). IkBa degradation is initiated by the phosphorylation of kB«
by the IKK complex, which leads to polyubiquitination and subsequent degradation of
IkBa by the proteasome (9). Thus, the reduction in nuclear p65 levels in T3A-infected
cells treated with TNF-a may be due to an absence of sufficient levels of active IKKs. In
addition to IkBe, the IKK complex also phosphorylates p65 at Ser536 prior to nuclear
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FIG 2 Reovirus strain T3A inhibits TNF-a-stimulated NF-«B-dependent gene expression. (A) ATCC L929 cells were
treated with 10 ng/ml TNF-a. At 1 h following treatment, total RNA was extracted and subjected to RNA-seq
analyses. A volcano plot showing genes whose expression is induced by 4-fold (log,FC > 2) and which had an
FDR of <0.05 in comparison to that in untreated cells are shown within the box. (B, C, D) ATCC L929 cells were
adsorbed with 10 PFU/cell of T3A. Following incubation at 37°C for 20 h, cells were treated with 0 or 10 ng/ml TNF-«
for 1 h. Total RNA was extracted from cells and was subjected to RNA-seq analyses. (B) Scatterplot comparing
expression of the genes shown in the boxed region of panel A following infection with T3A with or without TNF-a.
A trendline showing linear regression and coefficient of determination is shown. (C) Scatterplot comparing
expression of the genes shown in the boxed region of panel A following TNF-« treatment of mock-infected and
T3A-infected cells. A trendline showing linear regression and coefficient of determination is shown. (D) Heat map
comparing expression of the genes shown in the boxed region of panel A following TNF-a treatment of
mock-infected and T3A-infected cells. Expression of the same set of genes in T3A-infected cells is also shown.

translocation (10). IKK-mediated p65 Ser536 phosphorylation is critical for NF-«B-
dependent gene expression and is considered a measure for IKK activity (10). To
determine if IKK activity is compromised in T3A-infected cells, we assessed the capacity
of TNF-« to promote p65 phosphorylation at Ser536. While TNF-« potently induced p65
phosphorylation in mock-infected cells, both basal and TNF-a-induced p65 phosphor-
ylation were dramatically reduced in T3A-infected cells (Fig. 3D). Thus, in reovirus-
infected cells, p65 nuclear translocation and phosphorylation, both of which require the
IKK complex, are inhibited. These data suggest that reovirus may inhibit NF-kB-
dependent gene expression due to inactivity of the IKK complex.

Levels of IKKB and NEMO are diminished following reovirus infection. To
determine the basis of IKK inactivity following infection with T3A, we sought to
determine the levels of IKKB and NEMO, key IKK components that are required for
NF-kB activation following TNF-a treatment. We found that levels of IKKB and NEMO
are dramatically lower at 12 and 24 h following infection with T3A (Fig. 4A and B). In
contrast, levels of an upstream signaling protein, RIP1, were unaffected by T3A infec-

May 2020 Volume 94 Issue 10 e00382-20

Journal of Virology

jviasm.org 5


https://jvi.asm.org

McNamara and Danthi

A B

c 150+ 150+
o o
%100- %100-
3 3
m m
= 50 50
C c
8 8 Fk
6 *kk 6
o o- o oA
& JER
C INuclear extract| D  Whole cell extract]
Mock T3A Mock — T3A
TNF: - + - + TNF: - + - +
By I | p65 e | p-pe5 S536

|_—.___.| p65

g - | PSTAIR
o |- - - | PsTAR

FIG 3 Reovirus inhibits NF-kB signaling upstream of gene expression. (A) ATCC L929 cells were adsorbed
with PBS (mock) or 10 PFU/cell of T3A. Following incubation at 37°C for 20 h, cells were transfected with
VvgRNA and incubated for 7 h. RNA was extracted from cells, and levels of IkBa mRNA relative to those
in a glyceraldehyde-3-phosphate dehydrogenase (GAPDH) control were measured using RT-qPCR. IkBa
expression in mock-infected cells treated with agonist vgRNA was set to 100%. Gene expression of each
replicate, the mean value, and standard deviation (SD) are shown. ***, P < 0.001 by Student’s t test in
comparison to mock-infected cells transfected with vgRNA. (B) ATCC L929 cells were adsorbed with PBS
(mock) or 10 PFU/cell of T3A. Following incubation at 37°C for 20 h, cells were treated with 10 ng/ml
TNF-a and incubated for 1 h. RNA was extracted from cells and levels of IkBa mRNA relative to those in
a GAPDH control were measured using RT-gPCR. IkBa expression in mock-infected cells treated with the
agonist TNF-a was set to 100%. Gene expression of each replicate, the mean value, and SD are shown.
** P <0.01 by Student’s t test in comparison to mock-infected cells transfected with vgRNA. (C) ATCC
L929 cells were adsorbed with PBS (mock) or 10 PFU/cell of T3A. Following incubation at 37°C for 24 h,
cells were treated with 10 ng/ml TNF-a and incubated for 1 h. Nuclear extracts were immunoblotted
using antiserum specific for p65 or for PSTAIR loading control. (D) ATCC L929 cells were adsorbed with
PBS (mock) or 10 PFU/cell of T3A. Following incubation at 37°C for 24 h, cells were treated with 20 uM
proteasome inhibitor PSI for 1 h (to prevent turnover of proteins regulated by TNF-« signaling), then with
10 ng/ml TNF-« for 30 min. Whole-cell extracts were immunoblotted with antisera specific for p65, p65
Ser536 phosphorylation, and PSTAIR.

tion. Similarly, levels of NF-«B constituents p50 and p65 also remained constant. These
data indicate that T3A-mediated diminishment in levels of IKKB and NEMO likely
contributes to a reduction in IKK activity and resultant blockade of NF-«B in infected
cells. Because IKKB is the catalytic component of the IKK complex that is required for
IkBa and p65 Ser536 phosphorylation, we used IKKB levels as a surrogate to monitor
the mechanism by which IKK activity is diminished following infection.

In comparison to T3A, reovirus strain T1L blocks NF-kB less efficiently (22). To
determine if the efficiency of blockade of NF-«B correlated with loss of IKKB, we
compared IKKB levels following infection by T3A and T1L. We found that IKK3 levels
following infection with T3A were significantly lower than that following infection with
T1L. These data suggest a link between IKKB levels and NF-«B function (Fig. 4C).

Reovirus gene expression is required for the loss of IKKB. To determine the
stage of the reovirus replication cycle that is required for the loss of the IKK complex
and the inhibition of NF-«B, we treated cells with ribavirin, which diminishes viral gene
expression (23). We found that ribavirin treatment prevented T3A-mediated loss of IKKB
(Fig. 5A). Consistent with this, in cells treated with ribavirin, T3A was no longer able to
prevent TNF-a-driven nuclear accumulation of p65 (Fig. 5B). Furthermore, ribavirin
treatment also reduced the capacity of T3A to block NF-kB-dependent gene expression
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FIG 4 Reovirus infection causes a decrease in IKKB and NEMO levels. (A, B) ATCC L929 cells were
adsorbed with PBS (mock) or 10 PFU/cell of T3A. Following incubation at 37°C for 12 or 24 h, whole-cell
extracts were immunoblotted with antisera specific to p50, p65, IKKB, NEMO, RIP1, and PSTAIR. (C) ATCC
1929 cells were absorbed with PBS (mock), 10 PFU/cell of T3A, or 10 PFU/cell of T1L. Following incubation
at 37°C for 24 h, whole-cell extracts were immunoblotted with antisera specific to IKKB and PSTAIR. Reo,
reovirus.

(Fig. 5C). Together, these experiments indicate that one or more viral proteins produced
following virus infection or a specific event in viral replication trigger the loss of IKKB.

Reovirus-induced IKKB loss occurs posttranslationally. To ascertain the mecha-
nism of the lowered cellular levels of IKKB, we measured steady-state levels of IKKB
mRNA in reovirus-infected cells using RT-qPCR. We found that levels of IKKB mRNA in
mock-infected and reovirus-infected cells were similar, indicating that IKKB protein
levels are not decreased due to lower transcriptional activity or lower stability of the
IKKB transcript (Fig. 6A). This finding was corroborated in our RNA-seq data (not
shown). In uninfected cells treated with the protein synthesis inhibitor cycloheximide,
IKKB levels did not decrease until 24 h posttreatment. Because IKKB loss occurs with
significantly faster kinetics in reovirus-infected cells, we think that the decrease in IKKB3
levels is not a result of the effect of reovirus infection on host translation. These data
suggest that IKKB levels are controlled posttranslationally (Fig. 6B). A common mech-
anism of protein turnover in cells is through the use of acid-dependent proteases
present in lysosomal and autophagic vesicles. To test the role of these proteases, we
treated cells with a weak base, ammonium chloride (AC), which prevents acidification
of these compartments (24). Because reovirus infection is affected by AC, we initiated
infection with an in vitro-generated entry intermediate called an infectious subvirion
particle (ISVP) that bypasses inhibition by AC (25). Preventing acid-dependent protease
activity did not block the capacity of ISVPs to diminish IKKB levels, indicating that
lysosomal or autophagic degradation does not contribute to IKK loss (Fig. 6C). This
result is in contrast to those of a previous study, which suggested that TRIM29
expression in reovirus-infected alveolar macrophages leads to turnover of NEMO via
lysosomal degradation (26). Another mechanism of turnover in cells is via the protea-
some. Unexpectedly, treatment of cells with effective concentrations of a proteasome
inhibitor (PSI) diminished reovirus infection (Fig. 6D). Two other proteasome inhibitors,
MG132 and epoxomicin, also diminished reovirus infection (not shown). The effect of
proteasome inhibitors on infection precludes us from directly testing the role of the
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FIG 5 Reovirus gene expression is required for loss of IKKB. (A) ATCC L929 cells were adsorbed with PBS
(mock) or 10 PFU/cell of T3A in the presence or absence of 200 uM ribavirin. Following incubation at 37°C
for 24 h, whole-cell extracts were immunoblotted with antisera specific for IKK3, PSTAIR, and reovirus. (B)
ATCC L929 cells were adsorbed with PBS (mock) or 10 PFU/cell of T3A in the presence or absence of
200 uM ribavirin. Following incubation at 37°C for 24 h, cells were treated with 10 ng/ml TNF-a and
incubated for 1 h. Nuclear extracts were immunoblotted using antiserum specific for p65 or PSTAIR. (C)
ATCC L929 cells were adsorbed with PBS (mock) or 10 PFU/cell of T3A in the presence or absence of
200 uM ribavirin. Following incubation at 37°C for 24 h, cells were treated with 10 ng/ml TNF-« and
incubated for 1 h. RNA was extracted from cells, and IkBa gene expression was measured using RT-qPCR.
Gene expression in mock-infected cells treated with TNF-a was set to 100%. Gene expression of each
replicate, the mean value, and SD are shown. *, P < 0.05; NS, P > 0.05 by Student’s t test in comparison
to mock-infected cells treated with TNF-a.

proteasome in IKKB turnover. Based on these data, we conclude that reovirus infection
leads to IKK loss through a posttranslational mechanism, likely degradation via a
nonlysosomal pathway.

IKK overexpression restores NF-«B signaling in reovirus-infected cells. To de-
fine whether blockade of NF-kB by T3A also occurred in other cell lines, we measured
the capacity of T3A to influence TNF-a-induced expression of |kBa using RT-gPCR in
HEK293 cells. Analogously to our observation in L929 cells, TNF-« failed to induce IkBa
gene expression in T3A-infected HEK293 cells (Fig. 7A). Phosphorylation of p65 at
Ser536 (Fig. 7B) and its nuclear translocation following TNF-«a treatment were also
inhibited (Fig. 7C). Additionally, we noted a decrease in IKKB levels in comparison to
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FIG 6 (A) ATCC L929 cells were infected with PBS (mock) or 10 PFU/cell of T3A for 20 h. RNA was extracted from cells, and levels of

IKKB mRNA relative to those in a GAPDH control were measured using RT-qPCR. IKK expression in mock-infected cells was set to 1.
Gene expression of each replicate, the mean value, and SD are shown. (B) ATCC L929 cells were left untreated or were treated with
10 pg/ml cycloheximide for indicated times. Samples were immunoblotted with antisera specific to IKKB and PSTAIR. (C) ATCC L929
cells were adsorbed with PBS (mock) or 3 PFU/cell of T3A ISVPs in the presence or absence of 20 MM ammonium chloride. Following
incubation at 37°C for 16 or 24 h, whole-cell extracts were immunoblotted with antisera specific for IKKB, PSTAIR, and reovirus. (D)
ATCC L929 cells were adsorbed with PBS (mock) or 10 PFU/cell of T3A in the presence or absence of 20 uM PSI proteasome inhibitor.
Following incubation at 37°C for 12 or 16 h, whole-cell extracts were immunoblotted with antisera specific for PSTAIR and reovirus.

those in mock-infected cells (Fig. 7B). To determine if ectopic overexpression of the IKK
complex restores NF-«B signaling in reovirus-infected cells, we transfected cells with
constructs expressing tagged forms of IKKB and NEMO. Overexpression of these
constructs was sufficient to induce NF-«B signaling in mock-infected cells, as indicated
by p65 Ser536 phosphorylation (Fig. 7D). We found that upon infection of cells with
T3A, no decrease in IKKB levels was observed. Correspondingly, IKK overexpression-
induced p65 phosphorylation remained unaffected by reovirus infection. These data
further indicate a link between IKKB levels and NF-«B activity in reovirus-infected cells.
Thus, we conclude that diminishment in IKKB and NEMO levels is a key mechanism of
reovirus-induced blockade of NF-«kB signaling.

DISCUSSION

In this study, we sought to evaluate if reovirus alters the cellular response to
infection. Using RNA-seq, which allowed us to examine changes in the global tran-
scriptional landscape, we found that IRF target genes were induced to a similar extent
in cells infected with reovirus and in cells transfected with vgRNA. NF-«B target genes,
however, were expressed to a much lower extent in infected cells than in cells
transfected with vgRNA. Moreover, exogenous NF-«B agonists failed to induce an
NF-kB-dependent gene expression program in infected cells. These data indicate that
NF-kB activity is blocked in infected cells. We found that this blockade of NF-«B-
dependent gene expression is caused by a loss of IKKB and NEMO, two critical
components of the IKK complex. We propose that reovirus inhibits NF-«B to counter its
antiviral effects and produce a cellular environment that is conducive for replication.
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FIG 7 IKK overexpression overcomes reovirus-mediated blockade of NF-«B signaling. (A) HEK293 cells were
adsorbed with PBS (mock) or 10 PFU/cell of T3A. Following incubation at 37°C for 24 h, cells were treated with
10 ng/ml TNF-a and incubated for 1 h. RNA was extracted from cells, and IkBa gene expression was measured
using RT-qPCR. Gene expression in mock-infected cells treated with TNF-a was set to 100%. Gene expression of
each replicate, the mean value, and SD are shown. *, P < 0.05 by Student’s t test in comparison to mock-infected
cells treated with TNF-a. (B) HEK293 cells were adsorbed with PBS (mock) or 10 PFU/cell of T3A. Following
incubation at 37°C for 24 h, cells were treated with proteasome inhibitor PSI for 1 h, then 10 ng/ml TNF-« for
30 min. Whole-cell extracts were immunoblotted using antisera specific for IKKB, p65 Ser536 phosphorylation, p65,
and PSTAIR. (C) HEK293 cells were adsorbed with PBS (mock) or 10 PFU/cell of T3A. Following incubation at 37°C
for 24 h, cells were treated with 10 ng/ml TNF-« and incubated for 1 h. Nuclear extracts were immunoblotted using
antisera specific for p65 or PSTAIR. (D) HEK293 cells were transfected with vectors expressing Flag-tagged IKKB and
NEMO. Following incubation at 37°C for 24 h, HEK293 cells were adsorbed with PBS (mock) or 10 PFU/cell of T3A.
Following an additional incubation at 37°C for 24 h, whole-cell extracts were immunoblotted using antisera specific
for FLAG, p65, p65 Ser536 phosphorylation, reovirus, and PSTAIR.

We show here that reovirus infection inhibits NF-kB signaling (Fig. 1 to 3). In
contrast, previous studies demonstrate that reovirus infection leads to the activation of
NF-kB (27). We think that this apparent discrepancy is related to differences in the
timing of when NF-«B is activated and inhibited in reovirus-infected cells. Reovirus-
induced activation of NF-kB occurs early following infection. While canonical NF-«B
signaling requires IKKB and NEMO, reovirus-induced NF-«B activation requires an
unusual combination of IKKa and NEMO (28). Recent studies demonstrating a require-
ment for mitochondrial antiviral-signaling protein (MAVS) for NF-kB activation indicate
that vgRNA initiates this response (17). While other work suggests roles for reovirus w1
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and pu2 proteins in activating NF-«B, it is unclear if this effect is through controlling the
exposure of vgRNA to cytoplasmic sensors or via another mechanism (29-31). Regard-
less, innate immune activation early in infection does not require viral gene expression
(17, 32). In contrast, our studies presented here indicate that viral gene expression is
required for blockade of NF-kB (Fig. 5). Thus, detection of viral RNA activates NF-«B
early in infection, and expression of one or more viral gene products following
establishment of infection results in blockade NF-«B, limiting further signaling through
this pathway. Biphasic regulation of NF-«xB was also previously suggested (21, 22). Our
work presented here provides an explanation for this phenomenon. Differences in the
capacity of strains T3A and T1L to inhibit NF-«B are genetically linked to the genome
segment encoding the reovirus attachment protein o1 (22). We suspect that differences
in IKKB loss following infection with T3A and T1L also are controlled by differences in
the properties of their o1 proteins. Because o1 properties impact the efficiency of
infection and the kinetics of viral gene expression (33), we think that the genetic link
between a1 and NF-«B is indirect and the viral factor responsible for diminishment of
IKK levels and blockade of NF-«B signaling remains unknown.

NF-kB is an effective proinflammatory signaling pathway that curbs infection.
Pathogens therefore have evolved mechanisms to limit its activity (34, 35). Among
these, targeting upstream activators of the IKK complex is not uncommon. Infection
with human coronavirus causes a loss of both IKKB and NEMO through an unknown
mechanism (36). The murine cytomegalovirus (MCMV) protein M45 targets NEMO for
autophagolysosomal degradation (37). Shigella, an intracellular pathogen, secretes an
effector with E3 ligase activity which targets NEMO for proteasomal degradation (38).
In addition to degradation, pathogens also sequester the IKK complex (influenza A virus
[IAV] NS1 protein) or prevent its activation (human cytomegalovirus [HCMV] and
enterovirus) (39-41). Here, we show that reovirus infection leads to the loss of both
IKKB and NEMO (Fig. 4). Reovirus does not encode a protease, ruling out a direct effect
of a viral protease on IKKB. In the work presented here, we excluded the possibility that
IKKB levels were diminished as a consequence of blockade of host transcription and
translation. Additionally, we showed that IKKB is not degraded by proteases residing in
lysosomes or autophagic compartments (Fig. 6). Because inhibition of proteasome
activity led to reduction in viral gene expression and because viral gene expression is
necessary for IKKB loss, whether proteasomal degradation contributes to IKKB remains
an unanswered question and is a subject of our future studies. We also do not know
why both IKKB and NEMO are targeted by reovirus infection. It is possible that they are
removed together because they reside in a complex. Another possibility is that target-
ing both IKKB and NEMO ensures more complete inhibition of NF-«B.

A possible reason for reovirus to block NF-«B could be that NF-«B signaling limits
reovirus infection (12). Which NF-«B target(s) control virus infection has not been
identified. An obvious NF-«B target that could inhibit reovirus infection is IFN. However,
consistent with previous work suggesting that certain mouse cell types do not require
NF-«B for IFN production (42, 43), we found that vgRNA transfection-induced IFN
expression occurred in an NF-kB-independent manner in the absence of infection (data
not shown). Our RNA-seq analyses in reovirus-infected, vgRNA-transfected cells also
showed that inhibition of NF-kB by reovirus did not affect IFN production (Fig. 1). In
contrast with IFN, we found that the expression of several other chemokines and
cytokines was inhibited in reovirus-infected cells. We hypothesize that one or more of
these factors negatively regulates reovirus replication.

Two previous studies have suggested that reovirus limits the innate immune
response. Reovirus can inhibit IFN production by sequestering IRF3 into viral factories
(44). Additionally, reovirus can inhibit IFN signaling by nuclear sequestration of IRF9,
which functions with STAT1 and STAT2 to promote expression of IFN-stimulated genes
(45). While our work did not directly test these ideas, comparison of the gene expres-
sion profiles of reovirus-infected and vgRNA-transfected cells and iRegulon analyses of
these data indicate that reovirus does not inhibit expression of IRF and STAT target
genes (Fig. 1). Because these previous studies were performed in different cell types
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and used different reovirus strains, we propose that reovirus has evolved multiple
mechanisms to dampen the innate immune response. Our study presented here unveils
one such mechanism.

MATERIALS AND METHODS

Cells and viruses. Murine L929 cells (ATCC CCL-1) were maintained in Eagle’s minimal essential
medium (MEM) (Lonza) supplemented with 10% fetal bovine serum (FBS) and 2mM L-glutamine.
Spinner-adapted L929 cells (obtained from T. Dermody’s laboratory) were maintained in Joklik's MEM
(Lonza) supplemented to contain 5% FBS, 2mM L-glutamine, 100 U/ml of penicillin, 100 ug/ml of
streptomycin, and 25 ng/ml of amphotericin B. HEK293 cells (obtained from M. Marketon’s laboratory)
were maintained in Dulbecco’s modified essential medium (DMEM; Lonza) supplemented with 10% fetal
bovine serum (FBS) and 2 mM L-glutamine. Spinner-adapted L929 cells were used for cultivating and
purifying viruses and for plaque assays. ATCC L929 cells and HEK293 cells were used for all experiments
to assess cell signaling. No differences were observed in permissivity between ATCC L929 cells and
spinner-adapted L929 cells. A laboratory stock of T3A (obtained from T. Dermody’s laboratory) was used
for infections. Infectious viral particles were purified by Vertrel XF extraction and CsCl gradient centrif-
ugation (46). Viral titer was determined by a plaque assay using spinner-adapted L929 cell with
chymotrypsin in the agar overlay. To generate ISVPs, purified T3A virions (2 X 102 particles/ml) were
digested with 200 wg/ml Na-p-tosyl-L-lysine chloromethyl ketone (TLCK)-treated chymotrypsin (Wor-
thington Biochemical) in a total volume of 100 ul for 20 min at 32°C. After 1 h, the reaction mixtures were
incubated for 20 min on ice and quenched by the addition of 1 mM phenylmethylsulfonyl fluoride
(Sigma-Aldrich). The generation of ISVPs was confirmed by SDS-PAGE and Coomassie brilliant blue
staining.

Antibodies and reagents. Polyclonal antisera raised against T3D and T1L that have been described
previously (47) were used to detect viral proteins in T3A-infected cells. Rabbit antisera specific for IKKB
and p65 Ser536 phosphorylation-specific antibody were purchased from Cell Signaling (catalog no. 8943
and 3033), and rabbit antisera specific for p65 and NEMO were purchased from Santa Cruz Biotechnology
(catalog no. sc-372 and sc-8330). Mouse antisera specific for PSTAIR and FLAG was purchased from
Sigma-Aldrich (catalog no. P7962 and F-3165), mouse antiserum specific for RIP1 was purchased from BD
Biosciences (catalog no. 610458), and Alexa Fluor-conjugated anti-mouse IgG and anti-rabbit 1gG
secondary antibodies were purchased from LI-COR. TNF-a was purchased from Sigma and used at a
concentration of 10 ng/ml. PSI proteasome inhibitor was purchased from Millipore (catalog no. 53-916)
and used at a concentration of 20 uM. Ribavirin was purchased from Sigma-Aldrich (catalog no. R9644)
and used at a concentration of 200 uM. Ammonium chloride was used at a concentration of 20 mM.
Cycloheximide was purchased from EMD Millipore (catalog no. 239764) and was used at a concentration
of 10 ug/ml.

Infections. Confluent monolayers of ATCC L929 or HEK293 cells were adsorbed with either
phosphate-buffered saline (PBS) or reovirus at the indicated multiplicity of infection (MOI) at room
temperature for 1 h, followed by incubation with medium at 37°C for the indicated time interval. All
inhibitors were added to cells in medium after the 1-h adsorption period.

Analysis of host gene expression by RNA-seq. Total RNA extracted using an Aurum total RNA
minikit (Bio-Rad) was submitted to Indiana University’s Center for Genomics and Bioinformatics for cDNA
library construction using a TruSeq stranded mRNA low-throughput (LT) sample prep kit (lllumina)
following the manufacturer’s protocol. Sequencing was performed using an lllumina NextSeq 500
platform with a 75-bp sequencing module generating 38-bp paired-end reads. After the sequencing run,
demultiplexing with performed with bcl2fastq v2.20.0.422. Sequenced reads were adapter trimmed and
quality filtered using Trimmomatic v0.33 (48) with the cutoff threshold for average base quality score set
at 20 over a sliding window of 3 bases. Reads shorter than 20 bases posttrimming were excluded
(LEADING:20 TRAILING:20 SLIDINGWINDOW:3:20 MINLEN:20). Cleaned reads were mapped to the
GRCm38.p6 mouse genome reference using STAR v2.5.2b (49). Read pairs aligning to each gene from
GENCODE vM17 annotation were counted with strand specificity using the featureCounts tool from the
subread package (50). Differential expression analysis was performed using DESeq2 version 1.12.3 (51).

iRegulon, a plugin to Cytoscape v3.7.1, was used to predict transcription factor activity based on a
differentially expressed gene set (18). A maximum FDR value of motif similarity was set to 0.001. We used
an NES value of 3.0 as the minimum cutoff for transcription factor enrichment.

RT-qPCR. RNA was extracted from infected cells at various times after infection using an Aurum total
RNA minikit (Bio-Rad). For RT-qPCR, 0.5 to 2 ug of RNA was reverse transcribed with the high-capacity
cDNA reverse transcription (RT) kit (Applied Biosystems) using random hexamers. cDNA was subjected to
PCR using SYBR Select mastermix and gene-specific primers (Applied Biosystems). Fold increases in gene
expression with respect to that of control samples (indicated in each figure legend) were measured using
the threshold cycle (AAC;) method (52).

Preparation of cellular extracts. For preparation of whole-cell lysates, cells were washed in
phosphate-buffered saline (PBS) and lysed with 1X RIPA (50 mM Tris [pH 7.5], 50 mM NaCl, 1% TX-100,
1% deoxycholate, 0.1% SDS, and 1 mM EDTA) containing a protease inhibitor cocktail (Roche), 500 uM
dithiothreitol (DTT), and 500 uM phenylmethylsulfonyl fluoride (PMSF), followed by centrifugation at
15,000 X g at 4°C for 15 min to remove debris. Nuclear extracts were prepared by lysing cells in a
hypotonic lysis buffer (10 mM HEPES, 10 mM KCl, 1.5 mM MgCl, 0.5 mM DTT, and 0.5 mM PMSF for
15 min, subsequent addition of 0.5% NP-40, and 10 s of vortexing. After centrifugation at 10,000 X g at
4°C for 10 min, the nuclear pellet was washed with hypotonic lysis buffer and then resuspended in
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high-salt nuclear extraction buffer (25% glycerol, 20 mM HEPES, 0.42 M NaCl, 10 mM KCl, 1.5 mM MgCl,
0.5 mM DTT, and 0.5 mM PMSF) at 4°C for 1 h. Nuclear extracts were obtained following removal of the
insoluble fraction by centrifugation at 12,000 X g at 4°C for 10 min.

Plasmid transfections. Nearly confluent monolayers of HEK293 cells in 12-well plates were trans-
fected with either 0.5 ug of empty vector or 0.25 ug each of FLAG-IKKB or FLAG-NEMO expression vector
using 1.5 ul Lipofectamine 2000 according to the manufacturer’s instructions. Transfected cells were
incubated at 37°C for 24 h prior to infection to allow expression from the plasmids.

Immunoblot assay. Protein concentrations were estimated using a DC protein assay from Bio-Rad.
Equal amounts of protein were loaded, and the cell lysates or extracts were resolved by electrophoresis
in 10% polyacrylamide gels and transferred to nitrocellulose membranes. Membranes were blocked for
at least 1 h in blocking buffer (StartingBlock T20 [Tris-buffered saline (TBS)] blocking buffer) and
incubated with antisera against p65 (1:1,000), p65 p-Ser536 (1:1,000), p50 (1:500), NEMO (1:500), IKKB
(1:1,000), RIP1 (1:1,000), reovirus (1:5,000), FLAG (1:1,000), and PSTAIR (1:5,000) at 4°C overnight. Mem-
branes were washed three times for 5 min each with washing buffer (TBS containing 0.1% Tween 20) and
incubated with a 1:20,000 dilution of Alexa Fluor-conjugated goat anti-rabbit Ig (for p65, p50, IKKB,
NEMO, and reovirus) or goat anti-mouse Ig (for PSTAIR, RIP1, and FLAG) in blocking buffer. Following
three washes, membranes were scanned and quantified using an Odyssey infrared imager (LI-COR).
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