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Nitric oxide inhibits human rhinovirus-induced
transcriptional activation of CXCL10 in airway epithelial
cells

Rommy Koetzler, MD, MSc, Raza S. Zaheer, BSc, Shahina Wiehler, MSc, Neil S. Holden, PhD, Mark A. Giembycz, PhD,

and David Proud, PhD Calgary, Alberta, Canada
Background: Human rhinovirus (HRV) infections trigger
exacerbations of asthma and chronic obstructive pulmonary
disease. Nitric oxide (NO) inhibits HRV replication in human
airway epithelial cells and suppresses HRV-induced epithelial
production of several cytokines and chemokines.
Objective: We sought to delineate the mechanisms by which NO
inhibits HRV-induced epithelial production of CXCL10, a
chemoattractant for type 1 T cells and natural killer cells.
Methods: Primary human bronchial epithelial cells or cells of
the BEAS-2B human bronchial epithelial cell line were exposed
to HRV-16 in the presence or absence of the NO donor 3-(2-
hydroxy-2-nitroso-1-propylhydrazino)-1-propanamine (PAPA
NONOate). A cGMP analogue and an inhibitor of soluble
guanylyl cyclase were used to examine the role of the cyclic
guanosine monophosphate (cGMP) pathway in the actions of
NO. BEAS-2B cells were transfected with CXCL10 promoter–
luciferase constructs and the effects of PAPA NONOate were
examined to study mechanisms of transcriptional regulation.
Electrophoretic mobility shift assays were also used.
Results: PAPA NONOate inhibited HRV-16–induced increases in
CXCL10 mRNA and protein. Inhibition of CXCL10 production
occurred through a cGMP-independent pathway. PAPA
NONOate inhibited HRV-16–induced CXCL10 transcription by
blocking nuclear translocation, binding, or both of both nuclear
factor kB and IFN response factors (IRFs) to their respective
recognition elements in the CXCL10 promoter.
Conclusions: NO inhibits HRV-16–induced production of
CXCL10 by inhibiting viral activation of nuclear factor kB and of
IRFs, including IRF-1, through a cGMP-independent pathway.
The broad-ranging inhibition of HRV-induced epithelial cytokine
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and chemokine production by NO suggests a potential
therapeutic utility of NO donors in viral exacerbations of asthma
and chronic obstructive pulmonary disease. (J Allergy Clin
Immunol nnnn;nnn:nnn-nnn.)
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Human rhinovirus (HRV) infections are a major risk factor for
exacerbations of asthma and chronic obstructive pulmonary
disease (COPD).1-3 The mechanisms by which HRV induces ex-
acerbations of these diseases remain to be fully elucidated, but the
airway epithelial cell is the primary site of HRV infection, and it
has been demonstrated that infection can spread to the epithelium
of the lower airways.4 HRV infection of epithelial cells does not
lead to overt cytotoxicity but induces elaboration of a range of
proinflammatory cytokines and chemokines that could contribute
to the pattern of exaggerated inflammation that is characteristic of
viral exacerbations.5-7 Moreover, a number of these epithelial
products have been detected in increased amounts in airway
secretions during in vivo HRV infections.1,6

Current drugs are less than ideal for the treatment of virally
induced exacerbations of airway diseases, and alternative therapies
to modulate viral pathogenesis would be beneficial. One approach
in this regard might be to supplement endogenous antiviral
defenses. The free radical nitric oxide (NO) is an important
component of the host defense not only against HRV but also
against other viruses.8 HRV infection of epithelial cells induces
expression of inducible nitric oxide synthase (iNOS) both in vitro
and in vivo,9 and increased epithelial expression of iNOS during
experimental HRV infections in vivo correlates with levels of ex-
haled NO. Interestingly, subjects with the highest levels of exhaled
NO appear to clear virus more rapidly and to have lower symptom
scores.10 The effects of NO might be mediated not only by its abil-
ity to inhibit replication of HRV in epithelial cells but also by inhi-
bition of production of HRV-induced epithelial proinflammatory
cytokines and chemokines.11,12 Understanding the molecular
mechanisms by which NO inhibits HRV-induced cytokine and che-
mokine production might provide insights into selective therapies
for virally induced exacerbations of airway diseases.

We examined HRV-induced production of CXCL10 (IFN-g–
inducible protein of 10 kd) as a model chemokine to delineate the
mechanisms of action of NO. This chemokine, which is a
chemoattractant for type 1 T lymphocytes and natural killer cells,
is produced both in vitro and in vivo in response to HRV infection
and replication6 and has been proposed as a novel biomarker for
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N regulatory factor
ISGF: IF
N-stimulated gene factor
ISRE: IF
N-stimulated response element
NF-kB: N
uclear factor kB
NO: N
itric oxide
ODQ: 1
H-[1,2,4]Oxadiazolo[4,3-a]quinoxalin-1-one
PAPA NONOate: 3
-(2-Hydroxy-2-nitroso-1-propylhydrazino)-

1-propanamine
PMSF: P
henylmethylsulfonyl fluoride
TCID: T
issue culture infective dose
HRV-induced asthma exacerbations.13 We show that NO inhibits
HRV-16–induced CXCL10 gene transcription by regulating
nuclear translocation, binding, or both of both nuclear factor kB
(NF-kB) and IFN regulatory factors (IRFs), including IRF-1,
through a cyclic guanosine monophosphate (cGMP)–independent
pathway.
METHODS
More details on all methods are provided in the Methods section in this

article’s Online Repository at www.jacionline.org.
Virus preparation and cell culture
Stocks of HRV-16 were propagated and purified as previously

described.6,11 Primary human bronchial epithelial cells (HBES) and the

BEAS-2B human bronchial epithelial cell line were cultured as described

previously.6
Stimulation of epithelial cells
BEAS-2B cells and HBEs were exposed to 104.5 and 105.5 50% tissue cul-

ture infective dose (TCID50) units per milliliter of HRV-16, respectively, as

previously described.14 Alternatively, cells were transfected with 0.1 mg of

synthetic double-stranded RNA (dsRNA) by using FuGene6. Cells were

incubated in the absence or presence of 3-(2-hydroxy-2-nitroso-1-propylhy-

drazino)-1-propanamine (PAPA NONOate; Cayman Chemical Company,

Ann Arbor, Mich; 100-1000 mmol/L) for appropriate times at 348C. Infected

cells were also treated with 8-Bromo-cGMP (a cell-permeable cGMP analog)

at concentrations ranging from 10 to 300 mmol/L to determine whether cGMP

would mimic the effects of PAPA NONOate. Cells were preincubated with

vehicle or 1H-[1,2,4]Oxadiazolo[4,3-a]quinoxalin-1-one (ODQ; 3-30 mmol/

L) for 30 minutes and then infected with HRV-16 in the presence of PAPA

NONOate to determine whether an inhibitor of soluble guanylyl cyclase could

reverse the effects of PAPA NONOate in infected cells.
Assessment of CXCL10 protein and mRNA
Measurements of CXCL10 protein and mRNA were performed as previ-

ously described.6 A synthetic first-strand cDNA amplicon was used to gener-

ate standard curves to permit absolute quantification of mRNA.
CXCL10 promoter–luciferase constructs
The 972-bp CXCL10 promoter construct, corresponding to the sequence

from 2875 to 197 (relative to the transcriptional start site), and the 376-bp

truncated construct (sequence from 2279 to 197) of the 59-flanking region of

the human CXCL10 gene have been previously described.6 Point mutations in

the putative activator protein-1 (AP-1), NF-kB1 (kB1), NF-kB2 (kB2), and

IFN-stimulated response element (ISRE) recognition elements in the 376-bp

truncated CXCL10 promoter were generated by means of site-directed muta-

genesis. Reporter constructs containing 5 copies of the kB1, kB2, or ISRE se-

quences were produced by means of oligonucleotide synthesis. Reporter

constructs containing 2 copies of ISRE and 2 copies of kB1 (ISRE-kB1-

ISRE-kB1), as well as constructs containing 2 copies of ISRE and 2 copies

of kB2 (ISRE-kB2-ISRE-kB2), were also generated. Transient transfection

and luciferase assays were performed as previously described.6
Electrophoretic mobility shift assays
Nuclear extracts were prepared by using a modification of published

methods.15 Oligonucleotide sequences containing the kB1, kB2, or ISRE

recognition sequences were end-labeled with T4 polynucleotide kinase.

Nuclear extracts were incubated with labeled probes before separation with

6% acrylamide gels, vacuum drying, and autoradiography. For supershift as-

says, antibodies to the Rel family members p50, p65, p52, and cRel, as well

as to IRF-1, IRF-2, IRF-3, IRF-7, and IFN-stimulated gene factor (ISGF) 3g

p48 (Santa Cruz Biotechnology, Inc, Santa Cruz, Calif) were used.
Statistical analysis
For normally distributed data, between-group comparisons were made by

means of 1-way ANOVA, with appropriate post-hoc analysis using the Fisher

least significant difference test. For nonparametric data, Kruskal-Wallis

ANOVA was used, followed by the Wilcoxon matched-pairs signed-rank

test. P values of less than .05 were considered significant.
RESULTS

NO inhibits HRV-induced CXCL10 production from

human airway epithelial cells
PAPA NONOate significantly inhibited HRV-16–induced

CXCL10 mRNA expression and protein production from
BEAS-2B cells in a concentration-dependent manner (Fig 1, A
and B). Similarly, 500 mmol/L PAPA NONOate inhibited HRV-
16–induced CXCL10 mRNA expression and protein production
from HBEs (Fig 1, C and D). PAPA NONOate did not affect ep-
ithelial cell viability, as assessed by means of lactate dehydrogen-
ase release, either in the presence or absence of HRV-16 at any
concentration or time (data not shown).

Experiments were conducted with PAPA NONOate that had
been left at room temperature overnight to deplete all of the NO
content to confirm that the observed inhibition was specifically
caused by NO. The inactive compound did not inhibit CXCL10
production (data not shown). In addition, we confirmed that a
second, structurally unrelated NO donor, sodium nitroprusside,
also significantly inhibited CXCL10 production from both HBEs
and BEAS-2B cells (see Fig E1 in this article’s Online Repository
at www.jacionline.org).
NO can inhibit production of CXCL10 independently

of effects on viral replication
We have shown that NO inhibits HRV replication in epithelial

cells,11 and therefore NO-mediated inhibition of CXCL10 pro-
duction could be occurring solely as a result of the inhibition of
viral replication. To assess this, we used synthetic dsRNA as a
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FIG 1. PAPA NONOate inhibits induction of CXCL10 mRNA and protein in HRV-16–infected epithelial cells. A

and B, In BEAS-2B cells (n 5 7) induction of CXCL10 mRNA and protein was inhibited in a concentration-de-

pendent manner (P < .05, ANOVA). Asterisks indicate significant inhibition compared with HRV-16 alone by

means of appropriate post-hoc tests. C and D, PAPA NONOate (500 mmol/L) also inhibits CXCL10 production

in HBEs (n 5 9).
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substitute for the dsRNA formed during viral replication. We have
shown that dsRNA mimics the effects of HRV-16 in stimulating
CXCL10 production.6 PAPA NONOate caused a significant
concentration-dependent inhibition of dsRNA-induced CXCL10
mRNA and protein production from BEAS-2B cells. Similarly,
PAPA NONOate significantly inhibited dsRNA-induced
CXCL10 mRNA and protein production from HBES (see Fig
E2 in this article’s Online Repository at www.jacionline.org).
Thus NO can inhibit epithelial production of CXCL10 indepen-
dently of effects on viral replication.
Inhibition of HRV-induced CXCL10 production by

NO is independent of cGMP
HRV-16–infected cells were treated with the cell-permeable

cGMP analog 8-bromo-cGMP (10-300 mmol/L) to determine
whether cGMP mediated the effects of PAPA NONOate. As
shown (Fig 2, A), 8-bromo-cGMP had no effect on HRV-16–
induced production of CXCL10 from BEAS-2B cells. Similarly,
an inhibitor of soluble guanylyl cyclase, ODQ (3-30 mmol/L), did
not reverse the PAPA NONOate–mediated inhibition of CXCL10
protein production in BEAS-2B cells (Fig 2, B), despite inhibiting
PAPA NONOate–mediated increases in intracellular cGMP levels
in a concentration-dependent fashion (see Fig E3 in this article’s
Online Repository at www.jacionline.org). Similar data were ob-
tained when 8-bromo-cGMP and ODQ were used in HBEs (see
Fig E4 in this article’s Online Repository at www.jacionline.org).
Transcriptional regulation of HRV-16–induced

CXCL10 production by NO
We have shown that HRV-16 infection induces transcriptional

activation of CXCL106. To determine whether NO inhibits
HRV-induced CXCL10 production at the level of transcription,
we examined the effects of PAPA NONOate on HRV-16–induced
activation of a 972-bp CXCL10 promoter–luciferase construct
(IFN-g–inducible protein of 10 kd pGL3) and of a truncated
376-bp construct (Fig 3, A). As we reported previously, although
HRV-16 induced responses with both promoter constructs,
slightly greater activation was seen with the 972-bp promoter.6

http://www.jacionline.org
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FIG 3. PAPA NONOate inhibits HRV-16–induced activation of CXCL10

promoter–luciferase constructs. A, Diagrammatic representations of full-

length (972-bp) and truncated (376-bp) promoters. B, PAPA NONOate (solid

bars) inhibits activation of full-length and truncated constructs to a similar

degree. Asterisks indicate significant inhibition compared with HRV-16

alone (open bars, n 5 7). C, Mutation of individual NF-kB and ISRE, but

not AP-1, recognition sequences in the truncated promoter reduces HRV-

16–induced promoter activation. Asterisks indicate significant inhibition

by PAPA NONOate (solid bars) compared with virus alone (open bars,

n 5 6). C/EBP, CCAAT/enhancer binding protein.

FIG 2. Inhibition of HRV-16–induced CXCL10 in epithelial cells is not

mediated through cGMP. A, The cell-permeable analog 8-bromo-cGMP

did not mimic the effects of PAPA NONOate (500 mmol/L) in BEAS-2B cells

(n 5 4). B, Similarly, an inhibitor of soluble guanylyl cyclase (ODQ) did not

reverse the effects of PAPA NONOate (n 5 4). Asterisks indicate significant

inhibition compared to HRV-16 alone.
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PAPA NONOate inhibited HRV-16–induced activation of both
constructs. Importantly, the degree of inhibition observed was es-
sentially the same with each construct (Fig 3, B). This suggests
that all of the key elements needed for NO-induced inhibition
are contained within the 376-bp promoter, and therefore this
was used as the template for additional studies of point mutations
to identify potentially important transcription factor binding sites
mediating the actions of NO. We have previously reported that the
2 proximal NF-kB recognition sequences, kB1 and kB2, are in-
volved in HRV-16–induced drive of the CXCL10 promoter,
with kB1 playing a more prominent role.6 This was confirmed
in our present studies (Fig 3, C). Mutation of the kB1 site led
to a significant abrogation of activation. This was significantly
further reduced in the presence of PAPA NONOate. Mutation of
the kB2 site also significantly reduced viral drive, although to a
lesser extent, and this was significantly further inhibited in the
presence of PAPA NONOate. We extended these studies by also
examining the potential role of the ISRE and AP-1 sites in
HRV-16–induced activation of the CXCL10 promoter. Mutation
of the AP-1 site had no significant effect on the ability of HRV-
16 to induce promoter activation, and inhibition by the NO donor
was comparable with that seen with the wild-type promoter. By
contrast, mutation of the ISRE site led to significantly reduced vi-
ral drive, and this residual activity was further inhibited by the NO
donor. Control studies were also performed with a pGL3 basic
promoter containing only a TATA box. HRV-16 did not induce ac-
tivation of this promoter, and PAPA NONOate had no effect on the
basal activity of this construct (data not shown). Taken together,
these data suggest that the kB1, kB2, and ISRE sites play a role
both in viral induction of the promoter and in the inhibitory ac-
tions of NO. To establish whether NO-mediated inhibition of
CXCL10 promoter activation was secondary to effects on viral
replication, we examined the activation of these constructs with
dsRNA. PAPA NONOate inhibited dsRNA-induced promoter ac-
tivation. Furthermore, mutation of the AP-1 site had no significant
effect on drive, whereas the kB1, kB2, and ISRE sites again ap-
peared to play a role both in dsRNA induction of the promoter
and in the inhibitory actions of NO (see Fig E5 in this article’s On-
line Repository at www.jacionline.org). To further investigate the
role of the kB1, kB2, and ISRE sites in viral responses and the

http://www.jacionline.org
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effects of NO, we generated reporter constructs containing 5
copies of either the kB1 recognition sequence (53 kB1), the
kB2 sequence (53 kB2), or the ISRE sequence (53 ISRE).
Constructs with 5 copies of a mutated form of each sequence
were also produced. HRV-16 induced activation of both the 53

kB1 and 53 kB2 constructs (Fig 4, A) but not their mutated coun-
terparts (data not shown). Importantly, activation of 53 kB1 and
53 kB2 constructs was significantly reduced in the presence of
PAPA NONOate, further supporting that the inhibitory actions
of NO include effects on NF-kB activation, binding, or both.
Interestingly, HRV-16 infection did not induce activation of the
53 ISRE-luciferase construct. Previous studies have shown
strong cooperativity between NF-kB and ISRE sites in the
RANTES promoter.16 Thus it was possible that the ISRE site con-
tributes to activation of the CXCL10 promoter only when present
in conjunction with the NF-kB site or sites. To test this possibility,
we examined constructs containing 2 copies of ISRE and 2 copies
of kB1 (ISRE-kB1-ISRE-kB1), as well as constructs containing 2
copies of ISRE and 2 copies of kB2 (ISRE-kB2-ISRE-kB2).
These promoters were modestly induced after HRV-16 infection,
and the NO donor significantly inhibited this response (Fig 4, B).
Interestingly, the ISRE-kB2-ISRE-kB2 construct, in which
sequences were identical and in the same alignment as in the
endogenous promoter, was induced more than the ISRE-kB1-
ISRE-kB1 construct, which was not in the same context as in
the endogenous promoter. Both the AP-1 and kB2 sequences
were mutated in the 376-bp promoter to determine whether acti-
vation of the endogenous promoter occurred when only ISRE and
kB1 were left intact. HRV-16 infection triggered more robust
induction of this construct, and this was completely abrogated
in the presence of PAPA NONOate (Fig 4, C).
FIG 4. PAPA NONOate inhibits HRV-16–induced activation of reporter

constructs. A, PAPA NONOate significantly inhibits HRV-16–induced

activation of constructs containing 5 copies of either the NF-kB1 or NF-

kB2 recognition sequences (n 5 6). B, PAPA NONOate significantly inhibits

HRV-16–induced activation of constructs containing 2 sequential copies of

ISRE–NF-kB1 or ISRE–NF-kB2 sequences (n 5 6). C, PAPA NONOate signif-

icantly inhibits HRV-16–induced activation of the truncated promoter

containing mutations in both the AP-1 and NF-kB2 recognition sequences

(n 5 6). In each case asterisks indicate significant inhibition by PAPA

NONOate (solid bars) compared with virus alone (open bars).
Electrophoretic mobility shift assay analysis of

nuclear translocation, binding, or both, of NF-kB

and IRFs
Labeled oligonucleotides containing the specific NF-kB1,

NF-kB2, or ISRE recognition sequences from the promoter
were used in electrophoretic mobility shift assay (EMSA) studies
to further evaluate the actions of NO on nuclear translocation,
binding, or both of transcription factors to the CXCL10 promoter.
Initial time-course experiments demonstrated that HRV-16 infec-
tion induced specific binding to all 3 recognition sequences, with
NF-kB activation slightly preceding ISRE responses (see Fig E6
in this article’s Online Repository at www.jacionline.org). HRV-
16 infection induced 2 specific bands with oligonucleotides con-
taining NF-kB recognition sequences and 3 specific bands with
the ISRE oligonucleotide (see Fig E6). HRV-16–induced specific
binding to the NF-kB1 oligonucleotide was inhibited in the pres-
ence of PAPA NONOate (Fig 5, A). Supershift analysis showed
that the upper band was shifted by antibodies to both p65 and
p50, suggesting it represents the canonical p65-p50 heterodimer,
which we have previously reported to be induced in HRV-
16–infected cells,17 whereas the lower band was shifted only by
antibodies to p50, suggesting it might represent p50 homodimers.
Antibodies to p52 and cRel were without effect (Fig 5, B). Iden-
tical inhibition data and supershift results were seen with the
NF-kB2 oligonucleotide (see Fig E7 in this article’s Online Re-
pository at www.jacionline.org). Incubation of nuclear proteins
from HRV-16–infected epithelial cells with the ISRE oligonucle-
otide led to the formation of 3 specific bands. In the presence of
PAPA NONOate, formation of all 3 bands was inhibited (Fig 6,
A). In supershift experiments the upper band was completely
shifted by using an antibody to IRF-1 (Fig 6, B). The 2 lower
bands were unaffected by antibodies to IRF-1, IRF-2, IRF-3,

http://www.jacionline.org
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FIG 5. Effects of PAPA NONOate on nuclear translocation, binding, or both of NF-kB in HRV-16–infected

BEAS-2B cells. A, HRV-16 infection induced 2 bands on incubation of nuclear extracts with the NF-kB1

oligonucleotide. Induction of both bands was inhibited by PAPA NONOate. B, Supershift experiments dem-

onstrate that antibody to p65 shifts only the upper band, whereas antibody to p50 shifts both bands. Anti-

bodies to p52 and cRel were without effect. Data are representative of 3 experiments.
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IRF-7, or ISGF-3g p48 (Fig 6, B), and additional studies will be
needed to identify the constituents of these bands.
DISCUSSION
NO is an important component of the host defense to HRV

infection.8 Patients with the greatest increases in levels of exhaled
NO in the upper airways during HRV infections clear virus more
rapidly and have the lowest symptoms,10 whereas asthmatic sub-
jects with the largest increase in lower airway exhaled NO levels
during viral infections had the smallest increases in airway hyper-
responsiveness.18 The protective effects of NO can be mediated
not only through its ability to reduce HRV replication in epithelial
cells but also through inhibition of HRV-induced epithelial pro-
duction of proinflammatory cytokines and chemokines.11,12 We
now show that NO inhibits, in a concentration-dependent manner,
HRV-induced epithelial production of CXCL10, a chemoattrac-
tant for type 1 lymphocytes and natural killer cells that has
been implicated as a novel biomarker for viral exacerbations of
asthma.13 The ability of NO to also inhibit dsRNA-induced
CXCL10 production indicates that the inhibitory effects of NO
can occur independently of effects on viral replication. Therefore
we used CXCL10 as a model to delineate the mechanisms by
which NO inhibits HRV-induced chemokine production.

Although inhibition by NO of some cytokines, such as IFN-a
from human dendritic cells, is mediated through cGMP,19 inhibi-
tion of HRV-induced production of CXCL10 clearly occurs inde-
pendently of this second messenger. Not only was a cell-
permeable cGMP analog unable to mimic the effects of NO, but
an inhibitor of soluble guanylyl cyclase was unable to block
NO-mediated inhibition of CXCL10 when used at concentrations
that substantially inhibited PAPA NONOate–induced cGMP
accumulation.

HRV-16–induced production of CXCL10 is regulated at the
level of transcriptional activation, in part through the actions of
NF-kB.6 Mutation studies now show that the ISRE site is also



FIG 6. Effects of PAPA NONOate on nuclear translocation, binding, or both

of IRFs in HRV-16–infected BEAS-2B cells. A, HRV-16 infection induced 3

bands on incubation of nuclear extracts with the ISRE oligonucleotide.

Induction of all 3 bands was inhibited by PAPA NONOate. B, Supershift ex-

periments demonstrate that antibody to IRF-1 completely shifts the upper

band. Antibodies to IRF-2, IRF-3, IRF-7, or ISGF-3 were without effect on

any band. Data are representative of 3 experiments.
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important for HRV-16–induced CXCL10 promoter activation. We
also showed that PAPA NONOate inhibits virally induced
CXCL10 transcription and that the truncated form of the
CXCL10 promoter contains the essential elements involved in
NO-mediated inhibition. Again, the ability of NO to also inhibit
dsRNA-induced promoter activation suggests that inhibition can
occur independently of effects on viral replication. There is ample
precedent for NO to modulate gene transcription by means of
direct modulation of transcription factor function,20 and therefore
we examined the role of each transcription factor binding site in
the inhibition of HRV-induced CXCL10 transcription. Although
NO can inhibit the DNA binding ability of AP-1,21 mutation of
the AP-1 site in the CXCL10 promoter had no effect either on
viral or dsRNA-induced promoter activation or on the degree of
inhibition by NO. By contrast, the NF-kB and ISRE sites clearly
play the dominant role in HRV-16–induced and dsRNA-induced
activation of the promoter, and therefore modulation of these sites
is likely to be key in the actions of NO. Constructs containing
multiple copies of either the NF-kB1 or NF-kB2 sites responded
to HRV-16, and their activation was inhibited in the presence of
PAPA NONOate. Moreover, EMSA studies showed a clear reduc-
tion in nuclear translocation, binding, or both of both p65-p50 het-
erodimers and p50 homodimers to oligonucleotides containing
NF-kB1 and NF-kB2 recognition sequences from the CXCL10
promoter. NO exerts complex modulatory roles on the NF-kB
pathway through S-nitrosylation events.22 S-nitrosylation of
p21ras by NO enhances activation of NF-kB.23 Inhibition of the
effects of NF-kB by NO can result from direct S-nitrosylation
of the Cys-62 residue of p50, which prevents DNA binding and
gene transcription.24 In addition, S-nitrosylation of Cys-179 of
inhibitory kB kinase b (IKKb) inhibits the activity of this
enzyme, preventing downstream activation of NF-kB by means
of this canonical pathway.25 Because viruses can also activate the
IKK-related kinases tank-binding kinase-1 and IKKe,26 these
enzymes also might contribute to NF-kB activation in HRV-in-
fected cells. Further studies will be required to identify the mecha-
nisms underlying inhibition by NO of NF-kB nuclear translocation,
binding, or both in HRV-infected epithelial cells. Regardless of the
mechanisms involved, this activity likely contributes to the ability
of NO to inhibit HRV-induced production of a number of cytokines,
such as IL-8, IL-6, and GM-CSF,11,12 all of which have NF-kB rec-
ognition sequences in the promoter regions of their genes.

The ISRE sequence in the CXCL10 promoter has been shown
to play a role in promoter activation induced by IFN-g or synthetic
dsRNA.27,28 Our data are the first to demonstrate that the ISRE
site is also important in HRV-16–induced promoter activation.
Although mutation of the ISRE site markedly abrogated HRV-
16–induced promoter activation, a synthetic construct containing
5 copies of just this site was not responsive to HRV-16 infection,
implying that the ISRE contribution to promoter activation might
be dependent on its context. There is precedent for cooperativity
between the ISRE and NF-kB sites for binding of their respective
ligands in the RANTES promoter,16 and a construct with 2 se-
quential copies of the ISRE–NF-kB2 sequence exactly as they
occur in the endogenous CXCL10 promoter was induced by
HRV-16 and was inhibited in the presence of the NO donor. A
construct with 2 copies of an ISRE–NF-kB1 sequence was less re-
sponsive, perhaps because these 2 sites are not found directly
adjacent in the endogenous promoter. Thus retaining the second-
ary structure as found in the endogenous promoter might be crit-
ical. In support of this, mutating both the AP-1 and NF-kB2 sites
in the endogenous promoter, leaving only functional ISRE and
NF-kB1 sites in their original context, led to robust HRV-induced
activation, which was markedly inhibited in the presence of PAPA
NONOate. Nuclear extracts from HRV-16–infected epithelial
cells formed 3 specific bands on interaction with a labeled oligo-
nucleotide containing the ISRE site. Formation of all of these
bands was inhibited by PAPA NONOate. The uppermost band
was entirely shifted with an antibody to IRF-1. Although
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IFN-stimulated gene factor 3 (ISGF3), a complex of IRF-9 (also
known as ISGF-3g p48) with signal transducers and activator of
transcription 1 and 2, has been implicated in mouse and human
CXCL10 promoter induction in response to some stimuli,27,29 an-
tibodies to ISGF-3g p48 did not affect any of the bands. Indeed,
the identity of the 2 lower bands remains unclear because they
were not affected by antibodies to IRF-1, IRF-2, IRF-3, IRF-7,
or ISGF-3g p48. To our knowledge, this is the first demonstration
that NO can modulate gene activation by regulating nuclear trans-
location, binding, or both of IRFs, such as IRF-1. Further studies
are needed to identify the mechanisms by which NO modulates
activation of IRF-1 and to identify the other proteins that associate
with the ISRE site.

In summary, NO inhibits HRV-16–induced CXCL10 gene
transcription by regulating nuclear translocation, binding, or both
of both NF-kB and IRFs, including IRF-1, through a cGMP-
independent pathway. This is the first description of NO
modulating IRF-1 function. The ability of NO to inhibit both
HRV-induced proinflammatory chemokine production and viral
replication suggests it is an important component of host defense
to HRV infection. Interestingly, the ability of NO to inhibit both
NF-kB and IRF-1 nuclear translocation/DNA binding might limit
the role of endogenous NO in this regard because NF-kB and IRF-
1 have also been linked to transcriptional activation of iNOS,30,31

and therefore feedback inhibition can occur. Given this limitation,
we speculate that topical administration of NO donors might be
beneficial to supplement the endogenous host response during
exacerbations of asthma and COPD triggered by HRV infections.

Clinical implications: The ability of NO to inhibit HRV-induced
cytokine and chemokine production suggests that NO donors
might provide a potential therapeutic approach to viral exacer-
bations of asthma and COPD.
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Materials
The following reagents were purchased from the indicated suppliers: Ham’s

F12 medium, Earles minimal essential medium (EMEM), HBSS, penicillin-

streptomycin-amphotericin B, and L-glutamine; TRIzol reagent, sodium pyru-

vate, nonessential amino acids, gentamicin, FBS, and deoxyribonucleoside

triphosphates (Invitrogen Life Technologies, Burlington, Ontario, Canada);

Taqman master mix, 203 glyceraldehyde-3-phosphate dehydrogenase

(GAPDH), RNase inhibitor, and reverse transcriptase (Applied Biosystems,

Foster City, Calif); Pfu polymerase (Stratagene, Foster City, Calif); antibody

pairs for CXCL10 and recombinant human CXCL10 (R&D Systems, Minne-

apolis, Minn); 3-(2-hydroxy-2-nitroso-1-propylhydrazino)-1-propanamine

(PAPA NONOate, Cayman); the firefly luciferase reporter plasmid pGL3-ba-

sic, the Renilla luciferase plasmid pRL-null, genomic DNA, passive lysis

buffer, and the dual-luciferase reporter assay system (Promega, Madison,

Wis); and FuGene6 (Roche Diagnostics, Laval, Quebec, Canada). All other

chemicals were purchased from Sigma-Aldrich (St Louis, Mo).

Virus preparations and cell culture
HRV-16 was purchased from the American Type Culture Collection

(Rockville, Md). HRV-16 viral stocks used for experiments were generated

by propagation in WI-38 cells and were purified by means of centrifugation

through a sucrose gradient, as previously described.E1

Viral titers were determined by incubating confluent monolayers of WI-38

cells in 96-well plates with serial dilutions of the virus-containing supernatants

in EMEM with 10% FBS. Plates were incubated at 348C for 5 days. The

medium was removed, and the cells were washed with HBSS and then fixed

with methanol for 1 minute. The methanol was removed, and the cells were in-

cubated with 0.1% crystal violet in distilled water for 20 minutes. Plates were

washed, and the absorbance at 570 nm was determined with a plate reader. The

dilution of supernatant required to infect 50% of the monolayers was

determined and expressed as log TCID50 units.E2 The BEAS-2B cell line

was a gift from Curtis Harris (National Cancer Institute, Bethesda, Md). Nor-

mal human lungs not used for transplantation were obtained from a tissue

retrieval service (IIAM, Edison, NJ). HBEs were obtained by means of protease

digestion of these normal human lungs, as previously described.E3 In brief, air-

ways were dissected away from parenchyma and vessels and cut into segments.

The airways were then incubated at 48C in medium containing 1 mg/mL pro-

nase for 36 hours. Airway segments were then cut longitudinally to expose the

luminal surface of the airways, and epithelial cells were dislodged from the

luminal surface by spraying the surface with medium delivered from a 5-mL

syringe. Recovered cells were counted and frozen in aliquots for use in primary

cultures. Cells were grown in 6-well plates in serum-free epithelial growth me-

dium (BEGM; Lonza, Allendale, NJ). Before stimulation, cells were cultured

overnight in BEGM from which hydrocortisone had been withdrawn, and

this hydrocortisone-free medium was used for all experimental exposures.

Stimulation of epithelial cells
BEAS-2B cells were infected with 104.5 TCID50 units/mL (multiplicity of

infection, ;0.1) of HRV-16, whereas HBEs were infected with 105.5 TCID50

units/mL (multiplicity of infection, approximately 1.0) HRV-16. The higher

dose used in HBEs is needed to ensure robust responses because it has been re-

ported that, even at high virus doses, no more than 10% of primary cells are in-

fected.E4 Cells were exposed to HRV-16 in the absence or presence of PAPA

NONOate (100-1000 mmol/L) and incubated for appropriate times at 348C.

Based on preliminary time-course experiments, CXCL10 mRNA expression

from HRV-infected BEAS-2B cells was examined at 6 hours after infection,

whereas supernatant was collected at 24 hours for assay of CXCL10 protein.

For primary cells, supernatant and mRNA were examined 24 hours after infec-

tion. For studies using synthetic dsRNA, cells were transfected for 1 hour with

0.1 mg of poly I:C in the absence or presence of PAPA NONOate using FuGene6

in basal medium, as per the manufacturer’s protocol. Cells were then washed,

and fresh medium, with or without PAPA NONOate, was added. CXCL10

mRNA and protein expression were examined after a 7-hour incubation in

both BEAS-2B cells and HBEs. Infected cells were also treated with

8-Bromo-cGMP (a cGMP analog) at concentrations ranging from 10 to 300
mmol/L to determine whether cGMP would mimic the effects of PAPA NON-

Oate. To determine whether an inhibitor of soluble guanylyl cyclase could re-

verse the effects of PAPA NONOate in infected cells, cells were preincubated

with vehicle or 1H-[1,2,4]Oxadiazolo[4,3-a]quinoxalin-1-one (ODQ, 3-30

mmol/L) for 30 minutes and then infected with HRV-16 in the presence of

PAPA NONOate. Measurements of cGMP accumulation were performed in

cells pretreated for 30 minutes with phosphodiesterase V inhibitor II (Calbio-

chem, San Diego, Calif). Samples were acetylated and assayed by using an en-

zyme immunoassay (Cayman), according to the manufacturer’s instructions.

Assessment of CXCL10 protein and mRNA
Protein levels for CXCL10 were assayed by means of ELISA by using

matched antibody pairs according to the manufacturer’s protocol (R&D

Systems). Treatment of cells with PAPA NONOate has no effect on the

measurements of CXCL10 by means of ELISA. CXCL10 mRNA expression

analysis was performed by means of real-time RT-PCR by using the Applied

Biosystems model 7900 Sequence Detector. Input RNA (400 ng) was reverse-

transcribed into cDNA, followed by PCR amplification in the presence of

specific primers and probe (Applied Biosystems). Primer and probe sequences

have been described previously.E5 Expression of the housekeeping gene

GAPDH was also assayed with reagents obtained from Applied Biosystems.

We previously confirmed that the efficiency of amplification for CXCL10

was comparable with that of GAPDH.E5 A first-strand cDNA standard of

the amplicon incorporating the primer sequences was synthesized to permit

absolute quantification (University of Calgary DNA Services, Calgary,

Alberta, Canada). Data were expressed as attograms calculated from the stan-

dard curve after correction for minor variations in housekeeping gene levels.

The sample with the lowest cycle threshold value (ie, highest input DNA) for

GAPDH was selected as a reference to accomplish this. For all other samples,

the difference in the number of cycles for GAPDH compared with this refer-

ence was calculated. Assuming 100% efficiency, a value of 2 to the power of

the cycle difference for GAPDH was used to establish variations of input

DNA. For example, a cycle difference of 0.5 cycles between a sample and

the reference would indicate a 20.5-fold (1.41-fold) difference in input DNA,

and this would be used to correct the CXCL10 level in attograms. In fact, in

all experiments the maximum range of variability in GAPDH levels was on

the order of 0.5 cycles.

CXCL10 promoter constructs
The 972-bp CXCL10 promoter–luciferase construct, corresponding to the

sequence from 2875 to 197 (relative to the transcriptional start site) of the 59-

flanking region of the human CXCL10 gene and the 376-bp truncated construct

(sequence from 2279 to 197) have been described previously.E5 Point muta-

tions in the putative AP-1, kB1, kB2, and ISRE promoter sites were generated

in the truncated construct by using standard site-directed mutagenesis tech-

niques. Bold-face, lowercase characters in the following sequences denote

mutation sites in forward primers: AP-1, 59-CCAGCAGGTTTTGCTAAG

atAACTGTAATGC-39; kB1 59-GCAACATGtGACTTCaCCAGG-39; kB2

59-GCAGAGtGAAATTaCGTAACTTGG-39; and ISRE 59-GTTTTGGA

cAGTGAcACCTAATTC-39. Constructs with 5 copies of the kB1 recognition

sequence (TGGGACTTCCCCA), kB2 sequence (GGGAAATTCCGT), or

ISRE sequence (GGAAAGTGAAACCTA) were synthesized. Constructs con-

taining ISRE-kB1-ISRE-kB1 and ISRE-kB2-ISRE-kB2 were also synthe-

sized. Successful generation of all constructs was confirmed by means of

sequencing (University of Calgary DNA sequencing facility).

Transient transfection and luciferase assay
Subconfluent (40% to 50%) monolayers of BEAS-2B cells were transiently

transfected with 1 mg of each CXCL10 promoter construct and 0.1 mg of pRL-

null vector for 5 hours at 378C by using FuGene6 in basal medium as per the

manufacturer’s protocol. After 5 hours, medium was aspirated, and cells were

allowed to recover overnight in BEGM (without hydrocortisone) containing

5% FBS. The next day, cells were washed and exposed to 105 TCID50 units/mL

of HRV-16 in the presence or absence of PAPA NONOate (500 mmol/L) at

348C for 24 hours. For experiments using synthetic dsRNA, promoter trans-

fection and overnight recovery were performed as above. Cells were
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then transfected for 1 hour with 0.1 mg of Poly I:C using FuGene6, washed,

and incubated in fresh medium with or without 500 mmol/L PAPA NONOate

at 378C for 7 hours. In each type of experiment, cells were then lysed in pas-

sive lysis buffer, followed by scraping, sonication, and centrifugation. Firefly

and Renilla luciferase activity were measured with the dual-luciferase reporter

assay system. Firefly luciferase activity was normalized to Renilla luciferase

activity, and data were expressed as fold increase of stimulated cells over con-

trol. Within each experiment, results were averaged from triplicate wells.
EMSA
Nuclear extracts were performed by using a modification of a previously

described method.E6 In brief, cells were scraped and centrifuged at 5000g for 5

minutes. The supernatant was removed, the pellet was resuspended in 50 mL of

Gough buffer (0.01 mol/L of Tris-HCL, 0.15 mol/L NaCl, 1.5 mmol/L MgCl2,

0.65% Nonidet P-40, 0.5 mmol/L phenylmethylsulfonyl fluoride [PMSF], and

0.01 mol/L DDT), vortexed for 15 seconds, left on ice for 10 minutes, and

centrifuged at 12,000g for 2 minutes. The supernatant was then saved (cyto-

plasmic fraction), and the pellet was resuspended in 15 mL of Buffer C

(0.02 mol/L HEPES [pH 7.9], 25% glycerol, 0.4 mol/L NaCl, 1.5 mmol/L

MgCl2, 0.5 mmol/L PMSF, and 0.01 mol/L DDT), subjected to agitation every

15 minutes for 2 hours, and centrifuged at 12,000g for 10 minutes. Samples

were kept on ice during the whole procedure. The supernatant (nuclear frac-

tion) was transferred to a fresh tube containing 35 mL of Buffer D (0.02

mol/L HEPES [pH 7.9], 20% glycerol, 0.05 mol/L KCl, 0.2 mmol/L EDTA

[pH 8.0], 0.5 mmol/L PMSF, and 0.01 mol/L DDT), and kept at 2808C.

The probes were end-labeled with T4 polynucleotide kinase (New England

BioLabs, Inc, Ontario, Canada) and [g-32P]ATP (PerkinElmer, Boston, Mass).

For binding reactions, 5 mg of nuclear extracts was incubatedwith 4 mL of binding

buffer (20% glycerol, 5 mmol/L MgCl2, 2.5 mmol/L EDTA, 1 mg poly dI:dC, 250
mmol/L NaCl, 50 mmol/L tris-HCl, and 0.01 mol/L DTT), and Buffer D was used

to bring the mixture to 14 mL. The samples were then incubated for 20 minutes,

labeled probe was added, and samples were incubated for 1 hour. For supershift

experiments, samples were incubated for 2 hours with appropriate antibodies

before addition of the probe. Samples were fractionated on 6% acrylamide gels be-

fore vacuum drying and autoradiography. The forward oligonucleotide sequences

used were as follows: NF-kB1, 59TGCAACATGGGACTTCCCCAGGAAC39;

NF-kB2, 59GGAGCAGAGGGAAATTCCGTAACTT39; and ISRE, 59 TGTTT

TGGAAAGTGAAACCTAATTC.
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FIG E1. Sodium nitroprusside (SNP) inhibits HRV-16–induced epithelial

production of CXCL10. A, BEAS-2B cells were exposed to HRV-16 in the

presence or absence of 500 mmol/L SNP, and CXCL10 protein was mea-

sured after 24 hours (n 5 5). B, SNP also inhibited HRV-16–induced

CXCL10 production from primary HBEs (n 5 5).
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FIG E2. PAPA NONOate inhibits dsRNA-mediated induction of CXCL10 mRNA and protein in epithelial cells.

A and B, In BEAS-2B cells (n 5 6) induction of CXCL10 mRNA and protein was inhibited in a concentration-

dependent manner (P < .05, ANOVA). Asterisks indicate significant inhibition compared with dsRNA alone

by using appropriate post-hoc tests. C and D, PAPA NONOate (500 mmol/L) also inhibits CXCL10 production

in HBEs (n 5 8).

ARTICLE IN PRESS
J ALLERGY CLIN IMMUNOL

nnn 2008

8.e4 KOETZLER ET AL



FIG E3. The inhibitor of soluble guanylyl cyclase, ODQ, dose-dependently

inhibits PAPA NONOate–induced accumulation of cGMP in BEAS-2B cells.

Cells pretreated with an inhibitor of phosphodiesterase V were exposed to

PAPA NONOate (500 mmol/L) in the presence or absence of ODQ (3-30

mmol/L). Accumulation of cGMP was measured after 2 hours (n 5 4).
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FIG E4. Inhibition of HRV-16–induced CXCL10 in HBEs is not mediated

through cGMP. A, Exposure of primary HBEs to the cell-permeable analog

8-bromo-cGMP (100-300 mmol/L) did not mimic the ability of PAPA NON-

Oate (500 mmol/L) to inhibit HRV-16–induced CXCL10 production (n 5 3).

B, Similarly, preincubation of primary HBEs with ODQ (3-30 mmol/L), an in-

hibitor of soluble guanylyl cyclase, did not reverse the PAPA NONOate–me-

diated inhibition of HRV-16–induced CXCL10 production (n 5 3). Asterisks

indicate significant inhibition compared to HRV-16 alone.
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FIG E5. PAPA NONOate inhibits dsRNA-induced activation of CXCL10

promoter–luciferase constructs. PAPA NONOate inhibits dsRNA-induced

activation of the 376-bp truncated construct. Mutation of individual NF-kB

and ISRE, but not AP-1, recognition sequences in the truncated promoter

reduces dsRNA-induced promoter activation. Asterisks indicate significant

inhibition by PAPA NONOate (solid bars) compared with dsRNA alone

(open bars, n 5 6).
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FIG E6. EMSA time-course experiments. Time courses of HRV-16–induced binding of nuclear proteins to

oligonucleotides containing NF-kB1 oligonucleotide (A), NF-kB2 oligonucleotide (B), or ISRE oligonucleo-

tide (C). Specific bands are shown by arrows. Data are representative of 3 experiments.
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FIG E7. Effects of PAPA NONOate on nuclear translocation, binding, or both of NF-kB in HRV-16–infected

BEAS-2B cells. A, HRV-16 infection induced 2 bands on incubation of nuclear extracts with the NF-kB2 rec-

ognition sequence. Induction of both bands was inhibited with PAPA NONOate. B, Supershift experiments

demonstrate that antibody to p65 shifts only the upper band, whereas antibody to p50 shifts both bands.

Antibodies to p52 and cRel were without effect. Data are representative of 3 experiments.
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