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Summary

Rhinovirus (RV), which is responsible for the majority of common colds, also causes
exacerbations in patients with asthma and chronic obstructive pulmonary disease. So far, there are
no drugs available for treatment of rhinovirus infection. We examined the effect of quercetin, a
plant flavanol on RV infection /in vitroand in vivo. Pretreatment of airway epithelial cells with
quercetin decreased Akt phosphosphorylation, viral endocytosis and IL-8 responses. Addition of
quercetin 6 h after RV infection (after viral endocytosis) reduced viral load, IL-8 and IFN
responses in airway epithelial cells. This was associated with decreased levels of negative and
positive strand viral RNA, and RV capsid protein, abrogation of RV-induced elF4GlI cleavage and
increased phosphorylation of elF2a. In mice infected with RV, quercetin treatment decreased viral
replication as well as expression of chemokines and cytokines. Quercetin treatment also attenuated
RV-induced airway cholinergic hyperresponsiveness. Together, our results suggest that quercetin
inhibits RV endocytosis and replication in airway epithelial cells at multiple stages of the RV life
cycle. Quercetin also decreases expression of pro-inflammatory cytokines and improves lung
function in RV-infected mice. Based on these observations, further studies examining the potential
benefits of quercetin in the prevention and treatment of RV infection are warranted.
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Introduction

Rhinovirus (RV) is a single-stranded RNA virus from the Picornaviridae family which is
responsible for the majority of upper respiratory tract infections (Makela et al., 1998;
Winther, 2011). Although RV infections cause only mild disease and are self-limiting in
normal individuals, they represent a significant economic burden, particularly in loss of
working hours and missed school days (Proud, 2005). Accumulating evidence also suggests
that RV is an important trigger of acute exacerbations in patients with chronic obstructive
pulmonary disease (COPD) and asthma (Johnston et al., 1995; Seemungal et al., 2001;
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Seemungal et al., 2000). Experimental RV infection of asthma and COPD patients results in
the development of lower respiratory disease, airflow obstruction, and systemic and airway
inflammation which are greater and more prolonged than the similarly-infected control
subjects (Mallia et al., 2006, 2011; Message et al., 2008). The clinical outcomes of
experimental RV infection correlate with viral load and inflammatory cytokines in sputum
and bronchoalveolar lavage.

Current therapies for treating virus-related acute exacerbations of asthma and COPD are
only partially effective and may also have side effects. Similarly, while currently available
therapies may relieve symptoms, no FDA-approved drugs exist for the treatment of RV
infections. Therefore, an antiviral drug which possesses anti-inflammatory activity and at the
same time effectively inhibits viral replication may be beneficial in treating RV infections.

The RV life cycle offers many opportunities for intervention. The initial stage of the viral
life cycle involves binding to a cell surface receptor, endocytosis, acidification of the
endosome, viral uncoating, and release of viral RNA (VRNA) to the cytoplasm (Prchla et al.,
1994). In the next stage, VRNA is translated as a single large polyprotein from an internal
ribosomal entry site (IRES) which is located in the 5" untranslated region of RV genome.
The polyprotein is processed through sequential enzymatic cleavages by two virus-encoded
proteinases, 2A and 3C proteinase (Foeger et al., 2003; Hellen et al., 1989). Simultaneously,
transcription of viral genome that is catalyzed by virus-encoded RNA polymerase begins
(Meredith et al., 1999). In the final stage of viral replication, RNA and capsid proteins are
assembled into mature viral particles, which are then released by cell lysis. During the
replication process, RNA viruses, including RV, modify the cellular functions to their
advantage. For example, RV proteinase 2A attacks the host translational machinery in
susceptible HeLa cells by cleaving eukaryotic initiation factor (elF)-4Gl and elF4Gl|,
thereby shutting off cap-dependent host cell protein synthesis (Glaser and Skern, 2000;
Gradi et al., 2003). Drugs which interfere with any of the above steps would be beneficial in
treating RV infection.

Viruses also interfere with host defense mechanisms. Upon viral infection, host cells
negatively regulate global protein translation in order to limit viral replication. Protein
kinase R (PKR), which is activated by viral double-stranded (ds) RNA, phosphorylates
elF2a phosphorylation, thereby inhibiting translation of both host and vRNA (Jacobs and
Langland, 1996; Qian et al., 2004). Non-structural proteins of respiratory syncytial virus,
influenza virus and hepatitis virus competitively inhibit elF2a binding to PKR, thereby
inhibiting elF2a phosphorylation (Gale et al., 1997; Groskreutz et al., 2010; Li et al., 2006;
Tan and Katze, 2001). Conversely, reversal of such inhibition would augment viral
clearance.

Quercetin (3,3",4’,5,7-pentahydroxyflavone) is a plant flavonoid present in many plants
including broccoli, apples, berries, onions, and tea. Flavonoids share a common chemical
structure consisting of two phenol rings linked through three carbons. Quercetin has potent
antioxidant effects, combined with free radical species to form considerably less reactive
phenoxy radicals. Quercetin also has inhibitory effects on several lipid, protein tyrosine and
serine/threonine kinases including phosphatidylinositol (PI) 3-kinase, and induces nitric
oxide synthase (Agullo et al., 1997; Davies et al., 2000; Huang et al., 1999; Jiang et al.,
2006; Peet and Li, 1999). Quercetin has also been shown to exert antiviral activities /n vitro.
Quercetin or its derivatives reduce the infectivity or replication of herpes simplex virus type
1, poliovirus type 1, parainfluenza virus type 3, adenovirus, respiratory syncytial virus an
influenza virus /n vitro (Castrillo and Carrasco, 1987; Chiang et al., 2003; Kaul et al., 1985;
Kim et al., 2010b; Neznanov et al., 2008). Among the several quercetin derivates examined,
4’ 7-dihydroxy-3-methoxy-5,6-dimethylflavone exhibited potent antirhinoviral effects in
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human skin fibroblasts (De Meyer et al., 1991). However, quercetin by itself had no
antirhinoviral effect in this study. Later, quercetin was shown to inhibit the SARS-CoV
protease that is required for SARS virus replication (Chen et al., 2006) as well as hepatitis C
viral protein translation and release of newly formed viral particles (Gonzalez et al., 2009).
Quercetin supplementation was also shown to reduce susceptibility to influenza A virus
infection and severity of disease following stressful exercise in mice (Davis et al., 2008) and
symptoms of upper respiratory tract infections in athletes (Nieman et al., 2007). This is of
importance, because quercetin supplementation increases skeletal muscle mitochondrial
biogenesis modestly in untrained athletes and this is associated with improved exercise
performance (Nieman et al., 2010). Since mitochondria orchestrate antiviral signaling
following recognition of cytosolic viral components (Tal and Iwasaki, 2011), there may
exist a relationship between quercetin-induced mitochondrial biogenesis and reduced
susceptibility to influenza infection. Although, association of physical stress/fatigue with
susceptibility to RV infection is not established, RV causes severe exacerbations in patients
with COPD and asthma (Mallia et al., 2006, 2011; Message et al., 2008). Understanding the
mechanisms by which quercetin inhibits rhinovirus infectivity and replication is necessary to
determine the suitability of quercetin to treat RV infections in these patients. In the present
study, we examined the effects of quercetin treatment on RV endocytosis, viral genome
transcription and translation, and pro- inflammatory responses /7 vitro. We also assessed the
effect of quercetin /n vivo using a novel mouse model of RV infection (Newcomb et al.,
2008).

Methods and Materials

Rhinovirus

RV1B and RV39 were purchased from American Type Culture Collection (Manassas, VA)
and viral stocks were generated as described previously (Newcomb et al., 2005). Fifty
percent cell culture infectivity (CCIDgp) values of viral stocks were determined by the
Spearman-Karber method (Johnston and Tyrrell, 1997). To generate replication-deficient
virus (UV-RV), the RV preparation was exposed to ultraviolet light for 15 min on ice at 100
m joules/cm? (Chattoraj et al., 2011).

Cell culture and infection

BEAS-2B immortalized human bronchial epithelial cells (American Type Culture
Collection) were cultured in bronchial epithelial cell growth medium (BEGM, Lonza,
Walkersville, MD) in collagen-coated plates, as described previously (Chattoraj et al., 2011;
Wang et al., 2009).

For RV infection, cells were grown in 24- or 6-well plates until 90% confluency. Cells were
infected with RV at a multiplicity of infection (MOI) of 1.0 based on CCIDsg and incubated
for 90 min at 33°C to allow binding and endocytosis of RV. Infection medium was replaced
with fresh medium and incubated for 4.5 h at 33°C. Quercetin dihydrate (Sigma, St. Louis,
MO) or DMSO (vehicle control) was added to the required concentration and further
incubated for 16 to 18 h at 33°C. In some experiments, cells were pretreated with quercetin
for 1 h, infected with RV for 1 h in the presence of quercetin, and the infection medium was
replaced with fresh medium containing DMSO or quercetin. In selected experiments, cells
were pretreated with quercetin or DMSO overnight, and shifted to quercetin medium for 8h.
Cells were rinsed with fresh medium and then infected with RV1B in the absence of
quercetin.
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Endocytosis of RV

Endocytosis of RV by airway epithelial cells was measured as described previously
(Chattoraj et al., 2011; Newcomb et al., 2005). Briefly, BEAS-2B cells were pretreated with
quercetin or DMSO and then incubated with RV or equal volumes of sham (cell lysate from
uninfected HeLa cells) at 4°C for 30 min. Cells were washed and then incubated at 37°C for
30 min to facilitate endocytosis of bound RV. Cells were permeabilized and endocytosed
RV was detected by antibody to RV capsid protein, VP2 (Mosser et al., 2002) and
Alexafluor 488-conjugated secondary antibody and quantified by flow cytometry, correcting
for sham controls. To visualize endocytosed RV, cells were infected, incubated for 30 min,
fixed in cold methanol, blocked with 5% normal donkey serum and treated with antibodies
to RV capsid protein and early endosomal antigen (EEA)-1 (Santa Cruz Biotechnologies,
Santa Cruz, CA). Bound antibodies were detected by Alexafluor 488- (RV) or Alexafluor
594- (EEA-1) conjugated (RV) secondary antibody. Cell nuclei were counterstained with
DAPI and the cells were visualized by confocal microscopy.

Animals and treatment

Viral titer

Cytokines

Eight to ten week-old C57BL/6 mice were infected with sham or RV1B through the
intranasal route and gavaged with 0.2 mg of quercetin daily for one, or four days. The
control group consisted of similarly infected mice treated with vehicle (50% propylene
glycol, PG). In some experiments mice were treated with quercetin or vehicle as above for
10 days. Two days after the last treatment, mice were infected with RV or sham. These
experiments were approved by the Animal Care and Use Committee of the University of
Michigan.

After appropriate treatment, cells along with medium were subjected to one freeze-thaw
cycle and centrifuged. Mice were sacrificed at 1, 4 and 7 days post-infection. Lungs were
collected under aseptic conditions and homogenized in 1 ml of PBS. Lung homogenates
were subjected to two freeze thaw cycles and centrifuged. The viral titer (CCIDsg) in
supernatants of cell cultures or lung homogenates was measured as described previously
(Sajjan et al., 2009).

Protein levels of cytokines in cell culture or lung homogenate supernatants were measured
by multiplex immunoassay (Biorad, Hercules, CA) or ELISA (R&D Systems, Minneapolis,
MN).

Measurement of airways responsiveness

Mice were anesthetized by intraperitoneal injection of ketamine (2.5-5 mg/100 g body
weight) and pentobarbital (2mg/100 g body weight). A steel cannula was inserted into the
trachea and connected to a miniature computerized ventilator (Buxco FinePointe Operating
system, Wilmington, NC). Airways responsiveness to methacholine was measured by
nebulizing increasing doses of methacholine, as described previously (Sajjan et al., 2009).

Realtime PCR

Total RNA was isolated from the lungs or cell cultures by using RNeasy (Qiagen, Valencia,
CA). cDNA was synthesized utilizing a first strand synthesis kit (Applied Biosystems,
Carlsbad, CA). mRNA levels of IFN-a., IFN-B, IFN-A; and IFN-A,,3 were quantified by
real-time PCR using gene specific primers and expressed as fold increase over the
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (G3PDH). Positive strand
RV RNA was quantified by qPCR or as described previously (Newcomb et al., 2008; Sajjan
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et al., 2009). To detect negative strand RV RNA, 5 g of total RNA was converted to cDNA
using a primer specific to negative strand RV RNA and superscript Il reverse transcriptase
(Invitrogen, Carlsbad, CA) as described previously (Newcomb et al., 2008). cDNA was
amplified by gPCR using nested primers and the products were analyzed by agarose gel
electrophoresis.

Western blotting

After relevant treatment, cells were lysed in RIPA buffer containing complete protease
inhibitors (Roche Diagnostics, Indianapolis, IN) and phosphatase inhibitors (ImM sodium
fluoride and 1mM sodium orthovanadate). Cell lysates were centrifuged and total protein in
the supernatant was determined. Equal amounts of protein were subjected to SDS-PAGE
and proteins transferred to nitrocellulose membranes. The membranes were blocked with
either 5% bovine serum albumin or fat-free milk and probed with antibody to phospho-Akt,
total Akt, and phospho-elF2a (all from Cell Signaling Technology, Danvers, MA), elF4GI
(Abcam, Cambridge, MA), or B-actin (Sigma-Aldrich, St. Louis, MO). The bound antibody
was detected with appropriate second antibody conjugated with horseradish peroxidase
(Biorad) and chemiluminescent substrate (Pierce, Rockford, IL).

Statistical analysis

Results

Statistical analysis of significance was calculated by either one-way analysis of variance
followed by Tukey’s post-hoc test or an unpaired t test with Welch’s correction using Sigma
Stat software (Systat Software, San Jose, CA). Results are shown as mean + SD.

Pretreatment of airway epithelial cells with quercetin decreases RV-induced IL-8

responses

BEAS-2B cells were pretreated with 5, 10 or 25 M quercetin or an identical volume of
DMSO and infected with sham, RV1B, RV39, UV-irradiated (UV)-RV1B or UV-RV39.
IL-8 protein levels were determined by ELISA. A concentration of 10 M quercetin
attenuated both RV and UV-RV-stimulated IL-8 responses by 75 to 80% (Figures 1A and
1B). Treatment of cells with 25 M quercetin, did not decrease IL-8 further, and therefore in
subsequent experiments we used 10 .M quercetin.

Quercetin pretreatment inhibits RV endocytosis by airway epithelial cells

Previously, we demonstrated in cultured airway epithelial cells that RV binding and
endocytosis is sufficient for the initial IL-8 response to infection (Newcomb et al., 2005).
We also showed that endocytosis of RV requires activation of Pl 3-kinase. Since quercetin
inhibits PI-3 kinase activity (Davies et al., 2000), we determined whether quercetin
pretreatment inhibits endocytosis of RV. Quercetin pretreatment significantly decreased
endocytosis of both RV1B and RV39 by BEAS-2B cells (Figures 2A and 2B). We observed
similar attenuation in the endocytosis of UV-RV. We also examined the colocalization of
RV1B and EEA1, an early endosomal marker, by confocal microscopy. Cells inoculated
with sham HeLa cell lysate showed diffuse signals for EEA1 in the cytoplasm (data not
shown). Cells infected with RV1B showed clustering of RV particles. These cells also
showed punctate staining for EEA1 as opposed to diffuse staining, an indication of
recruitment of EEAL to endosomes. Clustered RV particles frequently co-localized with
endosomal EEAL, indicating endocytosis of RV in these cells. (Figure 2C). In contrast, cells
pretreated with quercetin and infected with RV1B showed an EEAL distribution similar to
sham-treated cells and only faint signals for RV which did not co-localize with EEA1-
positive endosomes. (The faint signals for RV may represent the bound, but not endocytosed
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virus.) These results suggest that pretreatment with quercetin may block endocytosis of RV.
Next we examined whether quercetin inhibits RV-induced phosphorylation of Akt, a
downstream effector of Pl 3-kinase. As observed previously, RV1B treated cells showed
increased Akt phosphorylation compared to sham-infected cells (Figure 2D). Quercetin
pretreatment completely inhibited RV-induced Akt phosphorylation. These results indicate
that quercetin decreases RV endocytosis and Pl 3-kinase/Akt signaling, leading to a
reduction in IL-8 expression.

Endocytosis-independent effects of quercetin on RV1B-stimulated IFN and IL-8 responses
in airway epithelial cells

Next, to determine endocytosis-independent effects, BEAS-2B airway epithelial cell
monolayers were infected with RV1B or RV39 and incubated for 6 h to allow time for viral
endocytosis. Quercetin or DMSO was then added to the cell culture medium and incubated
for another 18 h. Cells inoculated with sham served as negative controls. Cellular mMRNA
levels of IFN-B, IFN-A1 and IFN-A2/3 and cell supernatant protein levels of IL-8 were
determined. As observed earlier (Newcomb et al., 2005; Wang et al., 2009), infection with
RV1B and RV39 each stimulated significantly higher IFN-f, IFN-A1 and IFN-A2 than UV-
irradiated virus (Figures 3A-3C). We also observed decrease in protein levels of IFN In
contrast, UV-RV1B or UV-RV39-infected cells showed significant increases in 1L-8 similar
to intact RV (Figure 3D), suggesting that IFNs are stimulated only by intact, replicating RV.
Quercetin treatment inhibited RV-stimulated IFN as well as IL-8 expression, consistent with
the notion that quercetin blocks viral replication.

Quercetin-treated cells show decreased viral load

To determine whether decreased IFN and IL-8 responses were due to decreased viral load,
we determined viral titer. Cells were infected with RV1B, RV39, UV-RV1B or UV-RV39
and DMSO or quercetin (10 tM) added 6 h later. Cells were incubated for another 18 h.
Viral titer was determined at 6 h post-infection (before the addition of quercetin) and 24 h
after infection (18 h after adding quercetin). As expected, cells infected with UV-RV1B or
UV-RV39 did not show the presence of infectious RV (not shown). Compared to 6 h after
infection, cells infected with intact RV1B or RV39 showed an increased load of infectious
RV at 24 h post infection, indicating replication of virus in BEAS2B cells (Figure 4A).
Twenty-four h post-infection, cells treated with quercetin showed a viral load 3 logs lower
than similarly infected, vehicle-treated cells. We also measured the viral load by assessing
VRNA levels. As expected, RV-infected cells showed significantly increased VRNA copy
numbers compared to UV-RV-infected cells (Figure 4B). In contrast, RV-infected cells
treated with quercetin showed VRNA copy numbers similar to those infected with UV-RV.
These results are again consistent with the notion that quercetin may inhibit viral replication.

Quercetin interferes with viral genome transcription

During viral genome amplification, negative-strand VRNA is generated as an intermediate.
Therefore, we monitored the negative-strand RNA in RV-infected BEAS2B cells by PCR.
We observed amplification of negative-strand RNA in cells infected with RV1B or RV39,
but not in cells infected with replication-deficient UV-RV (Figure 4C). In RV-infected,
quercetin-treated cells, negative-strand RNA was either decreased or not detected, implying
that quercetin may inhibit viral replication at the transcriptional level.

Quercetin attenuates RV-induced cleavage of elF4Gl

During viral replication, viral proteases cleave elF4GI to inhibit formation of the initiation
complex required for host cap-dependent protein synthesis. This in turn facilitates
translation of viral proteins. Cells were infected with RV1B, RV39, UV-RV1B or UV-RV39
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as above and quercetin or DMSO was added 6 h post RV infection. After overnight
incubation, cells infected with intact RV1B or RV39 showed cleavage of elF4Gl, but not
cells infected with sham or UV-RV. Treatment with quercetin completely abolished RV1B-
and RV39-induced elFAGI cleavage (Figure 5A).

Increased elF2a phosphorylation limits mRNA translation globally and is essential to inhibit
viral replication in infected cells. Therefore, we assessed elF2a. phosphorylation in airway
epithelial cells infected with RV1B. Cells infected with intact RV1B showed increased
elF2a phosphorylation compared to cells inoculated with sham or replication-deficient UV-
RV (Figure 5B). As we showed previously (Nanua et al., 2006), quercetin treatment further
increased elF2a. phosphorylation. Together these results imply that quercetin may decrease
viral genome translation by inhibiting cleavage of elF4GI and increasing elF2a
phosphorylation.

Next, we determined whether quercetin decreased viral protein levels, examining the levels
of the RV capsid protein VP2 by Western blot analysis. While sham-infected cells did not
show VP2 capsid protein, RV-infected cells showed two bands corresponding to VP2 and
VP2 along with VP4 (VP2+VP4), a precursor of VP2 (Figure 5C). Quercetin treated cells
showed lower amounts of VP2 and VP2+VP4 bands, consistent with the notion that
quercetin-induced changes in translation initiation may reduce the translation of viral RNA.

Presence of quercetin during RV infection is necessary to limit viral replication

Next, we examined whether withdrawal of quercetin 8 h prior to viral infection limits viral
replication and associated IL-8 and IFN responses. Cells were pretreated with quercetin
overnight and shifted to quercetin free medium. Eight hours later, cells were rinsed with
medium and infected with RV1B in the absence of quercetin and VRNA, viral titer, IL-8 and
IFN production were determined. Although, cells pretreated with quercetin sho wed a
slightly lower viral titer and VRNA than the vehicle-treated cells, the difference was not
statistically significant (Figure 6A and 6B). Similarly, no difference in IFNs or IL-8 levels
between quercetin and vehicle treated cells was observed (Figure 6C and 6D). This is not
surprising because quercetin or its metabolite levels in the cells peak at 5 h post treatment
and it is slowly reduced with time and completely depleted by 24h (Kim et al., 2009, 2010a).
Therefore addition of quercetin during or immediately after viral infection may be necessary
to effectively limit viral infection in vitro.

Quercetin treatment decreases viral load in vivo

RV39, which binds to intercellular adhesion molecule (ICAM)-1, does not infect mouse
cells. On the other hand, RV1B, which binds to low density lipoprotein receptor (LDLR) or
LDLR-like receptors, infects mouse airway epithelial cells /n vitroand in vivo. Mice
infected with RV1B show the presence of negative-strand viral RNA in the lungs,
transmissibility of RV infection from the lung homogenates of inoculated mice to cultured
HeLa cells, and the induction of a robust lung interferon response (Newcomb et al., 2008;
Sajjan et al., 2009; Wang et al., 2011). Therefore, we used RV1B to determine the effects of
quercetin /n vivo. Normal mice were infected with RV1B or sham by intranasal route. After
two hours, mice were treated with quercetin or propylene glycol (vehicle). Mice were
sacrificed 1 or 4 days later and assessed for lung viral load. As anticipated, mice infected
with sham did not show infectious virus (data not shown). Mice infected with RV1B and
treated with vehicle showed significant levels (9 x 104 CCIDsg/ml) of infectious virus 1 day
post infection (Figure 7A). At 4 days after infection, there was no detectable infectious
virus, as observed previously (Newcomb et al., 2008). On the other hand, RV1B-infected
mice treated with quercetin showed less than 1 log infectious virus/lung, 7e., 4 logs less
virus compared to vehicle-treated mice. Similarly, quercetin-treated mice also showed
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significantly lower vVRNA levels at both 1 and 4 days post infection compared to vehicle-
treated mice (Figure 7B).

To determine whether the observed decrease in viral load also depends on the inhibition of
viral replication, we determined the level of negative-strand RNA in mouse lungs. RV1B-
infected animals treated with vehicle showed detectable levels of negative strand vVRNA 1
day after infection (Figure 7C) which was decreased in similarly infected mice treated with
quercetin. At 4 days post-infection, neither vehicle- nor quercetin-treated mice showed
detectable levels of negative-strand vVRNA (data not shown). These results imply that, in this
model, RV replication occurs only within the first 24 hours after infection, and that
quercetin effectively inhibits this process.

Quercetin decreases RV-stimulated chemokines and cytokines in vivo

Previously, we have shown that RV infection stimulates lung chemokine and cytokine
expression (Newcomb et al., 2008). To determine whether quercetin decreases RV-
stimulated chemokine and cytokines levels, we determined the protein levels of CXCL-1
(KC) and CXCL-2 (MIP-2), TNF-a and CCL2 (MCP-1) by single or multiplex ELISA.
Mice infected with RV and treated with vehicle showed significantly increased levels of all
four cytokines/chemokines compared to mice infected with sham at 1 day but not 4 days
post-infection, correlating with the presence of virus in the lungs (Figure 8A-D). Quercetin
treatment decreased levels of all four cytokines in RV-infected mice, implying that quercetin
attenuates RV-stimulated pro-inflammatory responses in mice by decreasing viral load.

Next, we measured the mRNA levels of representative type | (IFN-B) and 111 IFN (IFN-A.4),
the expression of which depends on generation of the double-stranded RNA intermediate
during RV replication. As expected, mice infected with RV1B and treated with vehicle
showed significantly higher levels of IFN-a and IFN-Aq than the sham-infected animals at 1
day post infection, which returned to normal levels by 4 days after RV infection (Figure 8E
and 8F). This correlated with the presence of negative- strand VRNA in the lungs. RV1B-
infected mice treated with quercetin showed significantly decreased levels of both IFNs
compared to RV-infected, vehicle-treated mice, consistent with the decreased negative
strand VRNA in quercetin-treated mice.

Quercetin decreases RV-induced airways cholinergic hyperresponsiveness

In our previous studies, we demonstrated that RV infection increase airways responsiveness
to methacholine challenge at 1 day post-infection (Newcomb et al., 2008), which returns to
normal by 4 days after RV infection. We therefore determined the effects of quercetin on
airways responsiveness to methacholine one day after RV infection. As expected, compared
to sham-inoculated mice, RV-infected mice treated with vehicle showed increased airways
responsiveness, particularly at methacholine doses of 10 and 20 mg/ml (Figure 9). In
contrast, RV-infected mice treated with quercetin showed a level of airways responsiveness
similar to sham-infected, quercetin-treated animals, which was significantly lower than that
observed in RV-infected vehicle treated mice. Together, these results suggest that /n vivo
quercetin treatment decreases viral load and RV-stimulated chemokine and cytokine
responses while improving lung function.

Quercetin treatment during RV infection is necessary for efficient viral clearance and
reduce lung inflammation and improve lung function

To determine whether quercetin pretreatment modulates innate immune responses to
subsequent viral infections and thus aid viral clearance, mice were pretreated with quercetin
for 10 days, followed by a washout period of 2 days. Mice were then infected with RV1B as
above, sacrificed 24 h later and levels of proinflammatory cytokines, IFN expression,
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VRNA, viral titers and lung function were determined. As observed above, mice infected
with RV1B showed increased levels of pro-inflammatory cytokines and IFN responses and
this was not affected by quercetin pretreatment (Figure 10). In addition, quercetin pretreated
mice showed similar levels of VRNA, and viral titer to those mice treated with vehicle
(Figure 11A and 11B). Further, quercetin pretreated mice infected with RV1B also showed
airways hyperresponsiveness to methacholine challenge similar to mice pretreated with
vehicle (Figure 11D). These results indicate that quercetin treatment during or after viral
infection rather than pretreatment is more effective /n vivo. These findings are not
surprising, because half-life of quercetin ranges between 11 to 28h (Boots et al., 2008) and
therefore one would expect the plasma quercetin levels return to basal levels by 48 h.

Discussion

In the present study, we demonstrate that quercetin decreases RV infection at multiple steps
in the viral life cycle. Quercetin decreases viral endocytosis and inhibits RV-induced IL-8
responses in cultured airway epithelial cells. When quercetin was added after viral
endocytosis, it also decreased RV-stimulated IL-8 and IFN responses, consistent with
downstream effects. Quercetin inhibited replication of RV by suppressing transcription of
RV genome. Further, quercetin decreased RV-induced cleavage of elF4AGI and increased
phosphorylation of elF2a.. Finally, we showed that quercetin treatment of RV-infected mice
decreased viral replication, expression of pro-inflammatory cytokines and chemokines, and
airways hyperresponsiveness to methacholine challenge. Collectively, these results suggest
that quercetin may be beneficial in limiting viral replication and reducing symptoms
associated with RV infection.

Quercetin is a potent antioxidant and possesses anti-inflammatory properties. It inhibits
several lipid, protein tyrosine and serine/threonine kinases by competing for the ATP
binding site (reviewed in (Williams et al., 2004)). In fact, a potent inhibitor of PI-3 kinase,
LY 294002 was designed based on the structure of quercetin (Vlahos et al., 1994). We and
others have shown that PI-3 kinase activity is required for RV endocytosis and also for viral
replication-independent IL-8 responses (Bentley et al., 2007; Lau et al., 2008; Newcomb et
al., 2005). Therefore, treatment of cells with quercetin prior to or during RV infection could
inhibit viral infection by abolishing RV endocytosis, an essential initial step of RV infection.
Consistent with this idea, pretreatment of cells with quercetin decreased Akt
phosphorylation, endocytosis of RV and attenuated the associated chemokine responses in
human airway epithelial cells.

In addition to inhibiting viral entry, quercetin may also inhibit subsequent steps in the
picornavirus life cycle. For instance, quercetin and its derivative 3-methylquercetin were
shown to inhibit synthesis of poliovirus RNA (Castrillo and Carrasco, 1987; Neznanov et
al., 2008) and this was attributed to inhibition of viral RNA polymerase 3DP°! (Castrillo and
Carrasco, 1987). Viral RNA polymerase 3DP°! is required for conversion of viral genome to
create negative-strand RNA, which serves as a template for generating positive strand viral
genome (Castrillo and Carrasco, 1987; Hung et al., 2002). Recently, polyphenols including
quercetin were shown to increase zinc uptake in Caco2 cells and zinc ions have been shown
to inhibit 3DP°! jn vitro (Hung et al., 2002; Krenn et al., 2005; Sreenivasulu et al., 2010).
Further, quercetin may also interfere with the processing of RV polyprotein by RV proteases
that is required for activation of RNA polymerase (Hellen et al., 1989). In addition to
processing viral 3DP°!, viral protease 2A also cleaves elF4G to inhibit cap-dependent host
protein synthesis and promote viral genome translation (Glaser and Skern, 2000; Gradi et
al., 2003). Our results demonstrate that quercetin significantly reduced both negative and
positive strand viral RNA and this was associated with reduced cleavage of elFG4Il and
reduction in viral capsid protein, VP2, suggesting that quercetin may inhibit initial
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polypeptide processing that is required for both viral RNA polymerase processing and for
cleavage of elFG4II thereby blocking all the downstream steps in RV replication. Another
possibility is that quercetin may directly inhibit viral RNA polymerase thereby blocking
genome translation and synthesis of new progeny virus.

One of the mechanisms by which host limits viral replication is through shutting down the
global protein synthesis by increasing phosphorylation of elF2a (Jacobs and Langland,
1996), (Qian et al., 2004). We observed that quercetin increases phosphorylation of elF2a,
beyond that stimulated by RV infection itself and therefore it is likely that quercetin also
limits viral replication by enhancing host innate immune responses. Recently, replication of
enterovirus, a member of picornaviridae family was shown to occur in specialized organelles
enriched in phosphoinositide-4-phosphate (P14P)lipids generated by Pl-4-kinsase 111 (Hsu
et al., 2010). If RV replication requires P14P-enriched orgenelles, it is possible that quercetin
which inhibits P1-4 kinases (Prajda et al., 1995) may interfere with formation of these
orgenelles thus blocking viral replication. Together, these observations suggest that
quercetin may interfere with viral replication by more than one mechanism.

In our previous studies, we demonstrated that RV1B infects normal mice, transiently
replicates, increases the levels of pro-inflammatory cytokines and IFNs in the lung, and
increases airways responsiveness to methacholine challenge (Newcomb et al., 2008; Sajjan
etal., 2009; Wang et al., 2011). Using this model system, we show for the first time that
quercetin not only inhibits RV replication /n vitro, but also inhibits RV replication, RV-
induced pro-inflammatory cytokine and chemokine expression, and RV-induced airway
hyperresponsiveness /1 vivo. Mice treated with quercetin showed a significantly decreased
viral load, diminished levels of negative-strand RNA, and decreased replication-dependent
expression of type | and type I11 IFNs (Wang et al., 2009, 2011), providing direct evidence
that quercetin effectively inhibits viral replication /n vivo. In addition, quercetin treatment
decreased RV-induced lung inflammation, as evidenced by reduced expression of CXCL-1,
CXCL-2, CCL2 and TNF-a.. We have previously shown that, in addition to their role in lung
inflammation, CXCR2 ligands and TNF-a contribute to RV-induced airways
hyperresponsiveness (Nagarkar et al., 2009). Neutrophils, attracted to the airways by
CXCR2 ligands, induce a state of hyperresponsiveness by elaboration of TNF-a (Nagarkar
et al., 2009). Therefore, decreased airways responsiveness observed in RV-infected mice
treated with quercetin may be due to decreased lung CXCL1, CXCL2 and TNF-a levels.

Quercetin dihydrate is an aglycon and is passively absorbed by small intestine. Only 24% of
the ingested quercetin aglycon is absorbed as oppose to 52% of naturally occurring quercetin
glycosides (Hollman et al., 1995). Plasma quercetin levels are in the low nanomolar range
(<100 nM) in humans consuming normal diet which is estimated to provide 5 to 40 mg/day
quercetin (Boots et al., 2007; Harwood et al., 2007). Upon supplementation with 1g of
quercetin aglycone/day increases plasma levels to 1.5 uM (Boots et al., 2007; Conquer et
al., 1998). Previously we have shown that treatment of mice with 0.2 mg of quercetin yield
total plasma quercetin (including both quercetin and its primary conjugates) levels on the
order of 150 nM (Ganesan et al., 2010; Nanua et al., 2006). This dose of quercetin was
sufficient to reduce lung inflammation in a mouse model of chronic obstructive pulmonary
disease, and also an allergic mouse model of asthma (Ganesan et al., 2010; Nanua et al.,
2006; Rogerio et al., 2007). Based on the present study, it appears that a nanomolar range of
plasma quercetin is also sufficient to inhibit viral replication /in vivo, even though a higher
concentration (10 M) of quercetin is required /n vitro. Although, the precise explanation
for this is unclear, it may depend on the differences in the stability and bioavilability of
quercetin. One possibility is that quercetin may be absorbed better /n7 vivo via small intestine
compared to respiratory epithelial cells /in vitro. Another possibility is that quercetin
metabolites generated /77 vivo may be more potent as an antiviral agent than the parent
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compound. Quercetin dihydrate is metabolized in different organs including small intestine
and liver similar to quercetin glycosides (Harwood et al., 2007). Quercetin glycosides are in
fact precursors of quercetin aglycon /in vivo. Quercetin glycosides are initially hydrolyzed to
form quercetin aglycon in the epithelial cells of small intestine (Murota and Terao, 2003)
and the aglycon generated is metabolized by phase Il enzymes present in the small intestine,
liver and other organs to methylated, sulfated and glycosylated forms. One hour after
intragastric administration of quercetin to rats, the majority of the absorbed quercetin was
found in the form of quercetin glucuronides, sulfoglucuronides and sulfates as well as
isorhamnetic conjugates (Justino et al., 2004). Quercetin glucuronide was proposed to be a
more potent modulator of reactive oxygen-generating enzymes than quercetin (Terao et al.,
2011). Further studies are required to assess the antiviral effects of known quercetin
metabolites.

Conclusion

We showed that quercetin, a potent antioxidant and anti-inflammatory agent, also possesses
anti-rhinoviral effects. Quercetin inhibits viral infection at multiple stages, including
endocytosis, transcription of the viral genome and viral protein synthesis. Further studies are
needed to determine whether quercetin may be beneficial in preventing or treating
rhinovirus infections, or reducing symptoms related to viral infection.
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Cells pretreated with quercetin show attenuated RV-stimulated IL-8 responses. BEAS-2B
cells were pretreated with DMSO or quercetin for 1 h. Cells were infected with sham, UV-
RV1B, RV1B, UV-RV39 or RV39 in the presence of DMSO or quercetin and incubated for
24 h. IL-8 in the media was measured by ELISA. Data represent average and SD calculated
from 3 independent experiments (*p<0.05, different from sham; tp<0.05, different from

media or DMSO treated cells).

Antiviral Res. Author manuscript; available in PMC 2013 June 01.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Ganesan et al.

Page 18

A B
M CRYIB [ UV-RV39
50. EMRV1B 60- Il RV39
2 o
g 4 2
3= 30 3
S S
S 20 i e
> T ! >
id 10 |_-r_‘ i [id
0= T T
Media DMSO Quercetin Media DMSO Quercetin
(¢}
RV1B EEA1 Co-localization

. - .Quercetn

D

kDa

80  w—

B0  — e < p-Akt

80 =
60 e A S SR <— Total Akt

m m

w5 S 5

stds ® o n x
DMSO Quercetin

Figure 2.

Quercetin pretreatment decreases RV endocytosis and RV-induced Akt phosphorylation.
BEAS-2B cells were pretreated with 10 M quercetin or DMSO and incubated with sham,
UV-RV1B, RV1B, UV-RV39 or RV39 for 30 min at 4°C, washed to remove unbound virus
and cells were further incubated for 30 min at 37°C. Endocytosed virus was detected using
antibody to RV followed by flow cytometry (A and B). Data represent average and SD
calculated from 3 independent experiments (*p<0.05, different from sham; tp<0.05,
different from media or DMSO treated cells). C. Cells were pretreated with DMSO or
quercetin and incubated with RV1B for 30 minutes. Cells were washed and incubated with
antibody to RV capsid protein (green) and EEA1 antibody (red). Nuclei were counter-
stained with DAPI (blue) and cells were visualized by confocal microscopy. Arrows
represent co-localization of RV1B with EEAL. Cells pretreated with quercetin were infected
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with sham or RV1B and incubated for 30 min. Total cell lysates were subjected to Western

blot analysis with antibodies to p-Akt or total Akt (D). Images and blot are representative of
three independent experiments.

Antiviral Res. Author manuscript; available in PMC 2013 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ganesan et al.

A

IFN-B mRNA
(Fold change over sham)

IFN-A2/3 mRNA

= DMSO
600 M8 Quercetin

500
400

300+
100+

60 -
40 -
20

*

Il

*T

*

*T
=

UVv-
RV1B

UV-
RV39

RV1B

ok

%1
[l

RV39

*T
i

uv-
RV1B

Figure 3.
Addition of quercetin 6 h post RV infection attenuates virus-stimulated IFN responses in
airway epithelial cells. BEAS-2B cells were infected with sham, UV-RV1B, RV1B, UV-
RV39 or RV1B, and incubated for 90 min. Infection medium was replaced with fresh
medium and incubated for another 4.5 h. DMSO or 10 uM quercetin was added to the cells
and incubation continued for another 18 h. Levels of IFN mRNA (panels A, B and C) and
IL-8 protein (D) were determined by gPCR and ELISA respectively. Expression of IFN
genes were normalized to G3PDH and then expressed as fold change over sham-infected
cells. Data represent average and SD calculated from 3 independent experiments (*p<0.05,
different from UV-RV in A, B and C; and different from sham in D; Tp<0.05, different from
media or DMSO treated cells).
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Figure4.

Quercetin added 6h after RV infection decreases viral load and replication. Cells were
infected and treated with quercetin as described in Figure 3. Cells along with media was
collected at 6 (just before adding quercetin) or 24 h (18 h after addition of quercetin or
DMSO) after RV infection and infectious viral load was determined (A). Total RNA
extracted from cells incubated for a total of 24 h post RV infection was used for
determination of VRNA (B). The amplified gPCR product of negative strand RNA was
subjected to agarose gel electrophoresis to show the amplified negative-strand VRNA (C).
This result was representative of 3 experiments. (*p<0.05, different from UV-RV in A and
B; and different from sham in D; Tp<0.05, different from media or DMSO treated cells).
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Figureb5.

Quercetin inhibits cleavage of elFAGI, increases phosphorylation of elF2a and decreases
levels of VP2. BEAS-2B cells were infected with RV and incubated for 90 min. Infection
medium was replaced with fresh media, incubated for 4.5 h and then quercetin (10 M) (or
DMSO were added to the cells. After a total of 24 h, total protein was isolated and subjected
to Western blot analysis using antibody to elF4GI (A), elF2a (B) or VP2 (C). Blots are

representative of 3 independent experiments.
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Withdrawal of quercetin several hours before RV infection does not limit rhinovirus
infectivity /n vitro. BEAS-2B cells were treated with DMSO or 10 .M quercetin overnight.
Cells were shifted to fresh media without quercetin or DMSO and incubated for 8 h. Cells
were then infected in the absence of quercetin, and incubated for 18h. Infectious viral load
was determined as described in Figure 4(A). VRNA and IFN responses (B to E) were
determined by qPCR. IL-8 protein levels were determined by ELISA (F). Data represent
average and SD values calculated from 3 independent experiments (*p<0.05, different from
sham infected cells).

Antiviral Res. Author manuscript; available in PMC 2013 June 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Ganesan et al. Page 24

A B

6 - g 6
c 2 ol < 4
S5 5109 5 %1580
83 44 O > 2 4 +
A TS
20 5 = 000
3FE 37 T EE B8 —— O
=1 e)] N
83 2 g @ 25 2- o° ouo®
= =
- 14 )¢ ©) 08_ D>C 1 4 (@) T

0_ §) 0 T T T m

PG Quercetin =~ PG Quercetin = PG Quercetin - PG Quercetin
1 4 1 4
RV post infection (days) RV post infection (days)

Sham RV1B

PG Quercetin

Figure7.

Quercetin decreases viral load /n vivo. C57BL/6 mice were infected with RV1B or sham by
the intranasal route. Two hours after RV infection, mice were orally gavaged with quercetin
(0.2 mg/mouse) or 50% propylene glycol (PG) and then once a day up to 4 days. Mice were
sacrificed and infectious viral load (A) was determined by measuring CCID5p/ml. Positive
strand VRNA (B) was determined by gPCR and negative strand VRNA (C) was detected by
gPCR followed by agarose gel electrophoresis. A and B, data represent geomean and range
of data from 2 independent experiments carried out in triplicate (tp<0.05, different from
mice infected with RV1B infected and treated with PG). C, PCR product from two
representative animals from PG and quercetin group showing negative-strand vRNA and
18S RNA.
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Quercetin decreases RV-stimulated chemokine and cytokine responses /in vivo. Mice were

infected with RV1B and treated with quercetin or vehicle as

described in the Figure 5

legend. After sacrifice, mouse lungs were excised, homogenized in PBS, centrifuged and

supernatant examined by ELISA (A to D) or total RNA was

extracted from the lungs and

MRNA expression of IFN-a and IFN-A, was measured by gPCR (E and F). Data represent

mean + SD calculated from triplicate experiments (*p<0.05,

different from sham; tp<0.05,

different from mice infected with RV and treated with vehicle).
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Figure9.

Compared to vehicle-treated animals, RV-infected mice treated with quercetin show
decreased airways responsiveness to methacholine. Mice were infected with RV1B and then
treated with DMSO or quercetin as described above. After 1 day, mice were anesthetized
and airways responsiveness to methacholine challenge was measured. (n= 3; *p<0.05,
different from sham infected mice; tp<0.05, different from mice infected with RV1B and
treated with vehicle, two- way ANOVA).

Antiviral Res. Author manuscript; available in PMC 2013 June 01.



Ganesan et al. Page 27

A B C
[ PG I PG [ PG
Z I Quercetin B Quercetin [ Quercetin
I =
= 4 £ * *
T E % * 5 4 * _ 300 *
> 23 =3 £
> g R 200
=1 o2 O 2 3
= ) S &L 100
S S § z
1) o
% 2 o S0 0
5 Sham RV1B Sham RV1B Sham RV1B Sham RV1B Sham RV1B Sham RV1B
c
)
o
=
o
=5 D E F
[ PG = [ PG :’DE J PG
,_g 5 [ Quercetin . (CVQL) 0.10 I Quercetin %0.015 I Quercetin
24 * <2008 * * <5 * *
~ >
N 3 Z 3006 & 30.010
T o 5@ 3 80005
| - 1 z g0.0Z w 9
R o L e = c
> Qo 5 0.00 5 0.000
> = Sham RVIB Sham RV1B S O
c S ~
—*
=
o i
= Figure 10.
§ Treatment of quercetin during RV infection is necessary to limit RV-stimulated cytokine
S responses. Mice were treated with quercetin or vehicle as described in Figure 7 for 10 days.
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Figure11.

Treatment of quercetin during RV infection is necessary to reduce viral load and improve
lung function. Mice were treated with quercetin or vehicle as described in Figure 7 for 10
days. Forty hours after the last quercetin or vehicle treatment, mice were infected with
RV1B or sham. After 1 day, some mice sacrificed, lungs harvested for determination of
VRNA (A) by gPCR and infectious viral load (B). Rest of the mice were anesthetized and
airways responsiveness to methacholine challenge was measured (C) (n= 3-5, data in A and
B represents range and median; *p<0.05, different from sham infected mice, two- way
ANOVA).
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