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ABSTRACT

Barrier dysfunction of airway epithelium may increase the risk for acquiring secondary infections or allergen sensitization. Both
rhinovirus (RV) and polyinosinic-polycytidilic acid [poly(I-C)], a double-stranded RNA (dsRNA) mimetic, cause airway epithe-
lial barrier dysfunction, which is reactive oxygen species (ROS) dependent, implying that dsSRNA generated during RV replica-
tion is sufficient for disrupting barrier function. We also demonstrated that RV or poly(I-C)-stimulated NADPH oxidase 1
(NOX-1) partially accounts for RV-induced ROS generation. In this study, we identified a dsRNA receptor(s) contributing to
RV-induced maximal ROS generation and thus barrier disruption. We demonstrate that genetic silencing of the newly discov-
ered dsRNA receptor Nod-like receptor X-1 (NLRX-1), but not other previously described dsRNA receptors, abrogated RV-in-
duced ROS generation and reduction of transepithelial resistance (R;) in polarized airway epithelial cells. In addition, both RV
and poly(I-C) stimulated mitochondrial ROS, the generation of which was dependent on NLRX-1. Treatment with Mito-Tempo,
an antioxidant targeted to mitochondria, abolished RV-induced mitochondrial ROS generation, reduction in R, and bacterial
transmigration. Furthermore, RV infection increased NLRX-1 localization to the mitochondria. Additionally, NLRX-1 interacts
with RV RNA and poly(I-C) in polarized airway epithelial cells. Finally, we show that NLRX-1 is also required for RV-stimulated
NOX-1 expression. These findings suggest a novel mechanism by which RV stimulates generation of ROS, which is required for
disruption of airway epithelial barrier function.

IMPORTANCE

Rhinovirus (RV), a virus responsible for a majority of common colds, disrupts the barrier function of the airway epithelium by
increasing reactive oxygen species (ROS). Poly(I-C), a double-stranded RNA (dsRNA) mimetic, also causes ROS-dependent bar-
rier disruption, implying that the dsRNA intermediate generated during RV replication is sufficient for this process. Here, we
demonstrate that both RV RNA and poly(I-C) interact with NLRX-1 (a newly discovered dsRNA receptor) and stimulate mito-
chondrial ROS. We show for the first time that NLRX-1 is primarily expressed in the cytoplasm and at the apical surface rather
than in the mitochondria and that NLRX-1 translocates to mitochondria following RV infection. Together, our results suggest a
novel mechanism for RV-induced barrier disruption involving NLRX-1 and mitochondrial ROS. Although ROS is necessary for
optimal viral clearance, if not neutralized efficiently, it may increase susceptibility to secondary infections and alter innate im-
mune responses to subsequently inhaled pathogens, allergens, and other environmental factors.

he airway mucosa is the body’s largest mucosal surface. It is

prone to microbial encounters due to the high volume of in-
spired gas that crosses it. The polarized airway epithelium lining
the respiratory tract regulates the movement of solutes and ions
and prevents inhaled pathogens, allergens, and particulate mate-
rial from gaining access to the submucosal compartment and ac-
tivating immune cells. Apical junction complexes located at the
apicolateral borders of adjacent cells contribute to epithelial bar-
rier function by regulating paracellular permeability. Since the
barrier function is a fundamental innate defense mechanism of
the airway mucosa, disruption of apical junctional complexes
could increase susceptibility to secondary infections and also alter
cytokine responses to allergens, infection, and other environmen-
tal factors.

Viruses have been shown to disrupt barrier function by bind-
ing to integral membrane proteins of the tight-junction complex,
thereby interfering with the interactions between junctional pro-
teins. For instance, coxsackievirus and adenovirus bind to cox-
sackievirus adenovirus receptor (CAR) and induce disassembly of
the tight junctions and a reduction in transepithelial resistance
(Rp) (1, 2). Claudins 1, 6, and 9 are coreceptors for hepatitis C
virus, and binding of hepatitis C virus to claudins is required at the
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late stages of viral entry into epithelial cells (3, 4). Binding of
reovirus to junctional adherence molecule A (JAM-A) is required
for dissemination of virus (5). We and others have demonstrated
that rhinovirus (RV) dissociates ZO-1, occludin, and claudin 4
from the tight junctions and increases bacterial association and
translocation across the polarized airway epithelial cells (6-8).
Unlike other viruses, barrier dysfunction caused by RV is depen-
dent on viral replication and reactive oxygen species (ROS) gen-
eration. In addition, we and others have demonstrated that the
double-stranded RNA (dsRNA) mimetic polyinosinic-polycyti-
dilic acid [poly(I-C)] also causes barrier dysfunction (6, 9). These
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observations imply that dsSRNA generated during RV replication
is sufficient to cause ROS-dependent barrier dysfunction.

dsRNA generated during viral replication induces host re-
sponses via pattern recognition molecules, which include Toll-like
receptor 3 (TLR3), protein kinase R (PKR) (10), and the retinoic
acid-inducible gene I (RIG-I)-like receptors RIG-I and myeloma
differentiation antigen 5 (MDA-5) (reviewed in references 11 and
12). Recently, Nod-like receptor X-1 (NLRX-1) has also been
shown to recognize dsRNA and to inhibit RIG-I like receptor-
stimulated interferon responses (13—15). RV has been shown to
induce antiviral interferon responses in airway epithelial cells via
TLR3, PKR, RIG-I, and MDA-5 (16-19). RV has also been shown
to stimulate chemokine expression and mucin gene expression by
activating TLR3 (20-22). However, recently, we showed that
TLR3 is not required for RV-induced barrier dysfunction (6).
Moreover, we have demonstrated that the expression of TLR3 is
minimal and is confined to intracellular locations in both polar-
ized immortalized cells and mucociliary differentiated primary
airway epithelial cells (21). This study was undertaken to identify
the dsRNA recognition receptor(s) that plays a role in RV-induced
barrier dysfunction.

Membrane-bound NADPH oxidases (NOX) and mitochon-
dria are the two major sources of intracellular ROS. Both RV and
poly(I-C) have been shown to stimulate dual oxidase 2, a mem-
brane-bound NOX in airway epithelial cells (23) that regulates
production of extracellular ROS (24). Recently, we showed that
RV and poly(I-C) also stimulate expression of NOX-1, which par-
tially contributes to RV-induced intracellular ROS and barrier
dysfunction, suggesting that intracellular ROS from sources other
than NOX-1 may also contribute to barrier disruption caused by
RV or poly(I-:C) (6). Mitochondria are another major source of
intracellular ROS (25, 26). The cytoplasmic dsRNA receptors
RIG-I and MDAS5, upon ligation to dsRNA, translocate and inter-
act with mitochondrial antiviral signaling protein (MAVS) (27—
29), and this interaction could potentially stimulate mitochon-
drial ROS generation. Also, NLRX-1, which localizes to the
mitochondrial outer membrane, translocates to the mitochon-
drial inner membrane upon treatment with poly(I-C) and stimu-
lates mitochondrial ROS generation (30, 31). Based on these ob-
servations, we hypothesized that RV may activate dsRNA
receptors other than TLR3 that stimulate mitochondrial ROS gen-
eration. In addition, we hypothesized that mitochondrial ROS
generation, in combination with NOX-1-dependent ROS, is crit-
ical for RV-induced barrier dysfunction in airway epithelial cells.
Here, we demonstrate that NLRX-1, but not other dsRNA recep-
tors, plays a role in RV-induced maximal ROS generation and
thus in the barrier function of airway epithelial cells.

MATERIALS AND METHODS

Airway epithelial cell cultures. Immortalized Il6HBE140— bronchial ep-
ithelial cells (provided by Dieter Gruenert, California Pacific Medical
Center, San Francisco, CA) were cultured in transwells (Corning, Tewks-
bury, MA) as described previously (7) to promote polarization. The cells
displaying R, values between 800 and 1,000 {) - cm” were used in this
study. Primary airway epithelial cells were cultured at the air-liquid inter-
face to promote mucociliary differentiation (7).

Rhinovirus and infection. Rhinovirus 39 (RV39) was purchased from
the American Type Culture Collection (Manassas, VA), propagated in H1
HelLa cells, and partially purified by ultrafiltration, and the viral titer was
determined by measurement as the 50% tissue culture infective dose
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(TCIDs,) (7). Supernatants from uninfected H1 HeLa cells purified sim-
ilarly to RV were used as a sham control.

Polarized cells were infected apically with RV39 at a multiplicity of
infection (MOI) of 1 or with a similar volume of sham control and incu-
bated for 90 min at 33°C (6, 7). The infection media were replaced with
fresh media, and incubation was continued for an additional 24 h at 33°C.
Mucociliary differentiated primary airway epithelial cells were infected
apically atan MOI of 1 with RV suspended in 10 pl of phosphate-buffered
saline (PBS) and incubated for 24 h at 33°C. In some experiments, polar-
ized 16HBE140— cells were treated with 2-aminopurine (Invivogen, San
Diego, CA) or Mito-Tempo (Enzo Life Sciences Inc., Farmingdale, NY) 1
h prior to and during RV infection.

Treatment with poly(I-C). Polarized 16HBE140— cells were treated
apically with 300 pl of medium containing 1, 5, or 10 wg/ml of high-
molecular-weight poly(I-C) (1.5 to 8 kb; Invivogen) and incubated at
37°C for up to 6 h.

R, measurement. The R, of polarized epithelial cell cultures or mu-
cociliary differentiated airway epithelial cells was measured with an Evom
voltmeter equipped with an EndOhm 6 tissue resistance measurement
chamber (World Precision Instruments, Sarasota, FL) (6, 7).

Determination of transmigration of NTHI across polarized airway
epithelial cell cultures. Nontypeable Haemophilus influenzae (NTHI) or-
ganisms cultured on chocolate agar plates were suspended in cell culture
medium to a density of 1 X 10® CFU/ml. The polarized monolayer of
16HBE140— cells was either infected with RV or sham infected and incu-
bated for 24 h. One hundred microliters of NTHI suspension was added to
the apical surface and incubated for 4 h, and the bacterial load in the
basolateral chamber was determined to assess the bacterial transmigration
from the apical to the basolateral chambers (6, 21). The cells were lysed in
0.1% Triton X-100 and plated to determine the total number of bacteria
associated with cells.

Assessment of RV RNA binding to NLRX-1. The 16HBE140— cells
cultured in collagen-coated six-well plates were sham infected or infected
with RV as described above and incubated for 16 h. Cell lysates were
prepared as described previously (32). Briefly, the cells were washed with
cold PBS and lysed in 100 pl of 10 mM Tris buffer, pH 7.4, containing 100
mM sodium chloride, 2.5 mM magnesium chloride, 0.5% NP-40, 2 mM
dithiothreitol, 1 mM EDTA, 0.5 mM phenylmethanesulfonyl fluoride, 10
pg/ml aprotinin, 10 pg/ml pepstatin, and 0.2 U/ml RNasin (Promega
Corporation, Madison, WI) for 30 min. The lysates were left on ice for 30
min and then centrifuged at 16,000 X g for 15 min. The lysates from 3
wells (equivalent to 1 X 107 cells) were combined and incubated with 10
g of NLRX-1 antibody or normal goat IgG conjugated to agarose beads
at 4°C overnight. The immunoprecipitate complexes were washed with
lysis buffer two times and then with cold PBS and finally solubilized in
TRIzol, total RNA was isolated by using a miRNeasy kit (Qiagen), and the
viral RNA copy number was estimated by quantitative PCR (qPCR), as
described previously (33). An aliquot of the immunoprecipitate was sub-
jected to Western blot analysis to confirm the pulldown of NLRX-1 by
anti-NLRX-1 antibody.

Western blot analysis. After relevant treatment, total proteins or cy-
toskeletal proteins (NP-40-insoluble proteins) were isolated as described
previously (6, 7). Mitochondrial proteins were extracted using a mito-
chondrial isolation kit (Thermo Fisher Scientific Inc., Rockford, IL). An
equal amount of protein (for total protein or mitochondrial proteins) or
an equal volume of extracts (for cytoskeletal proteins) was subjected to
Western blot analysis with antibodies to NLRX-1 (Santa Cruz Bio-
techonology Inc., Santa Cruz, CA), occludin (BD Biosciences, San Jose,
CA), mitochondrially encoded cytochrome ¢ oxidase 1 (MT-CO1) (Ab-
cam, Cambridge, MA), or B-actin (Sigma-Aldrich, St. Louis, MO). Spe-
cific bands were quantified by densitometry using NIH Image ] and ex-
pressed as the fold change over B-actin.

Indirect immunofluorescence confocal microscopy. The localiza-
tion of NLRX-1, MT-CO1, and occludin was determined by indirect im-
munofluorescence confocal microscopy as described previously (6, 7).
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Briefly, after appropriate treatment, cells were fixed in methanol, blocked
with bovine serum albumin (BSA), and incubated with primary antibody
at 4°C overnight. Bound antibody was detected by using an appropriate
secondary antibody conjugated with Alexa Fluor 488 or Alexa Fluor 598.
Cells were counterstained with DAPI (4’,6-diamidino-2-phenylindole) to
visualize nuclei.

The polarized 16HBE140— cells were incubated with rhodamine-la-
beled poly(I-C) (Invivogen) for 3 h, fixed in methanol, incubated with
NLRX-1 antibody conjugated with Alexa Fluor 488 for 1 h at room tem-
perature, counterstained with DAPI, and visualized by confocal micros-
copy.

Measurement of mitochondrial ROS. 16HBE140— cells were grown
in collagen-coated cover glass chamber slides (Thermo Fisher Scientific
Inc.) as polarized monolayers. After relevant treatment, the cells were
briefly washed with Hanks balanced salt solution (HBSS) and incubated
with 5 pM MitoSox Red (Life Technologies, Grand Island, NY) for 15
min. The cells were washed and counterstained with Hoechst stain, and
live cells were immediately imaged using confocal microscopy.

To quantify mitochondrial ROS, 16HBE140— cells were grown as
polarized monolayers in collagen-coated 6-well plates or mucociliary dif-
ferentiated primary airway epithelial cells were used. After relevant treat-
ment, the cells were loaded with MitoSox Red, incubated for 30 min, and
washed with warm HBSS. Then, the cells were detached from the wells
using trypsin-EDTA, neutralized with serum, centrifuged, suspended in
warm HBSS, and immediately analyzed by flow cytometry.

Transfection of 16HBEl40o— cells growing in transwells.
16HBE140— cells were transfected with small interfering RNA (siRNA) of
interest as described previously (6). Briefly, partially polarized confluent
monolayers of 16HBE140— cells were transfected with MDA-5, RIG-I,
NLRX-1, or nontargeting (NT) siRNA using Lipofectamine siRNA max
according to the manufacturer’s instructions. A pool of each gene-specific
siRNA or NT siRNA was purchased from Thermo Fisher Scientific Inc.
and used at 10 pmol/well. The cells were incubated for another 2 days to
promote polarization, at which time the cells showed R; values ranging
between 800 and 1,000 Q) - cm?. The efficiency of siRNA transfection was
confirmed by Western blotting.

Real-time PCR. After relevant treatment, total RNA was isolated from
airway epithelial cells, and 0.2 g of total RNA was used to quantify viral
RNA, as described previously, by qPCR (33). NOX-1 expression was de-
termined using gene-specific primers as described previously and ex-
pressed as the fold change over that of the glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) housekeeping gene (6).

Statistical analysis. Statistical significance was assessed by unpaired
Student ¢ test, analysis of variance (ANOVA), or ANOVA on ranks, as
appropriate. Differences identified by ANOVA or ANOVA on ranks were
pinpointed by Tukey-Kramer or Dunn’s test, respectively.

RESULTS
Roles of MDA-5, RIG-I, and PKR in RV-induced reduction in
R. Previously, dsRNA receptors, MDA5 and RIG-I, have been
shown to contribute to RV-induced interferon responses in air-
way epithelial cells (16—-18). To determine the roles of MDA5 and
RIG-I in RV-induced tight-junction disruption, 16HBE140—
cells transfected with NT, MDA-5, or RIG-I siRNA were infected
with either RV or an equal volume of sham control, and the R was
measured after 24 h. Compared to sham-infected controls, RV-
infected cultures showed reduced R, as observed previously in
NT siRNA-transfected cells (Fig. 1A). Knockdown of either
MDA-5 or RIG-I had no effect on RV-induced reduction in R;.
Knockdown of MDA5 and RIG-I in cells transfected with gene-
specific siRNA was confirmed by Western blotting (Fig. 1B to D).
Next, we examined the role of another dsRNA receptor, PKR,
in RV-induced reduction in R;. Polarized monolayers of
16HBE140— cells were pretreated with the PKR inhibitor
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2-aminopurine (2-AP) for 1 h and then infected with sham con-
trol or RV in the presence or absence of 2-AP, and the R, was
measured after 24 h. RV infection reduced the R in cells treated
with 2-AP similarly to that observed in untreated controls (Fig.
1E), indicating that PKR may not contribute to this process. Since
RIG-I, MDAS5, and PKR were not required for RV-induced reduc-
tion in R, we examined the role of NLRX-1 in RV-induced re-
duction in R because of its capacity to recognize dsRNA (15).

NLRX-1 is essential for RV-induced reduction in R;. Cells
were transfected with NT or NLRX-1 siRNA and infected with RV
or sham control, and the R -was measured after 24 h. Interestingly,
cells transfected with NLRX-1 siRNA were found to be resistant to
RV-induced reduction in R, (Fig. 2A) despite showing similar
viral loads, as assessed by viral RNA copy numbers (Fig. 2B), im-
plying a requirement for NLRX-1 in RV-induced reduction in R.

Previously, we have shown that RV-induced reduction in R,
correlates with dissociation of occludin from tight junctions (6).
To examine whether NLRX-1-dependent reduction in Rinduced
by RV causes dissociation of occludin from the tight-junction
complex, we subjected the NP-40-insoluble fraction enriched in
tight-junction complex proteins to Western blot analysis. Reduc-
tion in occludin levels in the NP-40-insoluble fraction indicates
dissociation of the protein from the tight junctions (6). As ex-
pected, NT siRNA-transfected cells showed reduction in occludin
levels following RV infection (Fig. 2C and D). In contrast,
NLRX-1 siRNA-transfected cells did not show significant reduc-
tion in occludin levels in the NP-40-insoluble fraction after RV
infection.

To determine whether NLRX-1-dependent tight-junction dis-
ruption induced by RV also causes barrier dysfunction, NTHI was
added to the apical surfaces of cell cultures infected with either RV
or sham control, and the total number of bacteria in the basolat-
eral chamber was assessed to determine transmigration of bacteria
across the polarized cells (6, 7). Cell lysates were plated to deter-
mine the total number of bacteria associated with cells. Compared
to sham infection, RV-infected NT siRNA-transfected cells
showed increased transmigration of apically added bacteria to the
basolateral compartment (Fig. 2E). In contrast, RV-infected
NLRX-1 siRNA-transfected cells showed significantly less trans-
migration of bacteria than similarly infected NT siRNA-trans-
fected cells. However, there was no difference in the total bacterial
counts recovered from the cells (data not shown), suggesting that
decreased transmigration in NLRX-1 siRNA-transfected cells in-
fected with RV is not due to decreased bacterial association with
cells or bacterial survival. Together, these results suggest that
NLRX-1 is required for RV-induced barrier dysfunction. Western
blot analysis of whole-cell lysate confirmed efficient knockdown
of NLRX-1 expression by gene-specific siRNA and not by NT
siRNA (Fig. 2F).

RV stimulates mitochondrial ROS generation. NLRX-1 is
thought to be a mitochondrial protein and has been shown to
induce mitochondrial ROS generation following transfection with
poly(I-C) in nonpolarized HeLa cells (31). Since NLRX-1 was re-
quired for RV-induced reduction in R;, we determined whether
RV stimulates mitochondrial ROS using MitoSox Red, which se-
lectively detects mitochondrial ROS (34). As assessed by confocal
microscopy, RV-infected polarized monolayers of 1l6HBE140—
cells showed more MitoSox Red-positive cells than sham-infected
cultures (Fig. 3A). Analysis of cells by flow cytometry indicated
that RV-infected cells generate significantly higher levels of mito-
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FIG 1 Knockdown of MDAS5 or RIG-I or inhibition of PKR does not affect RV-induced changes in R;. 16HBE140— cells were transfected with NT, MDAS5, or
RIG-IsiRNA, and the cells were allowed to polarize. (A) Cells were infected apically with RV or sham control, and R, was measured after 24 h. (B) Total proteins
from cells transfected with NT, MDAS, or RIG-I siRNA were subjected to Western blot analysis with antibodies to MDAS5, RIG-I, or B-actin. (C and D) Band
intensities were quantified by NIH Image, and levels of MDAS5 or RIG-I were normalized to the respective 3-actin controls. (E) Cells were pretreated with 2-AP
for 1 h, infected with RV or sham control, and incubated for 24 h in the presence or absence of 2-AP, and then R, was measured. The data in panels A, C, D, and
E represent means and standard deviations (SD) calculated from 3 to 6 independent experiments (*, P < 0.05; ANOVA). The percentages in panels C and D
represent percent inhibition of MDAS5 and RIG-I expression, respectively, in gene-specific siRNA-transfected cells compared to NT siRNA-transfected cells. The

images in panel B are representative of 3 independent experiments.

chondrial ROS than sham-infected cells (Fig. 3B and C). Further-
more, knockdown of NLRX-1 blocked RV-induced mitochon-
drial ROS (Fig. 3D), suggesting a role for NLRX-1 in this process.

Mitochondrial ROS contributes to RV-induced reduction in
Ry. To confirm that mitochondrial ROS generation stimulated by
RV is required to reduce the R of polarized l6HBE140— cells, we
infected cells with RV in the absence or presence of Mito-Tempo,
an antioxidant targeted to mitochondria (35), and measured the
R 24 h later. Compared to sham infection, RV infection caused
significant reduction in R (Fig. 4A) and Mito-Tempo blocked
RV-induced reduction in R, in a dose-dependent manner. Deter-
mination of ROS generation by flow cytometry confirmed that
Mito-Tempo inhibits RV-stimulated ROS generation (Fig. 4B).
Indirect immunoconfocal microscopy indicated that Mito-
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Tempo also prevents dissociation of occludin from the peripheries
of RV-infected cells (Fig. 4C). Quantification of occludin in the
NP-40-insoluble fraction (cytoskeletal fraction) by Western blot-
ting suggested that Mito-Tempo significantly blocks RV-induced
dissociation of occludin from the cytoskeleton (Fig. 4D and E).
The observed effects of Mito-Tempo were not due to changes in
the RV load, because there was no difference in viral RNA between
untreated and Mito-Tempo-treated groups, as assessed by qPCR
(data not shown). Next, we examined the transmigration of api-
cally added bacteria to the basolateral chamber. Mito-Tempo
treatment significantly attenuated the transmigration of bacteria
in RV-infected cells (Fig. 4F). However, there was no significant
difference in cell-associated bacteria between untreated and Mito-
Tempo-treated cells, suggesting that Mito-Tempo does not affect
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bacterial survival or association with cells (data not shown). To-
gether, these results suggest that ROS generated by mitochondria
in response to RV infection contributes significantly to disruption
of tight junctions in polarized airway epithelial cells.

Poly(I-C)-induced reduction in R; also requires mitochon-
drial ROS generation that is NLRX-1 dependent. To assess the
contribution of mitochondrial ROS in poly(I-C)-induced reduc-
tion of R in polarized 16HBE140— cells, we examined whether
poly(I-C) stimulates mitochondrial ROS and whether treatment
with Mito-Tempo protects cells against poly(I-C)-induced reduc-
tion in Ry. Poly(I-C) stimulated mitochondrial ROS generation in
a dose-dependent manner in 16HBE140— cells (Fig. 5A), and this
was inhibited significantly by Mito-Tempo (Fig. 5B). In addition,
Mito-Tempo also reduced poly(I-C)-induced mitochondrial ROS
(Fig. 5C). These results indicate a role for mitochondrial ROS in
poly(I-C)-induced R reduction in polarized 16HBE140— cells, as
observed with RV.

April 2014 Volume 88 Number 7

To determine the role of NLRX-1 in poly(I-C)-stimulated mi-
tochondrial ROS generation and thus reduction in R, cells trans-
fected with NT or NLRX-1 siRNA were treated with medium or
poly(I-C), and the levels of mitochondrial ROS and R were mea-
sured. NLRX-1 siRNA-transfected cells treated with poly(I-C)
showed significant reductions in the levels of mitochondrial ROS
compared to similarly treated NT siRNA-transfected cells (Fig.
5D). Cells transfected with NLRX-1 siRNA were also protected
against poly(I-C)-induced reduction in R, (Fig. 5E). Together,
these results imply that, similar to RV, poly(I-C)-induced tight-
junction disruption also requires NLRX-1-dependent mitochon-
drial ROS.

NLRX-1 colocalizes to mitochondria upon infection with RV
in airway epithelial cells. NLRX-1 contains a mitochondrial sig-
nature in its C terminus (15) and has been shown to localize to the
mitochondrial outer membrane in nonpolarized HeLa cells (a cer-
vical cancer cell line) (13). However, the cellular distribution of
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detached from the plate, suspended in warm HBSS, and analyzed by flow cytometry. MFI, mean fluorescence intensity. (D) NT or NLRX-1 siRNA-transfected
cells were infected with sham control or RV, and mitochondrial ROS was quantified by flow cytometry 16 h postinfection. (B) Representative histogram of 3

independent experiments. (C and D) Data represent means and SD calculated from 3 or 4 independent experiments (*, P < 0.05; ANOVA).

NLRX-1 in polarized airway epithelial cells is not known. There-
fore, we examined the cellular location of NLRX-1 and possible
colocalization with occludin or mitochondria by indirect immu-
nofluorescence microscopy. NLRX-1 was observed in the cyto-
plasm, at the cell surface, and occasionally at the apicolateral sur-
face colocalizing with occludin in sham-infected cells (Fig. 6A).
RV-infected cells showed redistribution of NLRX-1 from the pe-
riphery to an intracellular location (Fig. 6B). Z sections of sham-
infected cells revealed more NLRX-1 on the cell surface than RV-
infected cells (6C and D).

3710 jviasm.org

Next, we examined colocalization of NLRX-1 with a mito-
chondrial marker, MT-CO1. Sham-infected cells showed only
minimal NLRX-1 colocalization with mitochondria (Fig. 6E). In con-
trast, RV-infected cells often showed colocalization of NLRX-1 with
MT-COL1 (Fig. 6F), implying that RV may promote translocation
to mitochondria. To confirm these observations, mitochondrial
and cytosolic proteins were isolated from sham- or RV-infected
cells and subjected to Western blot analysis with antibodies to
either NLRX-1 or MT-CO1. Compared to sham-infected cells,
RV-infected cells showed more NLRX-1 in the mitochondrial frac-
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FIG 4 Mito-Tempo, an antioxidant targeted to mitochondria, blocks RV-induced reduction in R;-and mitochondrial ROS generation. Polarized monolayers of
16HBE140— cells were treated with 0, 10, or 50 wM Mito-Tempo for 1 h both apically and basolaterally. (A and B) Cells were infected with RV or sham control
apically and incubated for 90 min. The infection medium was replaced with fresh medium containing 0, 10, or 50 uM Mito-Tempo and incubated for an
additional 24 h. The R, was measured, and then the cells were washed and incubated with MitoSox Red as described for Fig. 3 and analyzed by flow cytometry.
(C) Polarized cells were infected with RV or sham control in the presence of 0 or 50 M Mito-Tempo and incubated for 24 h. The cells were fixed, blocked with
1% BSA in PBS, and incubated with antibody to occludin. Bound antibody was detected with antirabbit IgG conjugated with Alexa Fluor 488, and the cells were
counterstained with DAPI and then subjected to indirect immunofluorescence microscopy. The images are representative of 3 or 4 independent experiments (¥,
dissociation of occludin from the tight-junction complex; green, occludin; blue, nuclei). (D and E) NP-40-insoluble fractions from cells infected with RV or sham
control in the presence or absence of Mito-Tempo were subjected to Western blot analysis, and the band intensities were quantified using NIH Image J and
expressed as fold change over B-actin. (F) Serial dilutions of basolateral media from cell cultures infected with RV or sham control in the presence or absence of
Mito-Tempo were plated to determine the number of bacteria transmigrated from the apical to the basolateral surface. The data in panels A, B, and D represent
means and SD calculated from 3 or 4 independent experiments (*, P =< 0.05; ANOVA). The data in panel F represent medians with ranges from 3 independent
experiments (¥, P < 0.05; ANOVA on ranks).

tion (Fig. 6G). Successful separation of mitochondrial proteins from NLRX-1 interacts with RV RNA and poly(I-C). To assess
cytosolic proteins was confirmed by the presence of MT-COland ~ whether NLRX-1 directly interacts with RV RNA, cells infected
absence of GAPDH in the mitochondrial fraction, and vice versa ~ with RV were immunoprecipitated with NLRX-1 antibody or nor-
in the cytosolic fraction. These results confirmed that RV pro- mal goat IgG, and total RNA isolated from the immunoprecipi-
motes translocation of NLRX-1 to mitochondria. tates was used to determine viral RNA. Compared to total RNA
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poly(I-:C) and incubated for 6 h at 37°C. Mitochondrial ROS was determined by flow cytometry as described for Fig. 3. (B and C) Polarized monolayers of
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experiments (¥, P < 0.05; ANOVA).

from immunoprecipitates of normal goat IgG, immunoprecipi-
tates of NLRX-1 antibody showed significantly higher viral RNA
levels, indicating that NLRX-1 may interact with RV RNA (Fig.
7A). Western blot analysis of immunoprecipitates confirmed the
pulldown of NLRX-1 by NLRX-1 antibody (Fig. 7B).

To examine whether NLRX-1 interacts with apically added
dsRNA, polarized 16HBE140— cells treated with rhodamine-la-
beled poly(I-C) were fixed and immunolabeled with antibody to
NLRX-1. Indirect immunofluorescence confocal microscopy re-
vealed localization of poly(I-C) with NLRX-1 at the apical surface
and also in the subapical location (Fig. 7C to E). Together, these
results imply that NLRX-1 may directly interact with viral RNA or
poly(I-C) in polarized airway epithelial cells and that this interac-
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tion may promote translocation of NLRX-1 from the apical sur-
face and/or cytoplasm to mitochondria.

RV infection promotes redistribution of NLRX-1 in primary
airway epithelial cells. Next, we determined the localization of
NLRX-1 in primary mucociliary differentiated airway epithelial cells,
a model that closely resembles airway epithelium in vivo. Similar to
16HBE140— cells, mucociliary differentiated airway epithelial cells
showed NLRX-1 at the cell surface, occasionally in the apicolateral
junctions colocalizing with occludin, and also in the cytoplasm (Fig.
8A and B). Following RV infection, however, these cells showed in-
creased colocalization of NLRX-1 with MT-COL1 (Fig. 8C and D),
suggesting that RV promotes translocation of NLRX-1 to mitochon-
dria, as observed in the polarized 16HBE140— cells.
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FIG 6 NLRX-1 redistributes in airway epithelial cells following RV infection. (A to F) Polarized 16HBE140— cells were infected with RV or sham control. After
16 h, the cells were fixed and incubated with a mixture of antibodies to occludin and NLRX-1 (A to D) or a mixture of antibodies to MT-CO1 (mitochondrial
protein) and NLRX-1 (E and F). Bound antibodies were detected by secondary antibodies conjugated with either Alexa Fluor 598 (NLRX-1) or Alexa Fluor 488
(occludin [A to D] and MT-COL1 [E and F]). The cells were counterstained with DAPI and subjected to indirect immunofluorescence microscopy. The arrows
in panel A represent colocalization (yellow) of NLRX-1 with occludin. Panels C and D are the Z sections of panels A and B, respectively, showing the distribution
of NLRX-1 in relation to occludin, and the apical surface of the cultures is marked by the white line. The arrows in panels E and F represent colocalization (yellow)
of NLRX-1 with MT-COLl. (G) Cytoplasmic or mitochondrial proteins isolated from sham- or RV-infected cells were subjected to Western blot analysis with
antibodies to NLRX-1, MT-CO1, or GAPDH. The absence of a band corresponding to MT-CO1 in the cytoplasmic fraction and the absence of GAPDH in the
mitochondrial fraction indicate efficient separation of cytoplasmic proteins from mitochondrial proteins. The images are representative of 3 or 4 experiments.

Cytoplasm

Mitochondrial ROS induced by RV contributes to R, reduc-
tion in mucociliary differentiated primary airway epithelial
cells. First, we determined whether RV induces mitochondrial
ROS by flow cytometry. Compared to sham infection, RV infec-
tion significantly increased mitochondrial ROS, and this was ef-
fectively blocked by treatment with Mito-Tempo (Fig. 9A). Mito-
Tempo also inhibited RV-induced reduction of R, in primary
mucociliary differentiated cells, indicating that RV-stimulated
mitochondrial ROS contribute to this process (Fig. 9B).

April 2014 Volume 88 Number 7

NLRX-1 and mitochondrial ROS are required for RV-in-
duced NOX-1 expression. Previously, we demonstrated that
RV-induced NOX-1-dependent ROS generation partially con-
tributes to RV-induced barrier disruption. Since mitochon-
drial ROS has been shown to regulate NOX-1-dependent ROS
generation (36, 37), we examined whether NLRX-1 or mito-
chondrial ROS is required for RV-induced NOX-1 expression
in polarized 16HBE140— cells. Genetic inhibition of NLRX-1,
as well as Mito-Tempo, inhibited RV-induced NOX-1 expres-
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FIG 7 NLRX-1 interacts with viral RNA and poly(I-C). The polarized airway epithelial cells were RV or sham infected and incubated for 16 h, and cell lysates were
immunoprecipitated with normal IgG or anti-NLRX-1 antibody. (A and B) Total RNA was isolated from the immunoprecipitates, the RV RNA copy number was
determined (A), and an aliquot of immunoprecipitates (IP) was subjected to Western blot (IB) analysis with NLRX-1 antibody (B). (C to E) Rhodamine-labeled
poly(I-C) was added to the apical surfaces of polarized airway epithelial cells and incubated for 3 h. The cells were fixed in methanol, blocked with BSA, incubated
with antibody to NLRX-1 conjugated with Alexa Fluor 488, and counterstained with DAPI. The cells were visualized by confocal microscopy. Panel D is a
magnified view of the boxed area in panel C. Panel E shows a Z section of panel C. The white arrows in panels C and D indicate colocalization of poly(I-C) with
NLRX-1. The white and black arrows in panel E represent NLRX-1 colocalization with poly(I-C) in the subapical and apical locations, respectively. The data in
panel A represent medians and ranges from 5 independent experiments (*, P = 0.05; ANOVA). The images are representative of three or five independent
experiments.

sion completely, (Fig. 10A and B). Similarly, Mito-Tempo also
abolished RV-induced NOX-1 expression in primary mucocili-
ary differentiated airway epithelial cells (Fig. 10C). Together,
these results indicate that NLRX-1-induced mitochondrial
ROS is required for RV-induced NOX-1 expression.

DISCUSSION

The present study suggests an essential role for a member of the
NLR family, NLRX-1, which has been shown to possess a dsSRNA
binding site (15), in RV-induced disruption of tight junctions.
We demonstrate for the first time that RV stimulates mitochon-
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drial ROS generation and that this requires the participation
of NLRX-1. Interestingly, we found that, in both polarized
16HBE140— cells and primary airway epithelial cells differenti-
ated into a mucociliary phenotype, NLRX-1 is expressed primarily
on the apical and apicolateral surfaces, locations in which it may
interact with tight-junction proteins, and also in the cytoplasm
not colocalized with mitochondria. In addition, we show that fol-
lowing RV infection, the majority of the NLRX-1 colocalizes to
mitochondria in both immortalized and primary airway epithelial
cells. Further, we show that poly(I-C), a double-stranded RNA
mimetic, also stimulates NLRX-1-dependent mitochondrial ROS
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FIG 8 RV promotes NLRX-1 translocation to mitochondria in primary airway epithelial cells. (A and B) Mucociliary differentiated primary airway epithelial
cells were fixed and immunolabeled with a mixture of antibodies to occludin (green) and NLRX-1 (red). Panel B is a Z section of panel A showing NLRX-1 on
the apical surface and in the cytoplasm. The arrows indicate colocalization of NLRX-1 with occludin. (C and D) Mucociliary differentiated primary airway
epithelial cells were apically infected with sham control or RV, incubated for 24 h, fixed, immunolabeled with antibodies to NLRX-1 (red) and MT-CO1 (green),
counterstained with DAPI, and subjected to confocal microscopy. The images represent optical sections taken at a depth of 9 wm to show both NLRX-1 and
MT-CO1, presumably in the middle of the cells. The total thickness of cell cultures was approximately 20 wm. The inset in panel D is a magnified view of the boxed

area. All images are representative of three independent experiments.

generation, which contributes to poly(I-C)-induced tight-junc-
tion disruption. In addition, we found that NLRX-1 interacts with
intracellular viral RNA and also apically added poly(I-C). Finally,
we demonstrate that NLRX-1 is also required for NOX-1 expres-
sion, which has been previously shown to partially contribute to
RV-induced ROS generation and thus to barrier disruption (6).
Based on these results, we speculate that dsRNA generated during
RV replication may interact directly or indirectly and promote
translocation of NLRX-1 to mitochondria, thereby stimulating
the generation of mitochondrial ROS and disruption of barrier
function.

Previously, we demonstrated that both RV and poly(I-C) per-
turb the barrier function of the airway epithelium and that treat-
ment with the antioxidant diphenylene iodonium (DPI) com-
pletely abrogated the disruptive effects of RV and poly(I-C). This
indicates that dsRNA generated during RV replication is sufficient
and that oxidative stress induced by replicating RV is required for
the disruption of barrier function. RV has been shown to activate

April 2014 Volume 88 Number 7

the dsRNA recognition receptors TLR3, PKR, RIG-I, and MDA5
(10, 16-18, 20, 22). For example, RV was demonstrated to stimu-
late interferon expression by activating PKR and mucin expres-
sion that is dependent on TLR3 (10, 20). We showed that TLR3
and MDAS are required for maximal interferon production and
also for interleukin 8 (IL-8) expression (16, 38). Recently, TLR3
was shown to coordinate with MDAS5 and RIG-I in stimulating
innate immune responses to RV in vivo and in vitro (18). Despite
their important roles in RV-stimulated antiviral responses in sev-
eral cell types, none of these dsSRNA recognition receptors were
found to contribute to RV-induced disruption of tight junctions
in polarized airway epithelial cells.

Recently, a member of the NLR family, NLRX-1, was shown to
interact with poly(I-C) through its C-terminal domain and also to
stimulate mitochondrial ROS in nonpolarized HeLa cells (15, 31).
Therefore, we examined the contribution of NLRX-1 to RV-in-
duced disruption of tight junctions, as well as ROS. We found that
knockdown of NLRX-1 not only protected against RV- or
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FIG9 RV-stimulated mitochondrial ROS is required for R, reduction in primary airway epithelial cells. Mucociliary differentiated primary airway epithelial cells
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poly(I-C)-induced reductions in R, but also abrogated RV- or
poly(I-C)-stimulated ROS generation. In addition, Mito-Tempo,
which inhibits mitochondrial ROS, blocked RV- and poly(I-C)-
induced ROS. Collectively, these observations suggest that dSRNA
generated during RV may interact with NLRX-1, thereby stimu-
lating mitochondrial ROS and subsequent barrier disruption in
airway epithelial cells. However, it raised a question, that is, how
does NLRX-1, which has been shown to be expressed only in the
mitochondria (13, 30), interact with RV dsRNA that primarily
accumulates in the cytoplasm and apically added poly(I-C)? In
addition, although, NLRX-1 has been proposed to be one of the
receptors for virus-derived dsSRNA based on X-ray crystallography
or indirect experimental evidence (15, 31), so far, interaction of

A
__0.25- % "
1_'_‘) E r Ir 1
s S 0.201 —|-
=<
<0
DZE: § 0.154
< $ 0.101
6 g 0.05
4 % 497
0.00 T T T T
Sham RV Sham RV
NT-siRNA NLRX-1-siRNA
. = 0.4+
*
88 .4l ] * l
£ J
<3 I
X o
€3 0.2
%S
< 4
2l |-
0.0 : T T T
Sham RV Sham RV
DMSO Mito-TEMPO
(50 pM)

mitochondrial NLRX-1 with viral RNA or synthetic dsRNA under
physiological conditions has not been demonstrated. Our results
for the first time demonstrate that, unlike in nonpolarized HeLa
cells, NLRX-1 is primarily expressed in the cytoplasm, at the apical
surface, and on the apicolateral surface, occasionally colocalizing
with occludin, and minimally in mitochondria in polarized or
mucociliary differentiated primary airway epithelial cells. How-
ever, following RV infection, NLRX-1 increasingly colocalized
with mitochondria, in addition to interacting with intracellular
viral RNA. Moreover, NLRX-1 colocalized with poly(I-C) at the
apical surface, as well as in the subapical location, in polarized
airway epithelial cells, implying that NLRX-1 also interacts with
apically added poly(I-C). Since NLRX-1 also colocalizes with
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FIG 10 Inhibition of NLRX-1 or mitochondrial ROS blocks RV-induced NOX-1 expression. (A) Il6HBE140— cells were transfected with NT or NLRX-1 siRNA,
infected with sham control or RV, and incubated for 16 h. (B and C) 16HBE140— cells or mucociliary differentiated cells were infected with RV or sham control
in the presence or absence of Mito-Tempo and incubated for 16 h. Total RNA was harvested, and the expression of NOX-1 mRNA was determined by qPCR and
expressed as the fold change over the GAPDH housekeeping gene. The data represent means and SD calculated from 3 independent experiments (¥, P < 0.05;

ANOVA).
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poly(I-C) in the subapical location, it is plausible that interaction
with NLRX-1 may promote internalization of poly(I-C); however,
further experiments are required to confirm this notion. Based on
these observations, we speculate that NLRX-1 is readily available
to interact with apically added poly(I-C) and cytosolic RV dsRNA
and that this interaction promotes translocation of NLRX-1 to
mitochondria, thereby stimulating mitochondrial ROS and sub-
sequent barrier disruption in airway epithelial cells. Although
mechanisms by which NLRX-1 translocate to mitochondria after
binding to dsRNA are yet to elucidated, we speculate that binding
of dsRNA to NLRX-1 in the cytoplasm or on the apical surface
may lead to dissociation of NLRX-1 from yet unknown molecular
partners and/or oligomerization, and this may in turn promote
NLRX-1 translocation to mitochondria. However, further bio-
chemical and structural studies are required to understand the
molecular mechanisms underlying translocation of NLRX-1 to
mitochondria upon binding to dsRNA.

In our previous studies, we have demonstrated that NOX-1 is
partially required for both RV-induced ROS generation and bar-
rier disruption in airway epithelial cells (6). However, in the pres-
ent study, we found that Mito-Tempo, which primarily inhibits
mitochondrial ROS, almost completely abrogated RV-induced
ROS generation and reduction in Ry, implying that RV-induced
NOX-1 expression may require mitochondrial ROS stimulated by
RV. Consistent with this notion, we found that inhibition of mi-
tochondrial ROS by Mito-Tempo blocked RV-induced NOX-1
expression in both polarized and mucociliary differentiated air-
way epithelial cells. This is not surprising, because previously, mi-
tochondrial ROS has been shown to regulate NOX-1 expression,
as well as NOX-1-dependent ROS generation (36, 39). Interest-
ingly, genetic ablation of NLRX-1 also inhibited RV-induced
NOX-1 expression in the present study, linking NLRX-1 to
NOX-1 expression via mitochondrial ROS.

In conclusion, we propose that (i) NLRX-1, but not other
dsRNA recognition receptors, plays a major role in RV-stimulated
maximal ROS generation and thus barrier disruption in airway
epithelial cells; (ii) NOX-1 expression and activity are regulated by
RV-stimulated mitochondrial ROS generation, which is depen-
dent on NLRX-1; and (iii) NLRX-1, which is expressed primarily
in the cytoplasm and on the apical surfaces of polarized or muco-
ciliary differentiated airway epithelial cells, readily interacts with
dsRNA generated during RV replication and translocates to mito-
chondria. Although, ROS generation is required for optimal viral
clearance following infection, defective neutralization of ROS, as
observed in patients with cystic fibrosis or chronic obstructive
pulmonary disease (40—42), may lead to persistent airway epithe-
lial barrier dysfunction. This in turn could alter innate immune
responses to subsequent environmental or infectious stimuli and
also enhance the risk for acquiring secondary infections.
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