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Human rhinovirus recognition in non-immune

cells is mediated by Toll-like receptors
and MDA-5, which trigger a synergetic
pro-inflammatory immune response
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The early detection of invading viruses by the host depends on their identification by pathogen sensors. These include
Toll-like receptors (TLRs) as well as cytoplasmic RNA helicases such as retinoic acid inducible protein | (RIG-I) and
melanoma differentiation associated gene 5 (MDA-5). These pathogen sensors recognize specific molecular patterns
found in viruses and trigger inflammatory and antiviral responses that result in the eradication of invading pathogens.
In this study we investigated the specific recognition of Human rhinovirus 6 (HRV6) the common cold pathogen by the
innate immune response in lung epithelial cells. Our experiments established that in the first stages on infection the
TLRs play a crucial role in HRV recognition and that different constituents of HRV6 are recognized by different TLRs, while
upon viral replication and generation of dsRNA the type | IFN inflammatory response is mediated by MDA-5. The HRV6
capsid is recognized via TLR2, whereas upon HRV6 ssRNA internalization the virus genome is recognized by TLR7 and
TLR8. Upon generation of dsRNA the type | IFN response is mediated by MDA-5. The combined recognition by different
TLRs and MDAS5 and their upregulation concurs with the huge inflammatory response seen in the common cold caused

by human rhinoviruses.

Introduction

Human rhinoviruses, the common cold pathogens, are small,
non-enveloped single stranded RNA viruses, which affect a sig-
nificant number of humans during the winter months. Human
infection causes severe inflammation in the upper respiratory
system, causing nasal secretions and cough. Although rhinovi-
rus infections are not life-threatening, epidemiological studies
have documented their involvement in acute respiratory illness in
various human populations.? Lower respiratory disease has also
been reported among infected infants and children and rhinovi-
ruses have been associated with bronchiolitis, chronic bronchitis
and atypical pneumonia in children.>*

Despite being one of the most frequent viral infections in
humans, elucidation of the host defense mechanisms that are
triggered by HRVs have not been fully resolved.

To date a number of viruses have been shown to trigger innate
immune responses via 7oll-like receptors. Toll-like receptors
(TLRs) have a key role in the innate immune response. They
are essential sensors of microbial pathogens. TLRs recognize spe-
cific molecular patterns found in microbial pathogens and trigger
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inflammatory and antiviral responses that result in the eradica-
tion of invading pathogens.”®

Individual TLRs are differentially distributed within the cell
and each TLR has the important role of recognizing specific
microbial components derived from pathogens including bacte-
ria, viruses, protozoa and fungi. Many TLRs have been shown to
be involved in viral recognition; for example, TLR4 recognizes
Syncytial virus” and Coxsackievirus B4.® TLR2 plays a key role
in the pro-inflammatory response against various viruses includ-
ing herpes simplex virus and cytomegalovirus.” While TLR3 has
been shown to recognize viral components such as poly(I:C)"
and dsRNA from Lang reovirus and West Nile virus."! TLR9
recognizes bacterial and viral CpG DNA motifs like CpG
DNA motifs found in Herpes simplex virus (HSV).!#!* TLR7
and TLR8 mediate recognition of ssRNA and have been shown
to recognize many ssRNA viruses such as Influenza virus,'*'¢
Coxsackievirus B3,"” and Human Parechovirus 1.8

A second group of pattern recognition receptors that “detect”
invading viruses has been identified recently. These receptors
are RIG-like receptors (RLRs) and include RIG-I (retinoic

acid inducible protein I) and MDA5S (melanoma differentiation
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Figure 1. TLR/helicase expression in human airway epithelial cells.
Primary human bronchial cells were either not stimulated (0 h) or stimu-
lated at different time points with HRV6 (1 x 10° PFU/ml) (A), HRV6 ssRNA
(B) or UV HRV6 (C). The cells were fixed and permeabilized, followed by
antibody staining against the particular receptor molecule and incuba-
tion with the appropriate secondary antibody conjugated to FITC.
Fluorescence was detected using a FACSCalibur (BectonDickinson). The
data presented are the mean of three independent experiments.

associated gene 5) and have been implicated in viral RNA rec-
ognition."”?" RIG-I has been implicated in the innate recogni-
tion of Paramyxovirus together with TLR7 and TLR8.2? While
MDAS5 triggers IEN responses to encephalomyocarditis virus.?
Studies have revealed that RIG-I recognizes single-stranded
RNA (ssRNA) containing a terminal 5-triphosphate (ppp),**? as
well as linear dsRNA no longer than 23 nucleotides.*> MDA5
recognizes long strands of dsRNA but the mechanism by which
this occurs is less clear.

In this study we investigated the specific recognition of
human rhinoviruses by the innate immune system. Our results
showed that the massive inflammatory response triggered by
these viruses is due to the specific recognition of different viral
components by different pattern recognition receptors. Initially
the innate immune antiviral response is mediated by different
TLRs. We show that TLR2 can recognize HRV viral proteins,
whereas once the virus is internalized the endosomal-located
TLR7 and TLRS are vital for the recognition of HRV ssRNA.

Once the virus begins replication, dsRNA is generated and it
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is mediated by the cytosolic sensor MDAS5 is responsible for its
recognition.

Results

TLR expression in HRV infection. 7o//-like receptors recog-
nize different pathogen-associated molecular patterns (PAMPs)
leading to the activation of an innate immune response and the
shaping of the subsequent adaptive immune response. In order
to investigate the involvement of TLRs in human rhinovirus
infection we examined the expression of different TLRs (TLRI,
TLR2, TLR3, TLR4, TLRG6, TLR7, TLR8) from bronchial
epithelial cells before and after HRV6 infection. To establish
if a particular constituent of the viral particle was responsible
for the cellular response cells were incubated with live HRV6,
UV-inactivated HRV6 (which is non-infectious) as well as HRV6
naked viral ssRNA for different time points up to a complete
infectious cycle (0.5 h, 1 h,2h, 4 h, 6 h, 8 h).

Our data revealed that although TLR expression was minimal
on these cells before infection there was a high increase in TLR2
expression with HRV6 and U V-inactivated virus (Fig. 1A and C).
TLR7 and TLR8 showed increase with both the live virus and
the naked ssRNA (Fig. 1A and B).

When we tested respiratory epithelial cells for RIG-I and
MDAS5 expression we found low expression. After the cells had
been stimulated with live HRV6, UV-inactivated virus, and viral
ssRNA for different time points there was a significant upregula-
tion of MDAS5 at 4 h in cells stimulated with live virus (Fig. 1A).
It is not surprising that the upregulation of MDAS is observed at
4 h, since RNA synthesis for this virus begins at approximately
4-5 h post-infection.

Cytokine secretion is triggered by HRVG6 infection. In
order to determine the immuno-stimulatory effect of the virus,
cells were stimulated for different time points with live HRVG,
UV-inactivated HRVG6 (unable to infect the cells and replicate)
as well as HRV6 ssRNA. Our experiments showed secretion of
pro-inflammatory cytokines in airway epithelial cells under all
stimuli. IL-6 and to a lesser degree IFN showed increased secre-
tion when stimulated with live HRV6 and HRV6 ssRNA while
UV-inactivated HRV6 stimulated cytokine secretion, but to a
lesser degree. IL6 showed significant increase at 2 h and then began
decreasing whereas IFNf showed a marked increase at 4 h post
infection which is consistent with the virus replication (Fig. 2).

To further determine the role of TLRs as well as RIG-I and
MDA-5 in HRV6 recognition we used RNA interference to
knock down expression of TLR2, TLR7, TLR8 or RIG-I and
MDA-5 on respiratory epithelial cells. Once the knockdown
was confirmed by western blotting, we stimulated the cells with
HRV6, HRV6 ssRNA and UV-inactivated HRV6 and mea-
sured ILG6 (Fig. 3B) and IFN secretion (Fig. 3C). Our results
showed that the TLRs contribute mainly to IL6 secretion,
whereas MDA5 mainly contributes to IFN@ secretion. When
HRVG6 ssRNA was added to the knock down TLR7 and TLRS
cells a considerable decrease in cytokine secretion was observed.
Subsequently, when TLR2 was silenced there was a decrease
in cytokine secretion when cells were stimulated with HRV6
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and UV-inactivated HRVG6, thus demonstrating that TLR2
is the host sensor for the viral capsid. Knocking down RIG-I
had no effect in cytokine secretion. Knocking down MDA5
had no effect in ssSRNA or UV HRV6 recognition but when
we stimulated with live HRVG6 a considerable decrease in [FNf
secretion was observed, therefore confirming that MDA-5 acti-
vation requires HRV6 replication competence and production of
dsRNA. Furthermore our results show that the IFNB immune
response to HRVG in airway epithelial cells is mainly regulated
by MDAS5 and to a lesser extent by the TLRs.

NF«B activation. TLRs act upstream of NFkB activation.
TLR signalling pathways have been shown to ultimately result
in the release of NFkB from its endogenous inhibitor and sub-
sequent nuclear translocation that leads to the secretion of pro-
inflammatory cytokines. In order to determine which receptors
are responsible for the cytokine secretion that we observed when
we used the different HRV6 we utilized human embryonic kid-
ney (HEK) cells transfected with either TLR2, TLR3, TLR4,
TLRG6, TLR7, TLRS8, MDAS5, RIG-I and an NFkB luciferase
reporter gene. Furthermore we used HEK cells transfected with
TLRs, MDAS5 or RIG-I and an IRF3 luciferase reporter gene.

All HEK/TLR cell lines were stimulated with HRVG virions,
HRV6 purified ssRNA, as well as UV-inactivated HRV6, in
order to test whether cell activation was dependent on viral rep-
lication competence. In addition, all HEK transfected cells were
stimulated with their appropriate ligands as a positive control,
i.e., HEK/TLR2 cells were stimulated with LTA, while HEK-
TLR4/MD2/CD14 were stimulated with LPS. HEK/TLR3 cells
stimulated with dsRNA from reovirus, HEK/TLR7 and HEK/
TLRS8 with GU rich RNA nucleotides, while HEK/MDAS cells
and HEK/RIG-I cells were stimulated with EMCV and with
influenza virus respectively® (Fig. 4).

After 6 h of stimulation, the cells were lysed in passive lysis
buffer (Promega). Luciferase activity was measured using a plate
reader luminometer. All transfected cell lines responded ade-
quately to their appropriate ligand thus verifying the successful
recognition of respective known ligands.

Our experiments revealed that the viral genomic RNA is
recognized through TLR7 and TLR8, since not only HRV6
virions but also HRV6 ssRNA activated NFkB expression on
HEK/TLR7 and HEK/TLRS cells. TLR7 and TLRS8 together
with TLR3 and TLRY belong to a group of TLRs that recog-
nize nucleic acids intracellularly. Single stranded RNA (ssRNA)
from many different viruses has been shown to stimulate innate
immune recognition via TLR7 and TLR8; thus it is not surpris-
ing that these two TLRs are responsive to HRV6 genomic RNA
(Fig. 4). In addition, live HRV6 and U V-inactivated HRV6 pro-
duced cell activation in HEK/TLR2 cells. There was no acti-
vation of RIG-I but a significant activation of MDAS5 with live
HRV6 but no activation with HRV6 ssRNA or UV-inactivated
virus (Fig. 4).

HRV6 molecular pattern confers recognition by TLR2. Our
results demonstrate that TLR2 recognizes HRV6 particles as
well as UV-inactivated HRV6 particles but not HRV6 ssRNA,
thus suggesting that the triggering of the inflammatory cyto-
kines through TLR2 in response to HRVG is independent of
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Figure 2. HRV6 activation of human airway epithelial cells. Human
bronchial cells were either not stimulated (grey bar charts) or stimulat-
ed with HRV6 virions (1 x 10° PFU/ml) (black bar charts), UV HRV6 (white
bar charts) or HRV6 ssRNA (stripped bar charts) for different hours.
The supernatants were harvested and assayed for cytokine secretion
using the Cytometric Bead Array (CBA) system (Becton Dickinson).
Fluorescence was detected using a FACSCalibur (BectonDickinson). IL6
secretion is depicted in graph (A) while IFNB in graph (B). The data pre-
sented is the mean of three independent experiments. Asterisks denote
statistical significance (p < 0.001).

internalization and replication competence of the virus. Since
UV-inactivated particles trigger inflammation via TLR2, the
results indicate that the constituent responsible for the activation
and upregulation of TLR2 must be the virus capsid.

In order to verify these findings HEK/TLR2 cells were pre-
incubated with TLR2-specific mAb (TLR2.1) prior to incubation
with HRV6 and UV-inactivated HRV6. The data showed that
HRV6 and UV HRV6-induced cellular activation was inhibited
by the TLR2 specific mAb (TLR2.1) (Fig. 5), thus suggesting
the importance of TLR2 in HRV6-mediated activation of cells.

Single stranded HRVG6 RNA recognition in endosomes. It has
been proposed that TLR3, TLR7, TLR8 and TLRY are part of an
isolated group within the TLR family that recognizes viral nucleic
acids in the endosome or lysosome. Our results suggest that TLR7
and TLR8 are activated by HRV6 ssRNA. In order to determine
whether HRV6 ssRNA engages TLR7 and TLRS directly we uti-
lized fluorescence resonance energy transfer (FRET).

FRET was measured in terms of dequenching of donor fluo-
rescence after complete photo-bleaching of the acceptor fluoro-
phore. Increased donor fluorescence after complete destruction
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Figure 3. Inhibition of HRV6 activation of human airway cells by silencing TLRs MDA-5 and
RIG-I. Following RNA interference (receptor expression levels were reduced by 80% by RNA
interference A) human airway cells were either not stimulated (grey bar charts), incubated
with HRV6 (black bar charts), incubated with UV-inactivated HRV6 (white bar charts) and
HRV6 ssRNA (stripped bar charts). The supernatants were harvested and assayed for IL6
cytokine secretion in 2 h (B) and IFN secretion in 4 h (C) using the Cytometric Bead Array
(CBA) system (Becton Dickinson). Fluorescence was detected using a FACSCalibur (Bec-
tonDickinson). The data represents the mean of three independent experiments. Asterisks
denote statistical significance (p < 0.001).

previous studies to be infectious?”*® (at a much
lower percentage than the complete virions) to
cells, we also used cationic lipids to facilitate
uptake of RNA, since it has been shown that
RNA complexed with DOTAP can be easily
uptaken by a cell.”

We measured FRET on epithelial cells
between TLR7, TLR8 or TLR3 (using Alexa
543-conjugated TLR-specific Fab mAb) and
HRV6 ssRNA-Alexa 488. Our results dem-
onstrated that TLR7 and TLRS8 were associat-
ing with viral ssRNA, giving FRET values of
18 + 1.6% and 24 + 0.8% respectively (Table 1),
whereas TLR3 was not associating with HRV6
ssRNA, giving FRET values of 5 + 0.7%.

When polylC-Alexa 488 was used as a
control there was no association of TLRS8 or
TLR7 and poly I: C-Alexa 488 while we found
increased association between TLR3 and
polylC-Alexa 488 (E = 27 + 2.0%) (Table 1),
thus verifying the specificity of our results.

The functional significance of endosomal rec-
ognition was also investigated by disrupting the
endosomal pH in order to see whether we could
affect the HRV6 ssRNA recognition. We used
NH,CI, which is a weak lysosomotropic base that
diffuses into acidic endosomes, where it becomes
protonated. Once protonated it is unable to dif-
fuse out, thus increasing the pH. We found that
cytokine secretion was inhibited when epithelial
cells were treated with NH,Cl, prior to stimula-
tion with HRV6 ssRNA, thus suggesting that
endosomal integrity is crucial for viral RNA-
induced recognition. The cells were treated with
25 nM or 50 nM NH,Cl, and FRET was used to
determine associations. Our results demonstrate
that there was a significant decrease in TLR8 and
TLR7 associations with HRV6 ssRNA as well
as a significant decrease in TLR3 and poly I:C
interactions (Table 1). Furthermore, when IL-6
secretion was measured in response to ssRNA, it
was also found to be significantly reduced in cells
treated with NH,Cl (Fig. 6).

In order to rule out the possibility that the
FRET observed was due to random distribu-
tion, we varied the ratio of donors and accep-
tors used to label the proteins of interest. E was

of the acceptor indicated association between the two molecules
of interest. Prior to our experiments, the energy transfer efficiency
in our system was measured using a positive control (MHC-class I
and (32-m) as well as a negative control for the energy transfer (see
Table 1). As expected maximum energy transfer efficiency (E)
was 29 + 1.2%.

In order to visualize the viral RNA, we labeled purified HRV6
ssRNA with Alexa 488 using the ULYSIS nucleic acid label-
ing kit. Although Picornavirus naked RNA has been shown in
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found to be independent on acceptor density, to be sensitive to
donor:acceptor ratio, and not to go to zero at low surface density,
thus suggesting that the FRET values observed were due to clus-
tered molecules and not random associations.

Discussion

Viruses over the years have developed a fascinating array of mech-
anisms to infect the host cells. Although these stealth mechanisms
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In this study we investigated whether TLRs
are involved in the inflammatory response that
is induced by HRVs in human respiratory epi-
thelial cells. Rhinoviruses are non-enveloped
ssRNA viruses that can infect the upper and
lower human respiratory system and cause the

common cold but they are also associated with

Figure 4. Receptor dependent activation in response to HRV6. HEK293 cells transfected with
either TLR2, TLR3, TLR4, TLR7, TLR8, MDA-5 and RIG-I and a luciferase reporter gene were
incubated with either no stimulus (grey bar charts), HRV6 virions (1 x 10* PFU/ml) (black bar
charts), UV-inactivated HRV6 (white bar charts), ssRNA HRV6 (stripped black charts), specific
receptor activating ligands (black dot charts). After stimulation, the cells were lysed and
analyzed for luciferase activity. The data shown represent a mean of three independent
experiments. Asterisks denote statistical significance (p < 0.001).

respiratory disease as well as bronchitis and
atypical pneumonia.®*°

Our experiments established that TLRs play a crucial role in
HRYV recognition. Furthermore we showed that different con-
stituents of HRV6 were recognized by different TLRs and that
the HRV-induced inflammatory response by the host was due to
a synergic effect mediated via TLR2, 7 and 8.

Our results suggest that TLR2 contributes to the inflamma-
tory response by both live and UV-inactivated virus particles.
TLR2 is expressed on the cell surface of human respiratory cells
and does not require replication competence of HRV6. Therefore
it seems that TLR2 recognizes and responds to a particular motif
or molecular pattern on the virus capsid.

TLR7 and TLRS8 have been shown by previous studies to be
the “key sensors” of viral ssRNA."'" They reside in the endo-
somes and can recognize ssRNA from different viruses; thus it is
not surprising that they sense HRV6 genomic ssRNA and mount
an innate immune response. Our FRET studies confirmed the

association of ssSRNA HRVG6 with TLR7 and TLRS.
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The involvement of TLR3 in HRV6 recognition was also
investigated. A study by Hewson et al.! has shown that TLR3
mediates rhinovirus activation, but in our study we did not see
any TLR3-induced HRVG6 recognition. One of the reasons could
be that we are using different cell types as well as different rhino-
virus serotypes and they could differ at the activation of innate
immune recognition.

The involvement of RLRs was also examined. Our data are
in agreement with Kato et al.?¥ that MDAS5 and RIG-I have dif-
ferential roles in the recognition of RNA viruses. We have seen
that MDA5, but not RIG-I, is implicated in the recognition of
rhinoviruses and the subsequent production of type I interferons.
MDAS is activated later than the TLRs, probably recognizing the
dsRNA generated upon viral replication.

Overall our data suggests that HRV6 like many other viruses,
such as HSV and CMV is sensed by more than one PRR. TLR2,
TLR7 and TLR8 are heavily involved in HRV6 recognition. In

Volume 2 Issue 1



A 40 -

35 4
30 4
25
20 4
15 1

NFkB activation RLU

[0 mrvs

B uv-BRVS

ok
5 -
0 I—I—ﬂla_ﬁ_
0 25 5 10

Concentration mAb (xg)

B 40 -

35 4
30 4
25

15 1
10 1

NFkB activation RLU
S

0 -

0

B UV-HRVG

25 5 10
Concentration mAb (xg)

HRV6

Table 1. Energy transfer efficiency values between donor-acceptor

pairs
Donor (Alexa 488) Acceptor (Alexa 543)
Before virus infection
MHC-class | B2-m
HRV6 RNA TLR7
HRV6 RNA TLR8
HRV6 RNA TLR3
PolylC TLR3
PolylC TLR7
PolylC TLR8
After 50 nM NH4CI treatment
MHC-class | B2-m
HRV6 RNA TLR7
HRV6 RNA TLR8
HRV6 RNA TLR3
PolylC TLR3
PolylC TLR7
PolylC TLR8

E + AE (%)

29+1.2
18+ 1.6
24+0.8
50+0.7
27 +2.0
36+1.0
4.0+0.6

28+ 1.5
6.0+ 1.0
83+04
4.7 +£0.5
10+1.3
4.2+0.8
3.8+0.6

Energy transfer between different pairs was detected from the
increase in donor fluorescence after acceptor photobleaching. Data
represent mean * standard deviation of a number of independent

experiments.
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Figure 5. HRV6 recognition by TLR2. HEK293 cells transfected with TLR2
and a luciferase reporter gene were pre-incubated with TLR2-specific
mAb (TLR2.1) prior to incubation with HRV6 (white bar charts) and

UV HRV6 (black bar charts) (A). The cells were also incubated with an
isotype control IgG2a from BD Biosciences (B). To determine NF«B acti-
vation the cells were lysed and analyzed for luciferase activity. The data
shown represent a mean of three independent experiments. Asterisks
denote statistical significance (p < 0.001).

addition MDAS5 seems to be involved in HRV6 recognition sub-
sequent to TLRs once viral replication begins generating dsRNA.
The combined recognition of all these TLRs and MDAS and their
upregulation concurs with the huge inflammatory response seen
in the common cold. It seems that the particular TLR transmit-
ting the “invasion signal” might be dependent on the means of
virus entry into the cell and the properties of the infected cell. We
have seen that in the case of HRVG, viral capsid proteins trigger
a TLR2-based “cell surface sensing mechanism” that begins the
pro-inflammatory antiviral response. As the virus enters the cell
the virus genome is detected by the localized endosomal TLR7
and TLRS, which are ideally situated for detecting viral nucleic
acids. The use of inhibitors of endosomal acidification such as
NH,CI prevents recognition of the virus genome verifying the
importance of these TLRs in innate responses. Once the virus
enters the host and begins replication MDAS5 senses the dsRNA
produced and continues the pro-inflammatory antiviral response.

In conclusion we believe that it is the immune system’s syn-
ergistic innate recognition of rhinoviruses by several TLRs and
MDAS5, which results in an overzealous pro-inflammatory antivi-
ral response, and the exaggerated symptoms of the common cold.

Materials and Methods

Cell lines. Human embryonic kidney 293 (HEK-239) cells trans-
fected with TLR2, TLR3, were maintained in DMEM contain-
ing 4.6 g/L glucose with 10% FCS, 10 pwg/ml ciprofloxacin and
0.5 mg/ml G418-sulfate. HEK-TLR4/MD2/CD14 (Visintin,
2003 15/id) was kindly provided by Professor Douglas Golenbock
(University of Massachusetts). Transfections of HEK/TLR7 and
HEK/TLR8 were maintained in DMEM containing 4.6 g/L
glucose with 10% FCS and 10 pg/ml blasticidin. Transfections
of HEK/MDAS5 and HEK/RIG-I cells with puno-hMDA-5, or
puno-RIG-I (Invivogen) were performed using Lipofectamine
2000 according to the manufacturer’s recommendations.

Primary human bronchial epithelial cells were obtained from
an adult male (TCS cell works) and maintained in the epithelial
cell medium provided from TCS. The cells were grown in 25 cm?
easyflasks (nunc) and maintained at 37°C and 5% CO,. Primary
cells were used between five and ten passages.

Virus. Human rhinovirus 6 was obtained from the ATCC and
propagated in human bronchial epithelial cells. The virus was
purified in sucrose gradients as described in previous studies.*® The
infectivity of purified virus was determined by plaque titration.

UV-inactivated HRV6 was obtained by exposure to UV
light at 1,200 mJ/cm? for 30 min. To test viral inactivation,
cells were exposed to UV HRV6 and the cytopathic effects were
assessed.

Virulence 27



Viral genomic RNA was isolated from purified virus using
TRIzol Reagents (Invitrogen) according to the manufacturer’s
instructions. Viral purified RNA was used to stimulate cells at
25 wg/ml. Cationic lipids were used to facilitate uptake of RNA,
since it has been shown that RNA complexed with DOTAP can
be easily up-taken by a cell.” Fugene 6 (Roche, UK) to facilitate
uptake of RNA was also used for RIG and MDAS5 experiments,
since it forms micelles that are taken up by cells and released in
the cytoplasm.

Materials. All fine chemicals were obtained from Sigma
(UK). TLR2, TLR4 specific mAbs, were obtained from Hycult
(Denmark). TLR3, TLR9, TLR7 and TLRS specific antibodies
were purchased from Santa Cruz Biotechnology (USA). MDA5
and RIG-I specific antibodies were purchased from Abcam
(UK). Alexa 488-Ulysis reagent was obtained from Molecular
Probes Inc. (UK). Single stranded RNA was labeled with Alexa-
488-Ulysis reagent according to the manufacturer’s instructions.

Luciferase reporter assays. Cells (2 x 10°) were transfected
by using Lipofectamine-2000 according to the manufacturer’s
instructions with 200 ng of pNFxkB-MetLuc2 (for NFkB activa-
tion) or 200 ng of 561 Luc (for IRF3 activation). Luciferase was
determined by using the luciferase assay system reagents from
Promega.

Statistical analysis. Statistical analyses were performed
using SPSS software version 15.0 (SPSS Inc., Chicago, USA).
Comparison between two sets of patients or data was performed
by the t-test or the Mann-Whitney U test.

RNA interference. Transfections of siRNas were carried out
using Oligofectamine. The target sequence of siRNA used were:
for RIG-I, GGA AGA GGT GCA GTA TAT T, for MDA-5,
GGT GAA GGAGCA GAT TCAG, for TLR2 GTCAAT TCA
GAA CGT AAG TCA, for TLR7 GGG TAT CAG CGT CTA
ATA TCA, for TLR8 GAC CAA CTT CGA TAC CTA AA.

Transfections with the specific siRNAs resulted in an approx-
imately 60% decrease in receptor expression as determined by
western blotting whereas transfection of cells with the scrambled
siRNA did not show any decrease in TLR or RIG-I and MDA-5
expression.

Flow cytometric determination of TLR, RIG-I and MDA-5
expression. In order to investigate TLR expression before and
after HRV6 infection, human airway epithelial cells were either
infected with HRVG6 for 2 h or not, prior to fixation with 4%
paraformaldehyde. The cells were subsequently washed and per-
meabilised using PBS/0.02% BSA/0.02% Saponin. After per-
meabilisation, the cells were incubated with antibodies against
different TLRs and the appropriate secondaries conjugated to
FITC. The cells were washed twice in PBS/0.02% BSA/0.02%
Saponin and re-suspended in 500 pl of PBS. Fluorescence was
detected using a FACSCalibur counting 10,000 cells not gated.

Fluorescence recovery after photobleaching (FRET). FRET
is a non-invasive imaging technique used to determine molecular
proximity. FRET can occur over 1-10 nm distances, and effec-
tively increases the resolution of light microscopy to the molecular
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Figure 6. HRV6 ssRNA induced IL-6 secretion. HEK293 cells transfected
with TLR7, TLR8 were either stimulated with HRV6 ssRNA (25 p.g/ml)

for 1 hour (stripped bar charts) or treated with 50 nM NH,Cl and then
stimulated with HRV6 ssRNA (black bar charts). The supernatants were
harvested and assayed for cytokine secretion using the Cytometric
Bead Array (CBA) system (Becton Dickinson). Fluorescence was detected
using a FACSCalibur (BectonDickinson). The data presented is the mean
of three independent experiments. Asterisks denote statistical signifi-
cance (p < 0.001).

level. It involves non-radiative transfer of energy from the excited
state of a donor molecule to an appropriate acceptor. The rate of
energy transfer is inversely proportional to the sixth power of the
distance, between donor and acceptor. The efficiency of energy
transfer (E) is defined with respect to r and R, the characteristic
Forster distance by:

E=1/[1 + (t/R)°] (Equ. 1)

In the present study, FRET was measured using a method
as previously described.’*3? Briefly, samples were labeled with
donor and acceptor conjugated antibodies and energy transfer
was detected as an increase in donor fluorescence (dequenching)
after complete photo-bleaching of the acceptor molecule.

Cytokine assays. Cells used were un-stimulated or stimulated
with HRV6 virions (1 x 10° PFU/ml) or ssRNA (25 pg/ml). The
cultures were incubated for the designated times. The superna-
tants were collected and frozen until the cytokine assays were
performed. The BectonDickinson cytometric bead array (CBA)
systems were used in order to determine the level of multiple
cytokines at the same time. The CBA system employs a series
of beads with discrete fluorescence intensities that enable us to
simultaneously detect multiple soluble cytokines. Each bead
provides a capture surface for a cytokine and is analogous to a
coated well in ELISA. In this study Human cytokine CBA Kits
were used. We measured quantitatively Interleukin-2 (IL-2),
Interleukin-4 (IL-4), Interleukin-6 (IL-6), Interleukin-10 (IL-
10), tumor necrosis factor-a (TNFa) and Interferon-B (IFNB)
levels from each single sample.
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