PATHOGENESIS AND IMMUNITY

SOCIETY FOR

; ®
microsioocy | \/ rOlogy '.)

L] amean | Journal of

Check for
updates

Rotavirus Degrades Multiple Interferon (IFN) Type Receptors
To Inhibit IFN Signaling and Protects against Mortality from
Endotoxin in Suckling Mice

Adrish Sen,2*< Ayushi Sharma,b<< Harry B. Greenberg?b-<

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

<Veterans Affairs Palo Alto Health Care System, Palo Alto, California, USA

dEmory College of Arts and Sciences, Emory University, Atlanta, Georgia, USA

ABSTRACT STAT1 phosphorylation in response to exogenous interferon (IFN) ad-
ministration can be inhibited by rotaviral replication both in vitro and in vivo. In ad-
dition many rotavirus strains are resistant to the actions of different IFN types. The
regulation by rotaviruses (RVs) of antiviral pathways mediated by multiple IFN types
is not well understood. In this study, we find that during infection in vitro and
in vivo, RVs significantly deplete IFN type I, Il, and Il receptors (IFNRs). Regula-
tion of IFNRs occurred exclusively within RV-infected cells and could be abrogated
by inhibiting the lysosomal-endosomal degradation pathway. In vitro, IFNR degrada-
tion was conserved across multiple RV strains that differ in their modes of regulating
IFN induction. In suckling mice, exogenously administered type I, I, or Il IFN in-
duced phosphorylation of STAT1-Y701 within intestinal epithelial cells (IECs) of suck-
ling mice. Murine EW strain RV infection transiently activated intestinal STAT1 at 1
day postinfection (dpi) but not subsequently at 2 to 3 dpi. In response to injection
of purified IFN-a/B or -A, IECs in EW-infected mice exhibited impaired STAT1-Y701
phosphorylation, correlating with depletion of different intestinal IFNRs and impaired
IFN-mediated transcription. The ability of EW murine RV to inhibit multiple IFN types
led us to test protection of suckling mice from endotoxin-mediated shock, an out-
come that is dependent on the host IFN response. Compared to mortality in con-
trols, mice infected with EW murine RV were substantially protected against mortal-
ity following parenteral endotoxin administration. These studies identify a novel
mechanism of IFN subversion by RV and reveal an unexpected protective effect of
RV infection on endotoxin-mediated shock in suckling mice.
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he remarkable infectivity and replicative ability of rotaviruses (RVs) in vitro and

in vivo are largely determined by their ability to subvert the induction and receptor-
mediated amplification of different interferon (IFN) types (1). Understanding RV regu-
lation of innate immunity is important for the development of effective live attenuated
RV vaccines to prevent the approximately 200,000 annual RV deaths worldwide.
Previously, we found that a major determinant of successful RV replication in the mouse
model is viral inhibition of the IFN response (2-4). Following RV infection in vivo,
the secreted IFNs arising from several intestinal cell types transduce signaling from multiple
types of IFN receptors (IFNRs), resulting in the phosphorylation of STAT1 and the expression
of hundreds of antiviral genes (4-7). By comparing RV strains with distinct replication
phenotypes in mice lacking combinations of IFN receptors, all three major intestinal IFN
types (IFN type | [IFN-a/B], type Il [IFN-y], and type Il [IFN-A]) were found to be
important regulators of RV replication (3, 4, 8, 9). How successfully replicating RV strains
achieve resistance to the actions of different IFN types is largely unknown.

We previously reported that during infection in vitro, RV efficiently blocks the
activation of STAT1 in response to saturating doses of exogenously applied IFN-B (7).
In addition, RV also inhibits STAT1 by blocking its nuclear translocation (10, 11). At the
single-cell level, all RV strains studied to date have inhibited activation of STAT1
phosphorylated at Y701 (STAT1-pY701) in response to exogenous IFN within RV-
infected cells (7). In addition, the porcine RV SB1-A strain, but not several other RV
strains, rendered uninfected bystander HT29 cells refractory to IFN-mediated STAT1
phosphorylation (7). The mechanisms by which RVs inhibit the action of IFN in infected
or bystander cells have not been determined. In this study, we report that, in vitro, RV
infection depletes multiple types of IFNRs in infected cells by directing their lysosomal-
endosomal degradation. Furthermore, in suckling mice RV infection results in inhibition
of IFN-mediated STAT1 activation, IFN-mediated transcription, and the depletion of
multiple IFNR proteins in the intestine. Finally, in a murine model of endotoxin-
mediated mortality which requires functional IFN responses (12-15), RV-infected suck-
ling mice were significantly protected from the lethal effects of endotoxin. These
findings provide new insights into how RV efficiently replicates despite the presence of
an active host enteric innate immune response.

RESULTS

The expression of multiple interferon receptors is downregulated by RV infec-
tion. Previously, we showed that various RV strains inhibit STAT1-Y701 phosphorylation
in response to exogenous IFN (7), but the mechanisms responsible for this effect are not
clear. Human intestinal epithelial HT29 cells phosphorylate STAT1-Y701 in response to
stimulation with exogenous type |, Il, or lll IFN (Fig. 1A) (7), providing a tractable system
in which to study the inhibition of STAT1. We found that infection of HT29 cells with
increasing multiplicities of infection (MOlIs) of either a porcine SB1-A or a simian RRV RV
strain resulted in decreased expression of the IFN-y receptor (IFNGR1) (Fig. 1B). A time
course analysis revealed that the decrease in IFNGR1 occurs between 6 and 8 h
postinfection (p.i.) (Fig. 1C). In order to examine whether these effects of RV infection
extended to other IFN type receptors, we analyzed the expression of receptors for the
two other major IFNR types (IFNAR1 for IFN-«a and IFNLR1 for IFN-A) by immunoblotting.
Remarkably, in addition to decreased IFNGR1 expression, infection with either SB1-A or
RRV also led to significantly lower levels of IFNART and IFNLR1 (Fig. 1D).

IFNR downregulation by RV occurs only in infected cells and is conserved
among different viral strains. In earlier studies, we observed that RV infection can
perturb both the IFN induction and signaling pathways in discrete single-cell popula-
tions (4, 7). To better understand the regulation of IFNRs by RV, we carried out
single-cell flow cytometry analysis of IFNGR1 and RV VP6 expression following infection
with several RV strains. To precisely gate cells based on their IFNGR1 expression levels,
we took advantage of the fact that HT29 cell treatment with cycloheximide (CHX)
results in a substantial depletion of IFNGR1 (Fig. 2A), as is apparent by flow cytometry
analysis (Fig. 2B).
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FIG 1 Rotavirus infection leads to decreased expression of different IFNRs. (A) HT29 cells express functional IFN-a/f, -y, and -A receptors. Cells were stimulated
with type |, II, or Il IFN (500 U/ml, 25 ng/ml, and 500 U/ml, respectively) for 6 h or 30 min and analyzed for STAT1-pY701 activation by flow cytometry. (B) Cells
were infected with porcine SB1-A or simian RRV RV at the MOIs indicated and at 12 hpi analyzed by immunoblotting. (C) Cells infected with SB1-A RV or RRV
were analyzed for IFNGR1 expression at different times postinfection. (D) Cells infected with SB1-A or RRV RV were examined for expression of different IFNRs
at 12 hpi. Arrows indicate bands corresponding to IFNRs. Numbers refer to relative ratios of IFNR levels to the level of actin. Asterisks indicate nonspecific bands.

All experiments were performed three or more times with similar results.

Different RV strains have evolved distinct strategies to inhibit the induction of IFN
genes by targeting either B-TrCP and/or IFN regulatory factor 3 (IRF3) for degradation,
as exemplified by porcine (targeting B-TrCP), simian (IRF3), and bovine (targeting
B-TrCP and IRF3) RV strains (5, 16-23). HT29 cells were infected with different RV strains
(porcine SB1-A, simian RRV and SA11, a simian SA11 mono-reassortant expressing
porcine OSU NSP1 [SOF], and bovine UK) for 16 h and analyzed by flow cytometry (Fig.
2C). IFNGR1 levels (as mean fluorescence intensity [MFI]) from RV-positive (RV+) and
RV-negative (RV™) cell populations (defined as VP6 positive or negative, respectively)
were plotted separately (Fig. 2C and D). We found that all RV strains examined
mediated significant decreases in IFNGR1 expression in only infected cells, not unin-
fected bystander cells (Fig. 2D), indicating that the decrease in IFNR expression in any
given cell is a direct effect of RV infection in that cell. In addition, the RV-mediated
IFNGR1 degradation in VP6™ cells was significant and comparable to depletion of
receptor levels seen following 4 h of CHX treatment (Fig. 2D). These RV-specific effects
on IFNGRs were also seen with the IFNART, which was also downregulated only in RV*
cells following infection with either RRV or SB1-A (Fig. 2E). To confirm that the
RV-mediated IFNR decrease was restricted to infected cells, we prolonged HT29 cell
infection with either RRV or SB1-A for up to 3 days and then analyzed levels of IFNGR1
and VP6 by flow cytometry (Fig. 2F). The results indicated that at 1 to 3 days
postinfection (dpi), significant decreases in IFNRs are restricted to infected RV* cells
(Fig. 2F). Collectively, these results indicate that downregulation of IFNRs occurs only
within infected RV* cells and that this downregulation is conserved across various RV
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FIG 2 Single-cell analysis of IFNR expression following infection with selected RV strains. (A) Depletion of IFNGR1 in HT29 cells following cycloheximide (CHX)
treatment (25 ng/ml) detected by immunoblot analysis. (B) Representative FACS plot showing gating strategy used to define IFNGR1-high and -low populations
after CHX treatment. UT, untreated. (C) Flow cytometry analysis of IFNGR1 and RV VP6 antigen expression in RV-positive and -negative HT29 cells at 24 hpi.
HT29 cells were infected for 12 h with the indicated RV strains. For each RV strain, control cells treated for 4 h with cycloheximide (CHX; + to deplete IFNGR1
or left untreated —) were used. Plots show MFI of IFNGR1 in VP6-positive (RV+) and VP6-negative (RV—) populations of cells. Vertical lines indicate receptor
levels with and without CHX treatment. (D) The results from three independent experiments carried out as described for panel C are plotted. Significant
differences between results in treated cells versus those in untreated cells are indicated on the figure. (E) Cells infected as described in panel C were analyzed
for IFNART and VP6. Byst, bystander cells. (F) Cells infected as described in panel C were analyzed for IFNGR1 and VP6 at 1 to 3 days p.i. Ul, uninfected.

Experiments were performed two or more times with similar results.

strains that inhibit IFN induction by promoting degradation of either 3-TrCP or IRF3 or
both.

Rotavirus depletes IFNRs by lysosomal-endosomal degradation. To ascertain
how RV infection downregulates IFNRs, we first examined the status of transcripts
encoding IFNAR1 during RV replication in vitro. HT29 cells infected with the porcine
SB1-A RV strain were analyzed for the levels of IFNART and RV transcripts (Fig. 3A).
Under these conditions a significant decrease in IFNART mRNA was not detected (a
specific IFINART PCR product was detected at cycle 24 for both infected and control
specimens), suggesting that receptor regulation is unlikely to be due to perturbation of
IFNAR1 gene transcription. Analysis of IFNGR1 turnover using cycloheximide (CHX)
chase experiments suggested that SB1-A RV accelerated the degradation of this
receptor (Fig. 3B). Since IFNR degradation occurs by a proteasomal and/or lysosomal-
endosomal degradation pathway (24-27), we next examined whether inhibitors of
proteasomal degradation (MG132) or of lysosomal-endosomal degradation (NH,Cl and
chloroquine) could inhibit IFNR depletion during RV infection. In uninfected HT29 cells,
treatment with MG132 resulted in accumulation of IFNGR1 but not of IFNAR1 (Fig. 3Q).
In contrast, treatment with inhibitors of lysosomal-endosomal degradation resulted in
the accumulation of both IFNART and IFNGR1. Infection with porcine SB1-A or simian
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FIG 3 Rotavirus downregulates IFNRs via lysosomal-endosomal degradation. (A) HT29 cells were left uninfected (Ul) or infected with RV for 12 h prior to analysis
of IFNAR1 transcripts by semiquantitative RT-PCR. Detection of RV genes 5 and 7 (inset) was used to confirm infection. (B) HT29 cells infected with SB1-A (or
uninfected controls) were treated for increasing durations with CHX and lysed at 10 hpi for the indicated immunoblotting analysis. (C) Effect of inhibitors of
protein degradation on RV-mediated downregulation of the indicated IFNRs. Cells infected with SB1-A or RRV were treated at 4 hpi with 10 uM MG132, 25 uM
chloroquine (ChlQ), or 12 mM NH,Cl and lysed 10 h later for analysis by immunoblotting. Numbers below lanes are the levels of IFNRs after normalization to
actin relative to levels in the untreated controls. (D) Cells were infected with RRV and treated with 25 uM chloroquine (ChlQ) for 12 h before analysis of IFNGR1
and VP6 expression by FACS. All experiments were performed three or more times with similar results.

RRV led to reduced IFNGR1 and IFNAR1 levels compared to those of uninfected controls
(Fig. 3Q). Treatment with NH,CI or chloroquine rescued virus-mediated IFNAR1 and
IFNGR1 depletion, whereas MG132 treatment effectively rescued only IFNGR1 from
RV-mediated degradation. By fluorescence-activated cell sorter (FACS) analysis of
IFNGR1, we confirmed that inhibiting the lysosomal-endosomal degradative pathway
rescued receptor expression within RV-infected cells (Fig. 3D). Together, these results
indicate that RV-mediated decreases in the levels of IFNRs occur primarily, but not
exclusively, via a lysosomal-endosomal degradation pathway.

Multiple IFNRs can activate STAT1 in IECs and act in concert during RV
infection in vivo. Our results suggested that IFNR degradation is a potential mecha-
nism to account for the resistance of RV to different types of IFNs in vivo (1). To test this
hypothesis, we first evaluated the ability of several exogenously administered IFNs to
stimulate STAT1-Y701 phosphorylation in the uninfected mouse intestine. Suckling
mice were parenterally administered either IFN-I, I, or -lll, and their intestinal tissue
was subjected to immunohistochemistry analysis (IHC) for the extent of STAT1-pY701
nuclear expression (Fig. 4A and B). Compared to activation in phosphate-buffered saline
(PBS)-injected controls, which exhibited no detectable STAT1-pY701 staining, intraper-
itoneal (i.p.) administration of either IFN-A or IFN-y resulted in robust STAT1-Y701
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FIG 4 Intestinal cell types responding to exogenously administered IFN-I, -II, and -l in suckling mice. (A)
Three- to 5-day-old mice (n = 2 to 3 per group) were given 1 ug of purified IFN-A, -y, or -« i.p. as
described in Materials and Methods. Intestines were collected 30 min later and stained for STAT1-pY701.
(B) Magnification of boxed insets 1 to 4 from panel A. (C) Schematic summary of the ability of the three
IFN types to stimulate STAT1 phosphorylation in intestinal epithelial cells (IECs) or lamina propria
lymphocytes (LPLs).

activation, primarily within intestinal epithelial cells (IECs) (Fig. 4A and B). Remarkably
IFN-+, like IFN-A, was an efficient STAT1 activator in the intestinal epithelium (Fig. 4B,
insets 2 and 3), as was also the case in HT29 IECs in vitro (Fig. 1A). In contrast, IFN-«
administration resulted in phospho-STAT1 (pSTAT1) expression in both IECs and within
lamina propria lymphocytes (LPLs) (Fig. 4B, inset 4). Thus, all three major IFN subtypes
elicit a STAT1 response in IECs (Fig. 4C) while IFN-« also activated STAT1 in LPLs. These
results demonstrate that in suckling mice functional IFN-I/II/Ill receptors are all present
on IECs, the primary sites of RV replication in vivo.

Despite its IFN-resistant replication in suckling mice, murine RV infection triggers
robust induction of multiple types of IFN genes in the intestine on days 1 and 2
postinfection (4, 9), as well as IFN-8 secretion at day 4 (28), potentially leading to STAT1
activation. We directly examined this possibility by evaluating levels of intestinal
STAT1-pY701 at different times following RV infection of suckling mice. Mice were
infected with EW RV, and small intestines were collected on days 1, 2, and 3 p.i. for IHC
analysis of STAT1-pY701 and RV VP6 antigen expression by peroxidase staining using
serial tissue sections (Fig. 5A and data not shown). Intestines of RV-infected mice on day
1 p.i. showed nuclear STAT1-pY701 expression (Fig. 5A), which was most frequently
observed in RV-negative villi. In comparison, in intestines of mice at 2 to 3 dpi,
expression of STAT1-pY701 was not detected in either infected or uninfected cells (Fig.
5A) despite increased numbers of RV-infected IECs on days 2 and 3. Thus, although RV
induces transcription of multiple intestinal IFN types (each capable of activating STAT1
in IECs) between 1 and 3 dpi (9), STAT1-pY701 expression occurs only transiently, on
day 1 p.i.

Using Mx1 protein expression as an indirect marker for IFN responsiveness in
individual cells, a previous study concluded that IFN-A was primarily responsible for
regulating the IEC anti-RV response, with type | IFN playing a minor role (29). Since EW
RV infection results in detectable STAT1 activation in IECs (Fig. 5A, day 1), we examined
whether this is dependent on IFN-A. Suckling wild-type (WT) or IFN-a/B/y receptor
knockout mice (expressing intact IFN-A receptor) were infected with RV, and small
intestines were analyzed for expression of STAT1-pY701 at 1 dpi (Fig. 5B and C). We
found that, as expected, infection resulted in expression of detectable STAT1-pY701 on
day 1 p.i. in both IECs and LPLs of WT mice. This response was significantly diminished,
but not eliminated, in the absence of receptors for IFN-a/B and IFN-vy (Fig. 5B and Q).
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FIG 5 STAT1 activation in suckling mouse intestines during infection with RV. (A) Suckling mice (n = 2
to 3 per group) were infected with EW RV, and intestines were collected on days 1, 2, and 3 for analysis
of RV antigen and STAT1-pY701 expression by immunohistochemistry. (B and C) Three- to 5-day-old WT
or IFN-a/B/y receptor-negative (IFN-a3yR~/~) mice (n = 2 to 3 per group) were infected with murine EW
RV, and intestines were collected for analysis of STAT1-pY701 expression by immunohistochemistry at 24
hpi. The red arrow indicates STAT1 phosphorylation primarily within LPLs. The regions boxed in red are
magnified in the insets. The percentage of villi staining positive for STAT1-pY701 in each group of mice
was quantified (n = 200 villi) and is plotted in panel C. ***, P < 0.05, by a two-sided chi-square test.

Thus, all three IFNRs appear to be responsible for the transient STAT1 activation in IECs
following RV infection in suckling mice.

Inhibition of STAT1 activation, IFN-mediated transcription, and the depletion
of different intestinal IFNRs occur during RV infection in vivo. Despite the transient
expression of STAT1-pY701 in IECs at 1 dpi (Fig. 5A), the sustained induction of different
IFN genes (4, 9), accompanied by a lack of STAT1 activation, at later times during
infection suggests that RV suppresses STAT1 phosphorylation in response to these IFNs.
To directly test this hypothesis, we examined the ability of IECs from RV-infected mice
to respond to ectopic stimulation with purified IFN. Mice were infected with RV (or
mock infected) and at 24 h p.i. (hpi) administered purified IFN-« or IFN-A to exoge-
nously trigger STAT1-Y701 phosphorylation. Intestinal expression of STAT1-pY701 was
examined by IHC (Fig. 6A and B), and the frequency of STAT1-pY701-positive cells was
enumerated for IECs (Fig. 6C). We could not carry out similar STAT1-pY701 quantitation
within LPLs due to their high density in the small intestine. Compared to levels in mock
controls, STAT1 activation within IECs in response to both IFN-a/B and IFN-A adminis-
tration was considerably diminished in RV-infected pups at 1 dpi (Fig. 6A to C). Thus, RV
infection impairs the ability of IECs to mediate ligand-dependent STAT1 activation by
type | and Il IFN receptors in vivo.

We next examined whether IFNR degradation occurs in vivo during murine RV
infection of suckling mice. Levels of IFNAR1 and IFNGR1 were measured in intestinal
tissue lysates from infected and uninfected suckling mice at 3 dpi by immunoblot
analysis (Fig. 7A to C). A similar analysis for the IFNLR1 was not possible because we
were unable to identify reliable antibodies for Western blot detection of murine
intestinal IFNLR1. Acute RV infection led to significant decreases in the expression levels
of both types | (Fig. 7A and C) and Il IFN receptors (Fig. 7B and Q). To extend these
findings, we tested the ability of exogenously administered IFN-y, which activates
STAT1 in IECs (Fig. 4A), to induce the transcription of the IFNGR1-responsive gene Ido-1
(30, 31) (Fig. 7D). As expected, IFN-y administration led to the transcriptional induction
of Ido-1 in mock-infected pups, and this response was significantly inhibited by EW RV
infection (Fig. 7D). In line with the substantial IFN resistance of homologous EW RV to
the murine innate immune IFN response, exposure to IFN-y for 16 h did not have a
significant effect on RV replication (Fig. 7D). These findings agree with our results on
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FIG 6 Rotavirus actively blocks IFN-A and IFN-« receptor-directed intestinal STAT1 phosphorylation in vivo. (A) Suckling mice (n = 2 to 3 per group) were
infected with EW RV or mock infected and at 24 h p.i. challenged with purified IFN-A or IFN-a for 30 min before analysis of STAT1-pY701 by
immunohistochemistry. (B) Magnification of the regions boxed in red in panel A. (C) The fraction of IECs positive for STAT1-pY701 from the experiments

shown in panel A were enumerated and are represented as a percentage of the total number of cells counted (n = 3,000 or more cells per group).

P < 0.05, by a two-sided chi-square test.

RV-mediated dampening of STAT1 activation by 3 dpi (Fig. 5C) and the active inhibition
of IFN-directed STAT1-Y701 phosphorylation by EW RV (Fig. 6A).

Infection with murine RV protects suckling mice from endotoxin-mediated
mortality. The ability of endotoxin to cause severe shock and mortality in mice has
been reported to be prevented by genetic ablation of components of IFN induction (32,
33), IFNAR1 (12, 34), and the JAK-Tyk2-STAT1 (13, 35-37) signal transduction pathway.
Our results demonstrate that RVs degrade multiple IFNRs in infected cells and inhibit
antiviral signaling downstream of different IFNRs. RV infection inhibited the IFN-
mediated induction of /do-1 (indoleamine 2,3-dioxygenase) in the intestine (Fig. 7D),
which is a critical determinant of LPS-induced lethality in mice (38-40). Previously, we
found that RV infection also leads to a significant inhibition of the IFN response and
NF-kB signaling in uninfected bystander cells (4, 7). Based on these findings, we next
examined whether RV infection could influence the outcome of LPS-induced lethality
in mice.

Suckling mice were infected with murine EW RV (or mock infected) for 3 days before
administration of a single lethal dose of purified LPS. Mock-infected controls displayed
symptoms of severe endotoxemia and exhibited 100% mortality within 24 h of LPS
administration. In contrast, mice infected with RV for 3 days before LPS administration
displayed increased survival, and >50% of infected mice did not succumb for up to 6
days post-LPS exposure (Fig. 8). These results reveal an unanticipated protective
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FIG 7 Rotavirus infection leads to downregulation of IFNR protein- and receptor-mediated transcription in
vivo. (A to C) Mice (n = 3 to 4 per group) were infected with EW or mock infected for 3 days prior to analysis
of intestinal tissue by immunoblotting for expression of IFNAR1 (A) or IFNGR1 (B). Mean band intensities
from individual mice calculated after normalization to the level of GAPDH are plotted in panel C. **, P <
0.005. (D) Suckling mice (n = 3 to 4 per group) were infected with EW murine RV for 16 h and then
administered 1 ug of purified IFN-y as described in Materials and Methods. Sixteen hours later, mice were
sacrificed, and intestinal tissue was analyzed as indicated by qRT-PCR for Ido-T or RV gene 11 transcripts.
*** P < 0.001.

effect of RV infection against the undesirable host response to endotoxin and are
in good agreement with both the essential role of an intact IFN response in
endotoxin-mediated mortality (14, 41) and the ability of RV to inhibit the host
response to different types of IFNs.

DISCUSSION

Intestinal replication of RV critically depends on its ability to subvert host innate
responses mediated primarily by the types |, Il, and lll IFN receptors. In vitro, multiple RV

Sham (N=3 Mock, 4 RV)

00— e
S 751 RV, LPS (N=12)
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a2 _I_I *kk
g 50
g
[
o

25+

Mock, LPS (N=8)
c T L) L] L
0 1 2 3 4 5 6

Days post-LPS

FIG 8 Suckling mice were infected for 3 days (or mock infected) with EW. Subsequently mice were
challenged with 10 mg/kg LPS (or PBS as a sham control), and mortality was observed over 6 days. The
number of mice (N) indicated for each group represents the total number of mice challenged in three
separate experiments (***, P < 0.001; survival curves were compared by a Mantel-Cox test).
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strains inhibit STAT1 phosphorylation in response to exogenous IFN, a property intrinsic
to the RV NSP1 protein (8). However, whether these STAT1-antagonistic functions also
operate during RV infection in vivo and what underlying mechanisms mediate RV
inhibition of STAT1 activation are not well understood. Since HT29 cells express
functional IFNRs capable of triggering STAT1-Y701 phosphorylation in response to
IFN-B, -7, or -\ stimulation (Fig. TA), they provided a tractable cell culture system to
study the effects of RV infection on distinct IFNRs. Analysis of porcine SB1-A- and simian
RRV-infected HT29 cells revealed a significant decrease in the levels of types |, II, and Il
IFNRs (Fig. 1C). The decrease in IFNRs occurred at 6 to 8 hpi, effectively preceding the
previously observed inhibition of STAT1 phosphorylation in response to exogenous IFN
(7). The decrease in IFNR levels mediated by RV infection is likely to be a direct effect
of virus infection rather than a global negative-feedback mechanism potentiated by the
secretion of IFNs since, after FACS analysis, the reduction in IFNR expression was
observed only in the RV-infected cell population (Fig. 2C and D).

IFNR downregulation in vitro occurred during infection with multiple RV strains
which use distinct strategies to block the induction phase of the IFN response by
targeting either NF-«B or IRF3 or both (Fig. 1D and 2C) (1). Thus, regulation of IFNRs is
conserved across RV strains from different species, in contrast to strain-specific strate-
gies to inhibit induction of IFN expression (1). RV infection mediates the depletion of
IFNRs by a process that accelerates their protein turnover rather than by inhibition of
gene transcription (Fig. 3A and B). Normally, turnover of IFNART and IFNGR1 occurs by
a combination of proteasomal and lysosomal-endosomal pathways (25). In the context
of RV infection, both IFNAR1 and IFNGR1 could be significantly rescued from depletion
using chloroquine (Fig. 3C and D), consistent with the conclusion that RVs deplete
IFNRs via lysosomal-endosomal protein degradation. A variety of viral pathogens have
developed mechanisms to block IFN-mediated STAT1 activation, which is a major point
of signaling convergence for the different IFNRs (42). The ability of RV to deplete
multiple types of IFNRs is intriguing and, to our knowledge, a novel viral strategy to
broadly negate an antiviral state in response to all three major IFN types.

Regulation of host innate responses by RV occurs within infected and RV-negative
bystander cell populations, resulting in bulk (i.e., averaged) data that can be difficult to
interpret without the aid of single-cell analytical approaches (4, 7). For several RV
strains, significant downregulation of IFNAR1 and IFNGR1 occurred within infected cells,
while bystander cells did not exhibit any significant reduction of receptor expression,
even at 2 to 3 dpi (Fig. 2C, D, and F). Decreases in IFNRs in infected cells were
substantial, approaching levels observed after treatment with CHX for 4 h (Fig. 2D), and
could be rescued by treatment with chloroquine (Fig. 3D). Porcine SB1-A infection did
not result in detectable degradation of IFNRs in RV-negative cells although these cells
were previously shown to be refractory to saturating doses of exogenous IFN-mediated
STATT1 activation (Fig. 2D) (7). Hence, degradation of IFNRs occurs only in the infected
cell and does not appear to be responsible for the virally associated STAT1 inhibition
that occurs in uninfected bystander cells, the mechanisms of which remain unknown.
One possible mechanism by which RV could potentially regulate IFNR degradation is
through PKR-mediated activation of the integrated stress response pathway. Activation
of PKR, a sensor of viral double-stranded RNA (dsRNA), leads to phosphorylation of the
translation factor eukaryotic initiation factor subunit 2« (elF2a) and the mitogen-
activated protein (MAP) kinase p38, which in turn results in IFNAR1 degradation (26, 43).
RV infection does activate the PKR pathway, as sustained PKR-dependent elF2«a phos-
phorylation (44) and activation of p38 (45) have both been observed during RV
infection in vitro. The exact mechanism of regulation of this signaling axis by RVs is still
unclear and will be a focus of future studies.

RV replication in the intestine is accompanied by a significant induction of IFNs,
including type | IFN originating primarily from hematopoietic cells and type Il IFN
arising primarily from epithelial cells (4, 46). Nevertheless, murine rotavirus replication
in vivo is remarkably insensitive to the effects of these IFNs (4, 9), indicating that
RV-encoded strategies to inhibit host cell signaling responses to different IFN types
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exist. To address this issue, we studied target cells in the small intestine that responded
to types I, Il, and Il IFNs by directly detecting the phosphorylation status of STAT1 in
response to exogenous IFN administration. Administration of both types | and Ill IFNs
resulted in STAT1 activation in villus IECs, but type | IFN also stimulated STAT1
activation within LPLs in suckling mice (Fig. 4). These results reproduce and extend our
previous findings to all three of the major IFN types (9). Surprisingly, IFN-y resembled
IFN-A in its ability to induce STAT1 phosphorylation in IECs. Previous studies on
intestinal epithelial antirotaviral responses have primarily focused on IFN types | and IlI
(9, 29, 46). However, depletion of the IFN-y receptor enhances replication of a simian
RV strain (RRV) in the gut, and when combined with genetic ablation of the IFN-a/
receptor, results in a severe and frequently lethal disease, possibly due to the ability of
RRV to spread to the biliary epithelium in the absence of IFN-y receptor (3). Such
IFN-y-dependent effects on RV replication can be better understood in the context of
the finding that IFN-y activates epithelial STAT1 and thus may regulate the initial
intestinal antiviral response to RVs and restrict its biliary replication. Furthermore, WT
mice infected with EW RV at 1 dpi displayed STAT1-pY701 activation in both IECs and
LPLs (Fig. 5A and Q). In contrast, mice lacking type I/l IFNRs (and thus expressing only
IFN-A receptor) had a weaker STAT1 IEC response, with no detectable STAT1-pY701 in
LPLs (Fig. 5B and C). Collectively, these results extend the conclusion that IFN-A is
unlikely to be the sole determinant of antiviral responses to RV and RV-mediated STAT1
activation in IECs and that such antiviral physiologically relevant responses are also
elicited partly through the type I and Il IFNRs.

Although RV triggered intestinal STAT1 activation on day 1 p.i., ongoing infection at
later times (2 to 3 dpi) was accompanied by an almost complete absence of phospho-
STAT1, despite RV-mediated induction of IFN during these times (4, 9, 28). When STAT1
activation was examined in response to exogenously administered IFN-a or IFN-A,
significant impairment was observed in mice in IECs from 1 day postinfection compared
to levels in uninfected controls (Fig. 6A to C). In intestinal lysates from RV-infected mice
at 3 dpi, there was a profound decrease in the protein levels of receptors for types | and
Il IFNs (Fig. 7A to C). The depletion of IFNGR1 by RV correlated with transcriptional
inhibition of the IFN-y-responsive gene, Ido-1 (indoleamine 2,3-dioxygenase), in re-
sponse to ectopically administered IFN-y (Fig. 7D). The ability of murine RV to subvert
IFN signaling in the mouse gut may also be the case for human RV strains infecting
human intestine. A recent study (47) of human RV replication in human intestinal
enteroids found that neither type | nor Il IFN induced during infection significantly
inhibited RV replication (47). Thus, inhibition of effector functions of multiple IFNs by
homologous RV infection is likely conserved between mouse and human hosts.

The ability of purified endotoxin (LPS) to cause lethality is significantly reduced in
mice lacking functional IFN induction (type | IFN, MyD88, and TLR4) and amplification
(IFNAR1, Tyk2, and JAK1) pathways, indicating a critical role for host IFNs in this toxicity
(12-15, 25, 33-37, 41). IFN-mediated induction of Ido-1, which is inhibited by EW RV in
the intestine (Fig. 7D), has been shown to be a critical determinant of LPS-induced
lethality in mice (30, 38-40, 48). Expression of Ido-1 occurs primarily in activated
macrophages and dendritic cells and has profound effects on T cell and T regulatory
(Treg) cell responses to inflammatory signals including LPS (38-40). Based on these
prior findings, we chose to examine the effect of RV infection on LPS-induced lethality
in suckling mice. Our results demonstrate that infection with EW RV resulted in
significant protection from LPS lethality in suckling mice (Fig. 8). These findings reveal
an unexpected protective effect of RV infection on endotoxemia, in contrast to results
of prior studies on endotoxemia with several other viruses (49-56). Based on our data,
it is not possible to conclude exactly how RV infection efficiently prevents LPS-induced
mortality, which is a result of several complex host inflammatory responses (14). One
possible explanation is that, in addition to infecting IECs, murine RV also infects specific
host cell types at systemic sites and regulates their IFN-dependent responses to LPS.
Specific host cell types, such as macrophages and dendritic cells, that are critical for the
IFN responses to LPS and endotoxin tolerance can be infected by RV (12-14, 31-33, 36,
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37, 39, 40). Dissemination of RV beyond the intestinal epithelial cell is supported by
several previous reports of RV antigenemia and viremia in the serum and different
extraintestinal sites in both humans and animals, including mice (57-63). Alternately,
RV-infected cells may inhibit the IFN responses to LPS in uninfected bystander intestinal
and systemic cells through the action of secreted factors. We have previously shown,
both in vitro and in vivo, that certain RV strains can efficiently inhibit NF-«B-dependent
transcription and exogenous IFN-directed activation of STAT1 in bystander cells that do
not contain detectable viral RNA or antigen (4, 7). The nature of the secreted factor(s)
that inhibits bystander IFN responses during RV infection is presently unknown. We are
currently examining which of these possibilities could explain the effects of murine RV
on LPS-induced lethality.

MATERIALS AND METHODS

Cells, viruses, and reagents. Human intestinal epithelial HT29 and embryonic kidney HEK293 cells
were purchased from the American Type Culture Collection (ATCC) and maintained in advanced
Dulbecco’s modified Eagle’s medium (D-MEM)-Ham’s F12 medium (Cellgro) or D-MEM (Cellgro) contain-
ing 10% fetal calf serum (Invitrogen) supplemented with nonessential amino acids, glutamine, penicillin,
and streptomycin. Rotavirus strains RRV, OSU, SB1A, SA11, SOF, and UK were propagated in MA104 cells,
and titers were determined by plaque assay as described previously (6). Murine RV EW strain was
propagated in mice, and titers were determined as described previously (4). The following antibodies
were used for immunoblotting: IFNAR1T (ab124764), IFNGR1 (ab134070), and IL28Ra (ab156378) from
Abcam; Tyk2 (9312), pY701-STAT1 (D4A7), PCNA (D3H8P), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; D1611), IkB-a (L35A5), and STAT1 (9H2) from Cell Signaling; IRF3 and RV VP6 (2B4) from Santa
Cruz; tubulin and actin from Sigma; secondary horseradish peroxidase (HRP)-conjugated antibodies from
Amersham. Antibodies were purchased for FACS analysis of IFNART (MMHAR-3; PBL), IFNGR1 (558937; BD
Biosciences), and pY701-STAT1 (612597; BD Biosciences). Antibody to RV VP6 (1E11) conjugated to Alexa
488 was described earlier (7). For immunoblot analysis of mouse tissue, the following antibodies were
used: IFNAR1 (140904; US Biologicals), IFNGR1 (ab216642; AbCam), VP6 (2B4; Santa Cruz), and GAPDH
(Cell Signaling). Antibodies to RV (B65110G; Meridian Life Sciences) and to pY701-STAT1 (D4A7; CST)
were used for immunohistochemistry. Purified human IFN-B (PBL), human IFN-A (PBL), and human IFN-y
(Millipore) were used for stimulation of cells. Purified universal IFN-A/D (PBL), murine IFN-y (R&D
Systems), and murine IFN-A (PeproTech) were used in mouse experiments. The following inhibitors were
used: MG132 (10 uM), chloroquine (25 uM), and ammonium chloride (12 mM) from Calbiochem and
cycloheximide (uM) from Sigma.

Virus infections. HT29 cells were plated in six-well or 24-well cluster plates, and completely
confluent monolayers were infected 2 to 3 days later as described previously (5).

Immunoblotting, RT-PCR, and microscopy. Cells were lysed in Laemmli buffer containing 2% SDS
and 5% pB-mercaptoethanol after two washes in phosphate-buffered saline (pH 7.0). Cell lysis was
performed at room temperature for 20 min, and lysates were passed through a 25-gauge needle to
reduce sample viscosity. Cell lysates were boiled for 5 min, and tubes were briefly spun at 10,000 X g
and separated on SDS-PAGE gels. Following electrophoresis, proteins were transferred onto nitrocellu-
lose membranes (Amersham Biosciences) and detected using the antibodies indicated on the figures.
Blots were exposed to autoradiography film (Amersham) and developed using an enhanced chemilu-
minescence kit (GE Healthcare). Blots were subsequently stripped and reprobed using a ReBlot kit
according to the manufacturer’s instructions (Millipore). Protein band relative intensities from scanned
blots were determined using the NIH Image program (http://rsb.info.nih.gov/nih-image/). For semiquan-
titative reverse transcription-PCR (RT-PCR), total RNA was extracted using Tri regent (Invitrogen) accord-
ing to the manufacturer’s instructions and treated with Turbo DNase (Invitrogen). Identical amounts of
total RNA were reverse transcribed with oligo(dT) primer (Invitrogen), and the resulting cDNAs were
amplified using gene-specific primers to IFNAR1 or GAPDH. The following primers were used: for IFNART,
5'-AGGCGGCGCGTGCGTAGAGGGGC-3" and 5'-GGACCAATCTCTGAGCTTTGCG-3'; for GAPDH, 5'-ACCAC
AGTCCATGCCATCAC-3" and 5'-TCCACCACCCTGTTGCTGTA-3'. PCR products were collected at different
cycles and analyzed on a 1% agarose gel.

FACS analysis. Cells were plated in 24-well cluster plates and infected with RV. Infected cells were
harvested at 6 hpi or 16 hpi, and transfected cells were harvested at 48 after transfection for flow
cytometry analysis. Cells were washed in PBS and fixed at room temperature for 10 min using 1.6%
(vol/vol) methanol-free paraformaldehyde (Electron Microscopy Services). Cells were washed in FACS
staining buffer (PBS containing 0.5% [wt/vol] bovine serum albumin) and permeabilized in cold methanol
at 4°C for 10 min. Cells were washed in FACS staining buffer, stained using conjugated antibodies at 4°C
for 30 min, and washed as described previously prior to analysis by flow cytometry on an LSRIl or
FACSCalibur instrument (BD Biosciences). The flow data were analyzed using FlowJo software and
Cytobank analysis routines.

Cycloheximide chase. HT29 cells were infected with RV at an MOI of 3.0, and cycloheximide
(CHX)-containing serum-free medium was added at different times p.i. Cells were lysed at 10 hpi for
analysis by immunoblotting.

Interferon treatment and virus infection of mice. Universal hybrid IFN-A/D (PBL Assay Science,
Piscataway Township, NJ), murine IFN-y (R&D Systems, Minneapolis, MN), and IFN-A2 (PeproTech, Rocky
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Hill, NJ) were intraperitoneally injected into 3- to 5-day-old 129sv suckling mice (1 ng of each IFN type
per animal), and small intestines were collected from IFN-treated and untreated mice 1 day later. For RV
infection, 129sv 4-day-old suckling mice were orally inoculated by gavage with 104 50% diarrhea doses
(DD4,) of murine RV-EW, and small intestines were collected at 1 to 3 dpi. Mice were administered
purified IFN-A/D, IFN-v, or IFN-A2 at 24 hpi and were sacrificed 30 min later for analysis of pY701-STAT1
expression in the small intestine by immunohistochemistry or 18 h later for analysis by quantitative
RT-PCR (gRT-PCR). All animal studies were approved by the VA Palo Alto Health Care System (VAPAHCS)
Institutional Animal Care and Use Committee (IACUC).
Mouse immunohistochemistry, qRT-PCR, and immunoblotting. Paraformaldehyde-fixed and
paraffin-embedded small intestine sections (5 um) were deparaffinized and rehydrated. Antigen retrieval
was performed on deparaffinized sections followed by 10 min of 3% H,O, incubation. Polyclonal goat
anti-RV IgG (1:500) (Meridian Life Science) and monoclonal rabbit anti-pY701-STAT1 (1:500) (Cell Signal-
ing Technology) were used for detection. After three washes with PBS, slides were incubated with
biotinylated horse anti-goat or anti-rabbit secondary antibody (Vector Laboratories, Inc., Burlingame, CA)
for 30 min. Signal was developed using Vector streptavidin-horseradish peroxidase together with a
diaminobenzidine (DAB) detection system and counterstained with hematoxylin. For analysis of tran-
scripts, mice were sacrificed, and sections of the small intestine were collected on ice in TRizol (Life
Technologies). Total RNA was extracted according to the manufacturer’s instructions and subjected to
DNase digestion before use in qRT-PCR. Synthesis of cDNA and subsequent microfluidics PCR on a
Fluidigm platform were done as described earlier (4). Serial 10-fold dilutions of mouse reference RNA
(Agilent) were run in duplicate for each PCR run. Relative gene expression in infected and uninfected
mouse intestinal samples was derived using the 2AC; (where C; is threshold cycle) method, with
reference RNA serving as a calibrator and hypoxanthine phosphoribosyltransferase (HPRT) serving
as a housekeeping control. For immunoblot analysis of mouse tissues, sections of small intestines
were collected on ice in cold lysis buffer containing protease and phosphatase inhibitors. Tissues were
homogenized using a handheld micropestle (Thermo) and incubated on ice for 20 min. Lysates were
cleared by centrifugation at 10,000 X g for 20 min, and supernatants were mixed with an equal volume

of Laemmli buffer, boiled for 5 min, and subjected to immunoblot analysis.
LPS administration to mice. Three- to 5-day-old 129sv mice were orally inoculated by gavage with

10* DDy, of murine RV-EW. At 3 dpi, mice were intraperitoneally injected with PBS or purified LPS (10
mg/kg body weight; Sigma) and monitored for lethality for 6 days. Results were accumulated from three
separate experiments.
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