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2018.—Asthma exacerbations are often caused by rhinovirus (RV).
We and others have shown that Toll-like receptor 2 (TLR2), a
membrane surface receptor that recognizes bacterial lipopeptides and
lipoteichoic acid, is required and sufficient for RV-induced proinflam-
matory responses in vitro and in vivo. We hypothesized that viral
protein-4 (VP4), an internal capsid protein that is myristoylated upon
viral replication and externalized upon viral binding, is a ligand for
TLR2. Recombinant VP4 and myristoylated VP4 (MyrVP4) were
purified by Ni-affinity chromatography. MyrVP4 was also purified
from RV-A1B-infected HeLa cells by urea solubilization and anti-
VP4 affinity chromatography. Finally, synthetic MyrVP4 was pro-
duced by chemical peptide synthesis. MyrVP4-TLR2 interactions
were assessed by confocal fluorescence microscopy, fluorescence
resonance energy transfer (FRET), and monitoring VP4-induced cy-
tokine mRNA expression in the presence of anti-TLR2 and anti-VP4.
MyrVP4 and TLR2 colocalized in TLR2-expressing HEK-293 cells,
mouse bone marrow-derived macrophages, human bronchoalveolar
macrophages, and human airway epithelial cells. Colocalization was
absent in TLR2-null HEK-293 cells and blocked by anti-TLR2 and
anti-VP4. Cy3-labeled MyrVP4 and Cy5-labeled anti-TLR2 showed
an average fractional FRET efficiency of 0.24 � 0.05, and Cy5-
labeled anti-TLR2 increased and unlabeled MyrVP4 decreased FRET
efficiency. MyrVP4-induced chemokine mRNA expression was
higher than that elicited by VP4 alone and was attenuated by anti-
TLR2 and anti-VP4. Cytokine expression was similarly increased by
MyrVP4 purified from RV-infected HeLa cells and synthetic
MyrVP4. We conclude that, during RV infection, MyrVP4 and TLR2
interact to generate a proinflammatory response.
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INTRODUCTION

Rhinivirus (RV) is the most common cause of asthma
exacerbations in children and adults. However, the precise
mechanisms by which RV induces exacerbation are not com-
pletely known. It is well established that major group RV
serotypes utilize ICAM-1 as a receptor (15) and that minor

subgroup serotypes use low-density lipoprotein family recep-
tors (18). A third group of RVs, RV-C, bind to cadherin-related
family member 3 (3). Pattern-recognition receptors, including
members of the Toll-like receptor (TLR) family, also play a
role in sensing RV infection. We have shown that inhibition of
TLR3, an endosomal receptor that interacts with double-
stranded RNA, decreases RV-induced interferon expression in
cultured airway epithelial cells (61). TLR3�/� mice infected
with RV-A1B show reduced lung inflammatory responses and
airway responsiveness (60).

TLR2 is a membrane surface receptor that recognizes mi-
crobe membrane constituents, such as lipopeptides and lipo-
teichoic acids, at the cell surface and in endosomes (42, 51).
TLR2 is required and sufficient for RV-induced NF-�B acti-
vation in cultured airway epithelial and human embryonic
kidney (HEK) cells (53). We subsequently showed that RV-
induced cytokine expression and viral attachment are abolished
in bone marrow-derived macrophages from TLR2�/�, but not
TLR3�/�, mice (47), confirming an unexpected role for TLR2
in the RV response. Recently, we found that TLR2 was
required for RV-induced airway inflammation and hyperre-
sponsiveness in allergen-sensitized and -challenged mice and
that TLR2-positive macrophages are sufficient for the response
(17). RV interacts with airway macrophages after experimental
infection in humans (2), and, following infection, macrophages
produce chemokines essential for neutrophilic and lymphocytic
inflammation (24, 28, 39, 47, 63). Together, these data suggest
that TLR2 is activated during the process of RV binding and
endocytosis, perhaps interacting with some component of the
viral capsid.

The icosahedral RV capsid is composed of four structural
subunits, viral proteins (VP) 1–4. VP1, VP2, and VP3 are
arranged in a repeating symmetrical fashion on the outside of
the capsid. VP4 is a small (7.5 kDa), linear, hydrophobic
peptide that resides on each triangular facet of the capsid
interior. VP4 and its precursor VP0 are myristoylated at the
NH2 terminus upon virus assembly (8, 10). Receptor binding
induces conformational changes in the virus, including trans-
location of VP4 and the NH2-terminal region of VP1 to the
exterior viral surface (31). VP1 tethers the particle to the
membrane, while myristoylated (Myr) VP4 (MyrVP4) forms a
multimeric membrane pore, allowing extrusion of viral RNA
genome into the cytoplasm (43).

Since VP4 is the only lipid-modified protein in the RV
capsid, we hypothesize that VP4 serves as a ligand for TLR2.
To test this hypothesis, we examined interactions of recombinant
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VP4 and MyrVP4 with TLR2 by confocal fluorescence micros-
copy and fluorescence resonance energy transfer (FRET), as well
as by monitoring RV- and VP4-induced cytokine mRNA expres-
sion in the presence of anti-TLR2 and anti-VP4 antibodies.

MATERIALS AND METHODS

Ethics statement. All research on human materials was approved by
the University of Michigan Medical School Institutional Review
Board (protocol no. HUM00042069). Parents provided written in-
formed consent on the children’s behalf. Also, children provided
written assent to the research.

All animal research was performed according to the Guide for the
Care and Use of Laboratory Animals (8th ed., National Academies
Press, 2011) and the American Veterinary Medical Association
Guidelines for the Euthanasia of Animals. The protocols were ap-
proved by the University of Michigan Animal Care and Use Com-
mittee (protocol no. PRO00006118). All mouse treatments were
administered under isoflurane anesthesia. Experimental animals were
humanely euthanized at defined end points by exposure to isoflurane
vapors followed by thoracotomy.

Production of a peptide-directed antibody to VP4 and anti-VP4
affinity resin. We used the Jameson-Wolf antigenicity profile and
DNAStar-LaserGene software to identify an antigenic 16-amino acid
sequence in RV-A1B VP4 (antigen residues in boldface, Fig. 1A).
RV-A1B VP4 protein is a hydrophobic peptide with increasing polar
sequence and antigenicity toward its COOH terminus. A rabbit poly-
clonal peptide-specific polyclonal antiserum was generated against the
16-amino acid sequence and purified using affinity chromatography
(GenScript, Piscataway, NJ). The affinity-purified antibody was added
to cyanogen bromide-derivatized Sepharose (Sigma-Aldrich, St.
Louis, MO) at 350 �g/mg of dry resin in 0.1 M NaHCO3 (pH 8.0),
washed in 0.1 M Tris·HCl (pH 7.2), and used as an affinity step for the
purification of MyrVP4 from RV-infected HeLa cells (see below).

Preparation of MyrVP4 proteins. For various experiments de-
scribed below, we employed three forms of MyrVP4. 1) We used a
bacterial expression system and Ni-affinity chromatography to gener-
ate and purify recombinant MyrVP4. 2) We used urea solubilization
and anti-VP4 affinity chromatography to purify MyrVP4 from RV-
A1B-infected HeLa cells. 3) We purchased synthetic MyrVP4, which
was produced by chemical peptide synthesis (GenScript).

Cloning and isolation of a myristoylated recombinant VP4 protein.
The cDNA sequence encoding the RV-A1B VP4 was obtained from
the National Center for Biotechnology Information GenBank (acces-
sion no. D00239.1). Open reading frame cDNA was synthesized
(GenScript) with a COOH-terminal 6�His tail and subcloned in-
frame into pET28b (EMD Millipore, Danvers, MA) to produce pVP4.
To induce myristoylation in a bacterial vector system, the open
reading frame cDNA for human N-myristoyl transferase 1 (NMT-1;
National Center for Biotechnology Information GenBank accession
no. NM_021079.4) was synthesized (GenScript) and subcloned into
pET11a (EMD Millipore) to produce pNMT-1. The Escherichia coli

bacterial strain BL21(DE3) pLysS (Thermo Fisher, Waltham, MA)
was transformed with pVP4 in the presence or absence of pNMT-1
and 0.5 mM myristic acid. Expression of VP4 and MyrVP4 was
induced by 1 mM isopropyl thiogalactoside. Bacteria were allowed to
grow for another 3 h, after which 1 mM phenylmethylsulfonyl fluoride
was added and cells were centrifuged at 10,000 g for 30 min at 4°C
and then resuspended at 20% (wt/vol) in a homogenization buffer of
8 M urea, 20 mM Tris, and 20 mM imidazole (pH 8.5) with protease
inhibitor cocktail (Roche Life Science, Indianapolis, IN). A 10,000-g
soluble fraction was obtained, batch-adsorbed to Ni-nitrilotriacetic
acid agarose (Qiagen, Germantown, MD), and eluted with 100 mM
imidazole base. Both the silver stain and anti-VP4 immunoblot de-
tected a single ~10 kDa band (Fig. 1B). To precipitate VP4, an equal
volume of 1.0 M ammonium formate (pH 6.5) was added to the
eluent. After three sequential washes in deionized water to remove
urea and salt, the precipitate was resuspended in DMSO and found to
be endotoxin-free (Limulus amebocyte assay, R&D Systems, Minne-
apolis, MN).

Production of MyrVP4 from RV-A1B-infected HeLa cells (RV-
VP4). HeLa H1 cells were grown to 90% confluence and infected with
~108 copies of RV-A1B in 10 ml of serum-free medium at 33°C. After
1 h, the medium was changed to 3% serum. At 48 h, plates were
frozen, and HEPES (pH 7.5), NP-40, and urea were added to final
concentrations of 20 mM, 0.01%, and 8 M, respectively. After
addition of complete protease inhibitors (Roche Life Science), the
urea was dissolved completely on a rotator at room temperature. The
entire suspension was frozen, thawed, and ultrasonically disrupted for
10 min at 4°C. Particles were removed by centrifugation at 10,000 g
for 30 min at 4°C. The soluble fraction was diluted into 10 volumes
of 1 M ammonium formate (pH 6.5) and incubated at 4°C for 12 h.
The resulting suspension was centrifuged at 10,000 g for 30 min at
4°C. The insoluble material was collected and washed sequentially
with 10 mM ammonium formate and deionized water. Precipitates
were resuspended in DMSO, and DMSO-insoluble particles were
removed by centrifugation at 10,000 g for 30 min at 21°C. The
DMSO-soluble fraction was diluted 1:1 with 20 mM Tris·HCl (pH
7.2) and added to anti-VP4 resin, which was mixed with the protein
fraction for 1 h at 21°C. The unbound effluent was discarded, and the
resin was washed with three column volumes of 50% DMSO in 10
mM Tris (pH 7.2). RV-MyrVP4 was eluted with 50% DMSO in 0.3
M glycine-acetic acid (pH 3.0), collected dropwise, neutralized with
Tris to pH 7.0, and precipitated with 1 M ammonium formate, as
described above. RV-MyrVP4 was suspended in DMSO for analytic
and functional studies. The MyrVP4 peptide, regardless of source,
was found to enter SDS-PAGE with less aggregation if diluted with a
solution of 8 M urea and 1% SDS in 100 mM Tris (pH 6.5).

Production of synthetic MyrVP4. To obtain a preparation of
MyrVP4 free of bacterial products, the NH2-terminal-myristoylated
71-amino acid VP4 was produced by chemical peptide synthesis
(GenScript) and dissolved in DMSO. The resulting compound was
tested by GC-MS. The synthetic MyrVP4 was assessed to be 92.5%
pure by GC-MS (not shown).

Fig. 1. Purification and characterization of recombinant, synthetic, and rhinovirus (RV)-derived myristoylated (Myr) virus protein-4 (VP4). A: amino acid
sequence for RV-A1B VP4 with COOH-terminal His tag. Amino acids used for generation of a polyclonal antiserum are shown in boldface. B: VP4 expressed
in Escherichia coli bacterial strain BL21(DE3) pLysS in the presence of pNMT-1 and 0.5 mM myristic acid to produce a N-myristoylated COOH-terminal
6�His-tagged protein. Samples were resolved by SDS-PAGE and processed for silver (left) or anti-VP4 (right) staining. Sedimented bacteria were solubilized
in 8 M urea, 20 mM Tris·HCl, and 20 mM imidazole (lane 1). A soluble fraction was obtained by centrifugation at 10,000 g for 30 min (lane 2). The extract
was batch-adsorbed to Ni-nitrilotriacetic acid-agarose (Qiagen). The column effluent is shown in lane 3. The column was washed with 8 M urea, 20 mM Tris·HCl,
and 20 mM imidazole (lane 4). The column was sequentially eluted with 30 mM (lane 5), 40 mM (lane 6), or 100 mM (lane 7) imidazole base. Silver stain and
anti-VP4 immunoblot show a ~10 kDa band (arrow). C: LC analysis of VP4 and MyrVP4 shows different retention times. D: when VP4 and MyrVP4 were
processed for LC-MS, masses of 8,474.1- and 8,684.3 Da, respectively, were found, the mass difference (210 Da) being that of a single myristoyl group. E: HPLC
analyses of synthetic MyrVP4 (GenScript) and MyrVP4 isolated and purified from RV-infected HeLa cells. F: to determine the myristoylated residue, the 15
most abundant ions after trypsinization and reductive alkylation were selected for MS/MS. Only the NH2-terminal GAQVSR sequence was shifted by the size
of a single myristoylation (210 Da). G: samples of MyrVP4 were resolved by SDS-PAGE and processed for silver (left) or anti-VP4 (right) staining. Rec,
recombinant; Syn, synthetic.
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Analysis of VP4 by LC-MS. Further analytic purification of a VP4
sample prepared in the presence of pNTM-1 and 0.5 mM myristic acid
was achieved in formic acid and an acetonitrile gradient (0–99% over
9 min) with a C4 liquid chromatography column (Waters Xbridge

BEH300, 3.5 �m) interfaced to a Thermo Fisher Q Exactive mass
spectrometer (Proteomics and Peptide Synthesis Core, University of
Michigan). Two peaks, a minor peak with an ion mass of 8,474.1 and
a major peak with an ion mass of 8,684.3, eluted separately in time
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(Fig. 1D). The mass difference (210 Da) was that of a single myristoyl
group.

Further analyses of synthetic and native RV-MyrVP4 were con-
ducted using an Agilent 1290 analytic LC system (Santa Clara, CA)
equipped with a C18 reversed-phase column with a 0.1% trifluoro-
acetic acid-in-water mobile phase and a 0–99% acetonitrile gradient
over 9 min. On HPLC analysis, both synthetic and RV-MyrVP4
produced single major peaks eluting at 43% acetonitrile in 0.1%
trifluoroacetic acid (Fig. 1E), indicating near 100% purity.

The myristoylation site on the recombinant MyrVP4 protein was
identified and localized using SDS-PAGE, in-gel digestion with
trypsin, and LC-MS/MS. Material (2 �g) was resolved by SDS-
PAGE. The 8-10 kDa region was excised, digested with trypsin
(Promega, Madison, WI), reduced with dithiothreitol, and alky-
lated with iodoacetamide. Half of the digested sample was ana-
lyzed by Nano LC-MS/MS with a Waters NanoAcquity HPLC
system interfaced to a Thermo Fisher Q Exactive mass spectrom-
eter. The 15 most abundant ions were selected for MS/MS. The
remaining half of the gel digest was analyzed by a Nano LC-MS/
MS-Waters NanoAcquity HPLC system interfaced to a Thermo
Fisher Q Exactive mass spectrometer and a Thermo Fisher Orbitrap
Velos Pro. MS/MS spectra were used to derive extracted ion
chromatogram spectra of the tryptic GAQVSR sequence from the
nonmyristoylated VP4 or the MyrVP4 sample. The only peptide
shifted by the size of a single myristoylation (210 Da) is the
NH2-terminal GAQVSR sequence (Fig. 1F). In addition to
MyrVP4 and VP4, the specimen contained trace amounts of murein
lipoprotein (also called Braun’s lipoprotein, or Lpp), a peptidogly-
can-conjugated lipoprotein of the E. coli outer membrane.

Finally, we resolved all three MyrVP4 preparations by 15% SDS-
PAGE. Each preparation showed a single silver-stained band migrat-
ing at the dye front (Fig. 1G). In addition, each band reacted with
anti-VP4 on Western blot analysis.

Partial purification of Lpp. To test whether cellular responses to
recombinant VP4 were due to contamination by the murein lipopro-
tein Lpp, Lpp was partially purified using a modification of the
method of Braun and Rehn (4). A culture of BL21(DE3) pLysS was
grown to exponential phase, centrifuged at 10,000 g for 5 min,
resuspended in deionized water, and added to boiling 4% SDS. The
suspension was mixed with heat for 4 h, cooled, and centrifuged at
10,000 g for 2.5 h. The sedimented pellet was washed, resuspended in
TE buffer [10 mM Tris (pH 8 1) and 1 mM EDTA], and incubated
with 2% (wt/vol) lysozyme for 2 h at 37°C. The digestion was stopped
by addition of boiling 10% SDS to a final concentration of 1%.
Insoluble material was removed by centrifugation at 10,000 g for 2.5
h. To precipitate Lpp, an equal volume of 1.0 M ammonium formate
(pH 6.5) was added. The pellet was washed three times in 0.5 M
formate buffer, lyophilized to dry, and, finally, resuspended in deion-
ized water.

Cell culture. HEK-293 cells expressing hemagglutinin-epitope-
tagged human TLR2 (293/hTLR2 cells) and the parent HEK-293 cell
line that does not express TLR2 (293/null cells) were obtained from
InvivoGen (San Diego, CA) and cultured in Dulbecco’s minimal
essential medium (Life Technologies). Cells were cultured at 1 � 105

cells/well on poly-D-lysine-coated plates. L929 supernatants were
used as a source of macrophage colony-stimulating factor for isolation
and culture of mouse bone marrow from C57BL/6 and TLR2�/�

mice, as described elsewhere (47, 62). Mouse bronchoalveolar mac-
rophages were obtained from C57BL/6 or TLR2�/� mice (Jackson

Laboratories, Bar Harbor, ME). Mice were sensitized and challenged
to ovalbumin to increase the yield of macrophages, as described
elsewhere (17). Human bronchoalveolar macrophages were obtained
from three asthmatic adolescents who were undergoing flexible bron-
choscopy for clinical evaluation (Table 1). Mouse and human alveolar
macrophages were purified by plastic adherence (38) and cultured in
RPMI (Invitrogen, Carlsbad, CA) with 10% serum and 50 ng/ml
human macrophage colony-stimulating factor (Peprotech) until har-
vested. Our previous work showed adherent cells to consist of �90%
macrophages, with the rest of the cells being neutrophils. BEAS-2B
human bronchial epithelial cells were grown on collagen-coated plates
in bronchial epithelial growth medium (Lonza, Conshohocken, PA)
containing supplements, as described elsewhere (49). Primary human
airway epithelial cells were isolated from tracheobronchial trimmings
of unused healthy donor lungs under a protocol approved by the
University of Michigan Investigational Review Board. Cells were
cultured and mucociliary-differentiated on Transwell membranes
(Corning, Lowell, MA) at air-liquid interface, as described previously
(48). Briefly, airway epithelial cells were cultured under submerged
conditions in complete PneumaCult-Ex Plus medium (StemCell Tech-
nologies, Vancouver, BC, Canada) for 1 wk. Cells were transferred to
Transwell membranes and cultured with complete medium in both the
basal and apical wells until confluence was reached. Cells were
maintained at air-liquid interface for 3 wk in PneumaCult air-liquid
interface maintenance medium.

RV infection of cultured cells. RV-A1B was cultured in HeLa-H1
cells and partially purified by ultrafiltration, as described elsewhere
(40). For determination of colocalization of VP4 and TLR2, 293/
hTLR2 cells, 293/null cells, mouse bone marrow-derived macro-
phages, human alveolar macrophages, BEAS-2B cells, and primary
human tracheobronchial epithelial cells were infected with sham or
RV-A1B at multiplicity of infection (MOI) of 5 for 5 min on ice. For
determination of cytokine responses, cells were infected with sham or
RV-A1B at MOI of 5 for 12 h.

Labeling and colocalization of MyrVP4 and TLRs. To label for
fluorescence, 20 �g of MyrVP4 in 0.1 M sodium bicarbonate (pH 8.5)
or DMSO were reacted with 100 �g of N-hydroxy succinimidyl
(NHS) Cy3 (GE Healthcare Bio-Sciences, Pittsburgh PA) and purified
on G-25 spin columns (GE Healthcare). Anti-VP4 and anti-CD14
were conjugated to NHS Cy3. Anti-TLR2 and anti-TLR4 (BioLegend,
San Diego, CA) were labeled with NHS Cy5. Anti-myeloid differen-
tiation primary response protein (MyD88; Santa Cruz Biotechnology,
Dallas, TX) was conjugated to NHS Alexa Fluor 488.

To assess colocalization and specificity of MyrVP4-TLR2 interac-
tions, Cy3-labeled MyrVP4 was added to cells on poly-D-lysine-
coated slides or coverslips at a concentration of 100 ng/ml. Selected
cells were also incubated with 200 ng/ml Cy5-labeled anti-TLR2 or
Cy3-labeled anti-CD14. Cells were washed, fixed in 4% paraformal-
dehyde at 2–4°C for 13 h, stained with DAPI, and then mounted in
10% polyvinyl alcohol (59). In other experiments, cells were treated
with blocking antibodies against TLR2 or VP4, IgG, or unlabeled
MyrVP4 before fixation and processing for DAPI staining and immu-
nofluorescence with labeled antibodies. Colocalization was visualized
using a Zeiss Axioplan Apotome or Leica SP5 confocal microscope
with FRET/fluorescence lifetime imaging capability (Microscopy and
Image Analysis Core, University of Michigan). Colocalization was
quantified using the National Institutes of Health ImageJ Fiji Coloc2
software plug-in and statistically summarized using Pearson’s corre-

Table 1. Clinical characteristics of children from whom bronchoalveolar macrophages were obtained

Patient No. Age, yr Sex Ethnicity Race Diagnosis

1 14 M Hispanic Caucasian Cough, eosinophilia
2 12 M Non-Hispanic Caucasian Premature birth, bronchiectasis, moderate persistent asthma
3 12 F Hispanic Mixed Severe persistent asthma
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lation coefficient (11). At least 4 separate images of ~20 cells each
were quantified for each determination.

FRET photobleaching to assess MyrVP4-TLR2 interactions. The
Cy3-Cy5 donor-acceptor pair was employed to assess FRET effi-
ciency by acceptor photobleaching using a Leica inverted SP5 laser
confocal microscope system and software package, as described
elsewhere (56). Fixed cells processed for FRET did not include
antifade reagent in the mounting medium. Photobleaching was per-
formed with a supercontinuum white light laser tuned to 647 nm. Ten
consecutive distinct areas of colocalization from four different exper-
iments were chosen for quantification. Efficiency was expressed as a
fraction of the difference between the donor fluorescence after and
before bleaching and the fluorescence after bleaching: FRET effi-
ciency was initially determined by the Leica FRET acceptor photo-
bleaching protocol and corrected for donor photobleaching, cross talk
of the acceptor photoproduct to the Cy3 channel, and partial Cy5
photobleaching. Images of pre- and postbleached areas were quanti-
fied using the National Institutes of Health ImageJ AccPBFRET
plugin (45).

Other antibodies. The TLR2-neutralizing monoclonal antibody
T2.5 (35) was obtained from BioLegend. Anti-polyhistidine was
obtained from Sigma.

Cytokine responses to VP4. Recombinant VP4 or MyrVP4, syn-
thetic MyrVP4, bacterial Lpp (each 100 ng), or carrier was incubated
with 10 �g of IgG or anti-VP4 in 50 �l of PBS and added to 1 ml of
cell culture medium, for a final concentration of 100 ng/ml. At this
dilution, MyrVP4 rapidly binds to lipid membranes, where it is highly
soluble (10, 43). For selected experiments, anti-TLR2 was added
directly to the cell culture medium 1 h before MyrVP4 treatment.
Selected samples were infected with RV-A1B at a MOI of 5.0. Virus
was cultured in HeLa cells and partially purified by ultrafiltration, as
described elsewhere (40). After 1 h, samples were transferred to 10%
FBS-containing medium and, 18 h later, processed for mRNA tran-
script quantitation.

Quantitative PCR. After solubilization with TRIzol (Invitrogen),
RNA was extracted from cells and tissue according to the manufac-
turer’s recommendations. Purified RNA was processed for first-strand
cDNA and quantitative PCR using reverse transcriptase and SYBR
green quantitative PCR reagents (Thermo Fisher). Primers are de-
scribed in Table 2. The resulting amplification and melt curves were
analyzed to ensure specific PCR product. Threshold cycle (CT) values
were used to calculate the fold change in transcript levels compared
with GAPDH using the 2���CT method (48). The results were
secondarily expressed as fold increase over sham.

RESULTS

MyrVP4 colocalizes with TLR2. After infection of 293/
hTLR2 cells, RV-A1B colocalized with TLR2 within 5 min of
treatment, as evidenced by colocalization of Cy3-conjugated
anti-VP4 and Cy5-conjugated anti-TLR2 (Fig. 2A). As shown
previously (37), RV infection tends to be variable, with not all
cells showing the presence of virus by immunostaining. When
293/hTLR2 cells were treated for 5 min with 100 ng/ml
Cy3-conjugated recombinant MyrVP4, we observed colocal-
ization of VP4 and Cy5-conjugated anti-TLR2 (Fig. 2B). 293/
hTLR2 cells treated with Cy3-conjugated synthetic MyrVP4
also showed colocalization of VP4 and Cy5-conjugated anti-
TLR2 (Fig. 2C). There was no MyrVP4 binding or colocaliza-
tion in 293/null cells that do not express TLR2 (Fig. 2D).
Incubation with anti-VP4 or anti-TLR2 (10 �g/ml) 1 h before
addition of Cy3-labeled MyrVP4 blocked binding of MyrVP4
and TLR2 (Fig. 2, E and F). Addition of excess unlabeled
MyrVP4 lowered the intensity of binding (Fig. 2G). Labeled
IgG did not bind to cells (not shown).

We also examined MyrVP4 and TLR2 fluorescence in cul-
tured macrophages. Bone marrow-derived macrophages were
isolated from wild-type and TLR2�/� mice. Wild-type cells
treated with Cy3-labeled recombinant MyrVP4 and stained
with anti-TLR2 showed colocalization (Fig. 2H), whereas
TLR2�/� cells showed none (Fig. 2I). Finally, human bron-
choalveolar macrophages incubated with Cy3-labeled recom-
binant MyrVP4 and fixed after 5 min also showed colocaliza-
tion of VP4 with Cy5-labeled TLR2 at the cell surface (Fig.
2J). MyrVP4 was associated with both surface and intracellular
TLR2, likely reflecting concentration in microdomains and
endocytosis (13). Colocalization of RV-A1B and recombinant
MyrVP4 with TLR2 in 293/hTLR2 cells, wild-type mouse
bone marrow-derived macrophages, and human alveolar mac-
rophages was quantified using Pearson’s correlation coeffi-
cient, which, in each case, was significantly different from that
of 293/null cells (Fig. 2K). In contrast, colocalization of
MyrVP4 and TLR2 in TLR2�/� macrophages or 293/TLR2
cells treated with excess unlabeled anti-VP4, anti-TLR2, and
recombinant MyrVP4 was close to zero.

Table 2. Oligonucleotide primers

Species Gene Sequence

Human CXCL1 Forward: 5=-CACCCCAAGAAC-3=
Reverse: 5=- CACCAGTGAGCTTCCTCCTC-3=

Human CXCL2 Forward: 5=-CAGCAATCCCCGGCTCCTGC-3=
Reverse: 5=-CAGTTCAGTGGCCAGGGGCG-3=

Human CXCL8 Forward: 5=-TCTGCAGCT CTG TGT GAA GGT GCA GTT-3=
Reverse: 5=-AAC CCT CTG CAC CCA GTT TTC CT-3=

Human CXCL10 Forward: 5=-TTGTCCACG TGT TGA GAT CAT-3=
Reverse: 5=-TTAGACCTT TCC TTG CTA ACT GC-3=

Human GAPDH Forward: 5=-CGACCACTTTGTCAAGCTCA-3=
Reverse: 5=-AGGGGTCTACATGGCAACTG-3=

Mouse Cxcl1 Forward: 5=-TGC ACC CAA ACC GAA GAA GTC AT-3=
Reverse: 5=-CAA GGG AGC TTC AGG GTC AAG-3=

Mouse Cxcl2 Forward: 5=-GCG CTG TCA ATG CCT GAA G-3=
Reverse: 5=-CGT CAC ACT CAA GCT CTG GAT-3=

Mouse Cxcl10 Forward: 5=-GCT GCA ACT GCA TCC ATA TC-3=
Reverse: 5=-TTT CAT CGT GGC AAT GAT CT-3=

Mouse Gapdh Forward: 5=-GTC GGT GTG AAC GGA TTT G-3=
Reverse: 5=-GTC GTT GAT GGC AAC AAT CTC-3=
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MyrVP4 induces colocalization of TLR2 with MyD88. After
stimulation with pathogen, the adapter protein MyD88 is re-
cruited close to the cell surface, where it colocalizes with its
TLR (20, 50, 54). We examined colocalization of TLR2 and
TLR4 following treatment of wild-type mouse bone marrow-
derived macrophages with either MyrVP4 or LPS, a TLR4
ligand. Treatment with MyrVP4 induced aggregation of TLR2
and MyD88, whereas treatment with LPS did not (Fig. 3, A–C).
Conversely, MyrVP4 failed to induce aggregation of TLR4 and
MyD88, in contrast to LPS, which caused colocalization (Fig.
3, D–F). While there was some degree of basal MyD88
colocalization with both TLR2 and TLR4, MyrVP4 treatment

significantly increased MyD88 colocalization with TLR2, but
not TLR4 (Fig. 3G). LPS increased colocalization of MyD88
with TLR4, but not TLR2.

MyrVP4 specifically binds TLR2 as assessed by FRET. We
assessed the capacity of Cy5-labeled anti-TLR2 photobleach-
ing to increase Cy3-labeled MyrVP4 fluorescence intensity in
293/hTLR2 cells and bone marrow-derived macrophages
from wild-type and TLR2�/� mice. A representative group
of 293/hTLR2 cells exhibiting an increase in Cy3 fluores-
cence with Cy5 photobleaching is shown in Fig. 4A. As-
sessing 10 separate areas of colocalization per sample from
4 different experiments, we determined that, under the

Fig. 2. Fluorescence microscopy demonstrating colocalization of rhinovirus (RV)-derived myristoylated (Myr) virus protein-4 (VP4) and Toll-like receptor 2
(TLR2). Live 293/hTLR2 (A–C and E–G) or 293/null (D) cells were treated for 5 min with RV-A1B (multiplicity of infection 	 5; A) or 100 ng/ml Cy3-labeled
recombinant (B and D–J) or synthetic (C) MyrVP4. Cells were stained with 200 ng/ml Cy3-labeled anti-VP4 (red channel) and 200 ng/ml Cy5-conjugated
anti-TLR2 (green channel) before fixation. Scale bar 	 10 �m. Confocal images were produced using a Leica SP5 laser confocal microscope. Orange-to-yellow
VP4-TLR2 colocalization was noted in cells treated with RV (A), recombinant MyrVP4 (rMyrVP4, B), and synthetic MyrVP4 (sMyrVP4, C). No signal is visible
in 293/null cells that do not express TLR2 (D) or in 293/hTLR2 cells preincubated with 10 �g of anti-VP4 (E), 10 �g of unlabeled anti-TLR2 (F), or 10 �M
unlabeled rMyrVP4 (G). Wild-type (H) and TLR2�/� (I) bone marrow-derived macrophages were treated for 5 min with 100 ng/ml Cy3-labeled rMyrVP4 (red)
and stained with 200 ng of Cy5-labeled anti-TLR2 (green). Colocalization is yellow-orange. No signal is visible in TLR2�/� cells. J: human bronchoalveolar
(BAL) macrophages were treated for 5 min with 100 ng/ml Cy3-labeled rMyrVP4 (red) and stained with 200 ng/ml Cy5-labeled anti-TLR2 (green).
Colocalization is yellow-orange. K: Cy3-labeled (VP4) and Cy5-labeled (TLR2) channels were quantified for correlation using Pearson’s correlation coefficient
(r). x-Axis labels correspond to treatments in A–J. Colocalization of either rMyrVP4 or sMyrVP4 and TLR2 was significantly greater in 293/hTLR2 cells,
wild-type mouse macrophages, and human bronchoalveolar macrophages than 293/null cells (each n 	 4). *P 
 0.0001 vs. 293/null cells (by one-way ANOVA
with Tukey’s multiple-comparison test). IgG controls showed no colocalization (data not shown).
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specified conditions, the Cy3-labeled MyrVP4-Cy5-labeled
anti-TLR2 interaction had an average fractional FRET effi-
ciency of 0.245 � 0.024 (mean � SE) (Fig. 4B), indicating
that Cy3-labeled MyrVP4 and Cy5-labeled anti-TLR2 are
closely associated. Addition of unlabeled MyrVP4 lowered
FRET efficiency, as did blocking the TLR2 receptor with
excess unlabeled anti-TLR2 or sequestration of MyrVP4 by
neutralizing anti-VP4 antibody (Fig. 4B). At any given
concentration, FRET efficiency was constant over the range
of sampled fluorescence intensities (data not shown), but
FRET efficiency saturated as the concentration of Cy5-
labeled anti-TLR2 increased (Fig. 4C).

Cy3-labeled MyrVP4 and Cy5-labeled anti-TLR2 also
colocalized and showed FRET exchange in bone marrow-
derived macrophages from wild-type, but not TLR2�/�,
mice (Fig. 4D). Finally, we investigated potential interac-

tions with CD14, which associates with TLR2 in lipid
microdomain signaling complexes (56). CD14 colocalizes
with TLR2 in wild-type bone marrow-derived macrophages
but demonstrates FRET only in the presence of unlabeled
MyrVP4 (Fig. 4, D and E). FRET efficiency between anti-
CD14 and anti-TLR2 increases and saturates upon addition
of unlabeled MyrVP4.

VP4 and MyrVP4 stimulate chemokine transcription and are
neutralized by anti-VP4. Purified recombinant VP4 and VP4
prepared from bacteria grown in the presence of pNMT-1 and
myristic acid (MyrVP4) activated chemokine (C-X-C motif)
ligand (CXCL)-8 production in 293/hTLR2, but not 293/null,
cells (Fig. 5A). The CXCL8 response to MyrVP4 was signif-
icantly greater than to VP4.

Both VP4 and MyrVP4 signals were sensitive to prein-
cubation with anti-VP4. In contrast, bacterial Lpp protein

Fig. 4. Myristoylated (Myr) virus protein-4 (VP4) forms a close association with Toll-like receptor 2 (TLR2) in 293/hTLR2 cells and macrophages. A–C: confocal
Cy3-labeled MyrVP4 (Cy3-MyrVP4) fluorescence resonance energy transfer (FRET) to Cy5-labeled anti-TLR2 (Cy5-anti-TLR2) was assessed by laser
photobleaching. A: 293/hTLR2 cells bound with 10 ng of Cy3-MyrVP4 (red) and Cy5-anti-TLR2 (green) (left). DAPI staining of nuclei is an underlay in black.
FRET is shown as blue (middle). Colocalization of MyrVP4 and TLR2 is light blue to white (right). B: FRET efficiency of Cy3-MyrVP4-Cy5-anti-TLR2
interaction in 293/hTLR2 cells. Unlabeled MyrVP4 competes with Cy3-MyrVP4 binding to anti-TLR2. Values are means � SE; n 	 4, with each data point
representing the mean of 10 bleached regions per individual experiment. *P 
 0.05 vs. Cy3-IgG or Cy5-IgG alone (by one-way ANOVA with Tukey’s
multiple-comparison test). C: FRET efficiency of Cy3-MyrVP4-Cy5-anti-TLR2 interaction in 293/hTLR2 (TLR2�) and 293/null (TLR2�) cells. FRET efficiency
increases as further Cy5-anti-TLR2 acceptor is added. (Values are means � SE; n 	 4. *P 
 0.05 vs. Cy5-IgG, by one-way ANOVA.) D and E: FRET in mouse
bone marrow-derived macrophages. D: FRET efficiency of Cy3-MyrVP4-Cy5-anti-TLR2 interaction in macrophages from wild-type (TLR2�) and TLR2-null
(TLR2�) mice (columns 1 and 2); MyrVP4 binds TLR2 in macrophages derived from TLR2�, but not TLR2�, mice. FRET efficiency of Cy3-anti-CD14 (100
ng)-Cy5-anti-TLR2 interaction increases with escalating doses of unlabeled MyrVP4 (columns 3–9). Values are means � SE; n 	 4. *P 
 0.05 vs. Cy3-IgG
or Cy5-IgG (by one-way ANOVA). E: MyrVP4 recruits CD14 to TLR2. When Cy3 is coupled to anti-CD14, there is colocalization with Cy5 anti-TLR2, and
increasing MyrVP4 further increases FRET efficiency (blue; colocalized FRET appears white).

Fig. 3. Localization of myristoylated (Myr) virus protein-4 (VP4) with other Toll-like receptors (TLRs). Wild-type (WT) bone marrow-derived differentiated
macrophages were treated with sham HeLa cell lysate (A and D), 100 ng/ml recombinant MyrVP4 (rMyrVP4, B and E), or 100 ng/ml LPS (C and F) for 5 min.
Cells were stained with Alexa Fluor 488-conjugated anti-MyD88 (red) and either Cy5-conjugated anti-TLR2 (green; A–C) or Cy5-conjugated anti-TLR4 (green;
D–F). MyD88 and TLR colocalize as yellow. G: treatment with rMyrVP4, but not LPS, significantly initiates colocalization of MyD88 and TLR2. In contrast,
treatment with LPS, but not rMyrVP4, induces colocalization of MyD88 and TLR4. Colocalization signals were quantified for correlation using Pearson’s
correlation coefficient (r). x-Axis labels correspond to treatments in A–F (n 	 4). *P 
 0.0001 vs. sham-treated cells (by one-way ANOVA with Tukey’s
multiple-comparison test).
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stimulated a lower level of CXCL8 mRNA expression,
which was insensitive to anti-VP4, suggesting that MyrVP4-
induced CXCL8 mRNA expression was not due to contam-
ination by Lpp. In another set of experiments, synthetic

MyrVP4 generated TLR2-dependent CXCL8 mRNA ex-
pression, which was analogous to that produced by re-
combinant MyrVP4 and neutralized by the VP4 antibody
(Fig. 5B).
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MyrVP4 induces TLR2-dependent cytokine mRNA expres-
sion in macrophages. We examined macrophage CXCL1,
CXCL2, and CXCL10 expression in response to MyrVP4.
These chemokines are produced by macrophages after RV
infection (24, 28, 47, 63) and are important for neutrophilic and
lymphocytic inflammation following infection (39). RV-A1B
and MyrVP4 significantly increased CXCL1, CXCL2, and
CXCL8 mRNA expression in human alveolar macrophages,
whereas only RV-A1B increased CXCL10 mRNA expression
over sham (Fig. 6A). Mouse alveolar macrophages from TLR2-
expressing wild-type mice incubated with MyrVP4 showed
significant increases in CXCL1, CXCL2, and CXCL10 mRNA
expression (Fig. 6B). Human and mouse macrophages showed
smaller responses to nonmyristoylated VP4, and alveolar mac-
rophages from TLR2�/� mice showed no response to either
recombinant protein or RV-A1B. As shown previously (14),

intact RV increased chemokine mRNA expression without
adversely affecting macrophage viability.

Native RV-derived MyrVP4 binds epithelial cells to stimu-
late cytokine transcription. Sham-treated BEAS-2B cells
showed cytoplasmic TLR2 expression (Fig. 7A). As shown
with intact RV-A1B (Fig. 7B), RV-MyrVP4-bound TLR2 (Fig.
7C) was competed off with unlabeled TLR2 antibody (Fig.
7D). Intact RV-A1B, RV-MyrVP4, recombinant MyrVP4, and
synthetic MyrVP4 each stimulated CXCL1, CXCL2, and
CXCL8 transcription in this transformed bronchial cell line
(Fig. 7E). As in macrophages, none of the peptides stimulated
significant transcription of CXCL10. Finally, primary human
bronchial epithelial cells were isolated and mucociliary-differ-
entiated in culture (Fig. 7F). Again, RV-A1B and RV-MyrVP4
rapidly bound to TLR2, and unlabeled anti-TLR2 blocked
colocalization. As in BEAS-2B cells, RV-A1B and RV-
MyrVP4 increased CXCL1, CXCL2, and CXCL8 transcription
in primary differentiated human bronchial epithelial cells (Fig.
7G). Only RV-A1B increased CXCL10 transcription.

DISCUSSION

Recent studies have uncovered a potential role for TLR2 in
the sensing of RV infection. TLR2 is required and sufficient for
RV-induced NF-�B activation in cultured airway epithelial
cells and HEK cells, respectively (53). TLR2 inhibition also
blocked responses to replication-deficient UV-irradiated virus.
Similarly, we found that RV-induced cytokine expression and
viral attachment were abolished in bone marrow-derived mac-
rophages from TLR2�/� mice (47) and that TLR2-dependent
cytokine expression did not depend on viral endocytosis or
replication. We also colocalized RV and TLR2 on the macro-
phage cell surface. Finally, we found that TLR2 is required for
RV-induced airway inflammation in naïve and allergen-treated
mice and that transfer of wild-type, IL-4-treated bone-marrow
derived macrophages to TLR2�/� mice is sufficient for RV-
induced airway eosinophilic inflammation, mucous metaplasia,
and airway hyperresponsiveness (17). At first blush, an inter-
action between TLR2 and the RV capsid is surprising, since
picornaviruses are nonenveloped and their capsid does not
include a lipid component. We hypothesized that VP4, an
internal capsid protein that is myristoylated upon viral repli-
cation (8, 10) and externalized upon viral binding (31), is a
ligand for TLR2. We found that recombinant MyrVP4 and
TLR2 colocalize and that colocalization was blocked by anti-
TLR2 and anti-VP4. MyrVP4-induced chemokine expression
was higher than that elicited by VP4 alone and was attenuated
by anti-TLR2 and anti-VP4. Expression was similarly in-
creased by synthetic MyrVP4 and MyrVP4 purified from
RV-A1B-infected HeLa cells. Cy3-labeled MyrVP4 and Cy5-
labeled anti-TLR2 showed an average fractional FRET effi-
ciency of �25%, suggesting that TLR2 and VP4 are positioned
within a distance of ~50 Å (25, 46). Together, these results
suggest that MyrVP4 and TLR2 interact to generate a proin-
flammatory response in RV-infected cells.

We used a bacterial expression system to express VP4 and
MyrVP4 proteins as ligands for TLR2 interaction studies.
Myristoylation was accomplished by cotransformation of
BL21(DE3) pLysS with plasmids encoding VP4 and NMT-1 in
the presence of myristic acid. Use of a bacterial expression
system raises the possibility that the proinflammatory effects of

Fig. 5. Myristoylated (Myr) virus protein-4 (VP4) induces chemokine (C-X-C
motif) ligand (CXCL)-8 mRNA expression in 293/hTLR2 cells. A: 100 ng of
recombinant VP4 (MyrVP4) or 100 ng of bacterial murein lipoprotein (Lpp)
were incubated with 10 �g of IgG or anti-VP4 and added to 293/hTLR2 or
293/null cells in serum-free medium for 1 h, after which serum-free medium
was replaced with serum-containing medium. After 18 h, samples were
processed for CXCL8 and GAPDH mRNA transcript analysis by quantitative
PCR. Data are depicted as fold increase from sham (n 	 4, with each data point
representing the mean of 2–3 replicates per individual experiment). *P 
 0.05
vs. solvent control, †P 
 0.05 vs. VP4 and Lpp, ‡P 
 0.05 vs. IgG controls
(by one-way ANOVA with Tukey’s multiple-comparison test). B: 100 ng of
recombinant MyrVP4 (RecMyrVP4) or 100 ng of synthetic MyrVP4 (Syn-
MyrVP4) were incubated with IgG or anti-VP4 and added to 293/hTLR2 or
293/null cells, as described in A. After 18 h, samples were processed for
CXCL8 and GAPDH mRNA transcript analysis by quantitative PCR. Data are
expressed as fold increase from sham (n 	 4). *P 
 0.05 vs. solvent controls,
‡P 
 0.05 vs. IgG controls (by one-way ANOVA with Tukey’s multiple-
comparison test).
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recombinant MyrVP4 are caused by contamination with bac-
terial products, not by MyrVP4 itself. Aside from the protein of
interest, the second most abundant constituent was Lpp (also
called Braun’s lipoprotein), a peptidoglycan-conjugated lipo-
protein of the E. coli outer membrane. However, significantly
less chemokine expression was induced by incubation of cells
with purified Lpp than MyrVP4. Furthermore, incubation of
cells with a preparation of MyrVP4 produced by chemical
peptide synthesis and a third preparation purified from RV-
A1B-infected HeLa cells induced levels of chemokine expres-
sion similar to that induced by recombinant VP4. The MyrVP4
signal was blocked with anti-VP4, further evidence against
nonspecific TLR2 activation by bacterial products.

Cy3-labeled MyrVP4 and Cy5-labeled anti-TLR2 showed
an average fractional FRET efficiency of �25%, with Cy5-
labeled anti-TLR2 increasing and unlabeled MyrVP4 decreas-
ing FRET efficiency. FRET was not present in TLR2�/� cells.
Together, these results suggest that MyrVP4 and TLR2 are in
close physical proximity. FRET has been used previously to
detect recognition of a fluorescence-labeled bacterial lipopep-
tide by TLR2 (58). Although our FRET studies indicate that
TLR2 and VP4 are positioned within a distance of 50 Å, we did

not precisely characterize the nature of this interaction. TLR2
is a membrane surface receptor that recognizes bacterial lipo-
peptides and lipoteichoic acid. Cellular activation after TLR2
ligation depends on two main factors: 1) the type of TLR2
ligand and 2) cellular expression of additional TLR2 corecep-
tors, including TLR1, TLR6, CD14, and CD36. Studies em-
ploying synthetic compounds suggest that the ideal ligand for
TLR2 receptor activity is a Cys-Ser/Thr/Gly/Ala lipopeptide
containing at least one ester-bound fatty acid acyl group of
optimal length (C14–C20) (6). Shorter ester-bound fatty acids
and amide-bound fatty acids of any size tended to have reduced
TLR2-mediated effects. For the TLR2 ligand Pam3CSK4, the
two glycerol-bound palmitoyl chains dock with the hydropho-
bic pocket of TLR2, while the third amide-bound lipid chain
docks with the TLR1 channel, stabilizing the TLR2/1 het-
erodimer (22). Lipid modification of VP4 might allow loose
binding to the hydrophobic pocket of TLR2. Although the
myristyl group is bound to the VP4 polypeptide through an
amide bond, the intensely hydrophobic peptide backbone
might allow VP4 to come into close proximity with TLR2 in
the cell membrane, increasing the effective concentration
available for TLR2 activation. In our studies we found evi-

Fig. 6. Myristoylated (Myr) virus protein-4 (VP4) elicits Toll-like receptor 2 (TLR2)-dependent chemokine responses in macrophages. A: human alveolar
macrophages were treated with VP4 or MyrVP4 and preincubated with IgG, anti-TLR2, or anti-VP4. For comparison, cells were also treated with intact
rhinovirus (RV)-A1B. Cells were harvested for mRNA transcript analysis by quantitative PCR. MyrVP4 significantly increased CXCL1, CXCL2, and CXCL8
mRNA expression. After normalization to GAPDH, data were expressed as fold increase from sham (n 	 3, with each data point representing the mean of 2–3
replicates per individual experiment). *P 
 0.05 vs. solvent control, †P 
 0.05 vs. VP4, ‡P 
 0.05 vs. sham alone (by one-way ANOVA with Tukey’s
multiple-comparison test). B: mouse alveolar macrophages from wild-type, but not TLR2-null, mice express chemokines in response to MyrVP4 and Cy3-labeled
MyrVP4. For comparison, cells were also treated with intact RV-A1B. After normalization to GAPDH, data were expressed as fold increase from sham (n 	
4). *P 
 0.05 vs. solvent and IgG control, †P 
 0.05 vs. VP4, ‡P 
 0.05 vs. sham alone (by one-way ANOVA with Tukey’s multiple-comparison test).
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dence for TLR2 colocalization and binding with CD14. CD14
(but not TLR2) is also required for influenza A-induced cyto-
kine production in human and mouse macrophages (44).

Alternatively, VP4 is likely to come into close contact with
TLR2 in lipid rafts. TLR2 and its coreceptors have been

localized to lipid rafts (30, 32, 54–57), and we have shown in
human bronchial epithelial cells that RV-A39 colocalizes with
Src, p85
 and p110� phosphoinositide 3-kinase, and Akt in
lipid rafts (1). The polar lipids in lipid rafts are predominantly
acylated by saturated fatty acids, unlike phospholipids in non-

Fig. 7. Rhinovirus (RV)-derived myristoylated (Myr) virus protein-4 (VP4) binds to epithelial cells and stimulates chemokine transcription. RV-MyrVP4 was
purified by urea solubilization and anti-VP4 affinity chromatography (see MATERIALS AND METHODS). A–D: Beas-2B cells were treated with sham HeLa cell lysate
(A), RV-A1B (B), or RV-MyrVP4 (C and D). Selected cells were preincubated with unlabeled 10 �g/ml anti-Toll-like receptor 2 (TLR2). Fixed cells were stained
with Cy3-labeled anti-VP4 (red) and Cy5-labeled anti-TLR2 (green). Colocalization is yellow. Scale bar 	 50 �m. E: RV-A1B (multiplicity of infection 	 5),
RV-MyrVP4, recombinant MyrVP4 (rMyrVP4), and synthetic MyrVP4 (sMyrVP4) (each at 100 ng/ml) significantly increase CXCL1, CXCL2, and CXCL8
transcription in Beas-2B cells, but only RV-A1B significantly increases CXCL10 (n 	 4). *P 
 0.05 vs. solvent and IgG control (by ANOVA and Tukey’s
multiple-comparison test). F: primary human bronchial epithelial cells cultured on Transwell membranes. Cells develop cilia, as assessed by hematoxylin-and-
eosin staining (far left). Scale bar 	 50 �m. Cells were stained with Cy5-conjugated anti-TLR2 (green) and Cy3-conjugated anti-VP4 (red). Cells infected with
RV-A1B or treated with 100 ng of MyrVP4 show colocalization of VP4 and TLR2 (orange-yellow). Colocalization is blocked by preincubation with anti-TLR2
(right). G: human bronchial epithelial cells differentiated at air-liquid interface were incubated with RV-A1B (multiplicity of infection 	 5), RV-MyrVP4,
rMyrVP4, or sMyrVP4 (100 ng/ml) for 12 h. All 4 treatments significantly elevated transcription of CXCL1, CXCL2, and CXCL8, but only RV-A1B increased
CXCL10 transcription (n 	 4 experiments using 1 epithelial cell isolate). *P 
 0.05 vs. solvent and IgG control (by one-way ANOVA with Tukey’s
multiple-comparison test).
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lipid raft membranes, which are acylated by polyunsaturated
fatty acids, suggesting that saturated fatty acyl chains (e.g.,
myristic acid) favor lipid raft association (21).

As noted above, we found that MyrVP4-induced chemokine
expression was higher than that elicited by VP4 alone. These
data suggest that MyrVP4 is sufficient for RV-induced cyto-
kine expression. Cytokine expression was absent in TLR2�/�

cells, demonstrating a requirement of TLR2 for MyrVP4 -in-
duced cytokine responses. However, VP4 is also likely to have
TLR2-independent effects. VP4 has the intrinsic ability to bind
lipid membranes, resulting in their permeabilization (10). VP4
is directly involved in mediating membrane penetration during
cell entry (5). Studies utilizing recombinant His-tagged VP4
have shown that VP4 interacts with membranes to make them
permeable by formation of multimeric, size-selective mem-
brane pores with properties consistent with the transport of
viral genome through the membrane (43). Myristoylation is
required for membrane targeting and permeability (33, 43) and
significantly improves pore formation by increasing the effi-
ciency of the initial membrane interaction. It should also be
noted that whereas VP4 treatment was sufficient for mRNA
expression of CXCL1, CXCL2, and CXCL8, it failed to induce
CXCL10 transcription. These data are consistent with the
notion that binding and/or endocytosis of RV may be suffi-
cient, and viral replication may be unnecessary, for a subset of
initial cytokine responses (16, 40, 52), to be followed by a
second set of replication-dependent responses.

We found colocalization of TLR2 and VP4, as well as
VP4-mediated cytokine expression, in both macrophages and
airway epithelial cells. Our focus on macrophages was based
on recent data suggesting that while epithelial cells are indeed
the main site of RV replication, macrophages and other im-
mune cells are the main source of cytokine production after
infection (2, 7, 19, 23, 26, 27, 36, 38, 41).

There is evidence that genetic differences in TLR2 expres-
sion influence the development of asthma. Significantly higher
expression of CD14 and TLR2 was reported in peripheral
blood monocytes from farmers’ children with reduced risk of
atopy than from non-farmers’ children (29). Later, a T allele
(genotype AT or TT) of the TLR2/�16934 polymorphism was
associated with reduced risk of asthma in children of farmers
(12). A T allele of the �16934 polymorphism has also been
associated with decreased wheezing and bronchial hyperre-
sponsiveness in children who attend day care (9). Since TLR2/
�16934 is a marker for a group of highly linked TLR2
single-nucleotide polymorphisms, the functional explanation
for these associations is unclear. However, since viral infec-
tions play a role in the development of asthma and atopy
(reviewed in Ref. 34), binding of MyrVP4 to TLR2 could play
a role in this association.

In conclusion, we have found a specific interaction between
MyrVP4 and TLR2 that generates a proinflammatory response.
This observation opens the door for therapeutic intervention,
for example, desensitization of TLR2, or use of anti-VP4
antibodies. Further characterization of the VP4-TLR2 interac-
tion, for example, by X-ray crystallography, may allow more
specific interventions.
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