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Respiratory viruses exert a heavy toll of morbidity and mortality worldwide. Despite this burden there are
few specific treatments available for respiratory virus infections. Since many viruses utilize host cell enzymatic
machinery such as protein kinases for replication, we determined whether pharmacological inhibition of
kinases could, in principle, be used as a broad antiviral strategy for common human respiratory virus
infections. A panel of green fluorescent protein (GFP)-expressing recombinant respiratory viruses, including
an isolate of H1N1 influenza virus (H1N1/Weiss/43), was used to represent a broad range of virus families
responsible for common respiratory infections (Adenoviridae, Paramyxoviridae, Picornaviridae, and Orthomyxo-
viridae). Kinase inhibitors were screened in a high-throughput assay that detected virus infection in human
airway epithelial cells (1HAEo-) using a fluorescent plate reader. Inhibition of p38 mitogen-activated protein
kinase (MAPK) signaling was able to significantly inhibit replication by all viruses tested. Therefore, the
pathways involved in virus-mediated p38 and extracellular signal-regulated kinase (ERK) MAPK activation
were investigated using bronchial epithelial cells and primary fibroblasts derived from MyD88 knockout mouse
lungs. Influenza virus, which activated p38 MAPK to approximately 10-fold-greater levels than did respiratory
syncytial virus (RSV) in 1HAEo- cells, was internalized about 8-fold faster and more completely than RSV. We
show for the first time that p38 MAPK is a determinant of virus infection that is dependent upon MyD88
expression and Toll-like receptor 4 (TLR4) ligation. Imaging of virus-TLR4 interactions showed significant
clustering of TLR4 at the site of virus-cell interaction, triggering phosphorylation of downstream targets of p38
MAPK, suggesting the need for a signaling receptor to activate virus internalization.

Respiratory virus infections cause considerable morbidity
and mortality worldwide; it was recently reported that hospi-
talizations due to respiratory syncytial virus (RSV) exceed 2
million per year in the Unites States alone (16). An H1N1
swine influenza pandemic took place during the 2009-2010
winter season (14), and there is the lingering threat of an H5N1
avian influenza pandemic, with mortality due to direct bird-to-
human H5N1 infection in hospitalized patients between 30 and
100% (3). The severe acute respiratory syndrome (SARS)-
associated coronavirus, isolated in 2003, resulted in devastating
respiratory tract infections with few treatment options (40).
For most common respiratory viruses, treatment is symptom-
atic, and for pathogens such as influenza viruses for which
specific treatments are available, oseltamivir (Tamiflu)- and

amantidine-resistant strains are emerging and being transmit-
ted globally (33).

All functions within a cell are triggered and regulated by cell
signaling cues. Since viruses are obligate intracellular parasites,
they rely upon cell signaling to regulate all processes within the
cell that drive virus replication. In this study we investigated
the effects of kinase inhibitors as a therapeutic strategy and to
investigate the roles played by some kinases during virus rep-
lication. The extracellular signal-regulated kinase (ERK) and
p38 mitogen-activated protein kinases (MAPKs) have been
shown by us and others to play important roles during virus
replication in vitro (19, 20, 26, 30, 42), and we have recently
reported that inhibition of p38 MAPK activation is an effective
and novel antiviral strategy in vivo (29). The significance of p38
MAPK activity in vivo is such that inadvertent and coincident
activation of this kinase by some pharmaceutical agents en-
hances virus replication (29). Antiviral strategies may exist
whereby inhibition of host cell kinases may stem the spread
and replication of numerous different viral species. Such broad
antiviral strategies would permit administration of kinase in-
hibitors to patients suspected of having respiratory viral infec-
tion, and to health care workers or inhabitants within the locale
of a viral outbreak, prior to the availability of results from
laboratory diagnostic testing.

The activation of p38 MAPK by pattern recognition recep-
tors (PRRs) has been studied in the context of the antiviral
immune response (reviewed in reference 22). We report here
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that viruses usurp these responses for the benefit of virus
replication through activation of p38 MAPK, mediated by a
PRR (Toll-like receptor 4 [TLR4]) and MyD88, providing the
basis for a broad-spectrum antiviral.

MATERIALS AND METHODS

Viruses, cells, and inhibitors. Coxsackievirus B3 (CVB3)-green fluorescent
protein (GFP), a molecular clone of CVB3 Woodruff (pH 3; GenBank accession
no. U57056) containing an enhanced GFP (eGFP) expression cassette (CVB3-
GFP) described previously (12, 44), was used in this study (provided by Ralph
Feuer and J. Lindsay Whitton [The Scripps Institute, La Jolla, CA]). Influenza
virus A/Weiss/43 (H1N1) (VR96) was obtained from the American Type Culture
Collection (ATCC; Manassas, VA), and stocks were produced in HeLa cells in
serum-free Dulbecco modified Eagle medium (DMEM) containing 10 �g/ml
trypsin. For experiments, 1 vial of influenza virus was treated at 37°C in the
presence of serum-free 10-�g/ml trypsin for 30 min prior to dilution and addition
to cells. RSV-A2-GFP was provided by Mark Peeples (Department of Pediatrics,
The Ohio State University, Children’s Research Institute, Columbus, OH) (46,
49), and human parainfluenza virus type 3 (hPIV3)-GFP was provided by Peter
Collins (National Institutes of Health, Bethesda, MD) (45, 48). Human adeno-
virus (AdV) 5 was obtained from ATCC (catalog no. VR-1516). AdV-GFP
(adenovirus 5-derived delta E1 and E3 vector with GFP expression driven from
a cytomegalovirus [CMV] promoter) was purchased from Vector Biolabs (Phil-
adelphia, PA). All viruses except adenovirus E-deleted vector were produced in
HeLa cells. Adenovirus vector stocks were produced in HEK 293 cells. In all
experiments, infections were conducted in parallel with uninfected control-con-
ditioned medium from HeLa cells to control for possible activation of cells by
cell-conditioned medium.

Immortalized epithelial cell lines used were 1HAEo- (bronchial epithelial),
A549 (alveolar epithelial), and HeLa (cervical carcinoma). These were cultured
in DMEM-10% fetal bovine serum (FBS) and obtained from ATCC, except for
1HAEo- cells, which have been described previously (6).

Isolation of primary fibroblasts. All animals were treated humanely and in
accordance with the regulations of the UBC Animal Care Committee and stan-
dards of the Canadian Council on Animal Care. Pulmonary fibroblasts were
isolated from MyD88 knockout (KO) and wild-type (WT) C57 background
control mouse lungs. Briefly, lungs were removed from mice that were first
anesthetized by isofluorane and then euthanized by cervical dislocation. Lungs
were minced briefly and placed into the appropriately sized tissue culture tray.
Lung pieces were dried for approximately 5 min and overlaid with DMEM, 10%
FBS, and penicillin-streptomycin. Lungs were removed on the following day, and
cells were replated 1 week later.

Kinase inhibitors and chemicals. Inhibitors purchased from Tocris Pharma-
ceuticals (Ellisville, MO) were used at the final concentrations indicated (target
kinase is in parentheses): API-2 (Akt/protein kinase B [PKB]), 1 �M; BAY11-
7085 (NF-�B), 10 �M; LY294002 (phosphatidylinositol 3-kinase [PI3K]), 25 �M;
MG132 (proteasome), 10 �M; PP2 (Src family kinases), 5 �M; SB203580 (p38
MAPK), 5 �M; SB216763 (glycogen synthase kinase 3� [GSK3�]), 10 �M;
SP600125 (Jun N-terminal protein kinase [JNK]), 20 �M; U0126 (MEK1/2), 20
�M. Anisomycin was purchased from Sigma-Aldrich (St. Louis, MO) and used at
a concentration of 10 �M.

Correlation of PFU with GFP IU/ml. Infected cultures of each of the recom-
binant viruses used were subject to plaque assay in parallel to flow cytometry of
GFP expression of infected cultures, at least once. Infectious units per ml (in-
fluenza virus staining) or GFP-positive (GFP�) cells per ml were calculated by
multiplying the proportion of Alexa 594 (influenza virus)- or GFP-positive cells
by the total number of cells in the well, resulting in the total number of infected
cells. This value was divided by the dilution factor and the volume of inoculum
in ml, which is the number of GFP� cells per ml (recombinant GFP viruses) or
infectious units per ml (IU/ml; influenza virus).

Antibodies. Antiadenovirus monoclonal antibody (MAb) 8052 from Chemicon
International (clone 20/11; Millipore, Billerica, MA) detects the hexon protein of
most adenoviruses. Anti-VP1 of CVB3 was purchased from Novocastra (antien-
terovirus VP1 clone D5/8; Newcastle, United Kingdom); goat anti-influenza
H1N1 virus catalog no. 18-783-77828-1 was purchased from GenWay Biotech
(San Diego, CA); anti-RSV3 mouse monoclonal glycoprotein F, protein P, and
protein N antibodies were purchased from Novocastra. Goat anti-RSV (all
antigens) polyclonal antibody was purchased from Biodesign International
(Saco, ME; catalog no. B65860G). Parainfluenza virus type 3 was detected by
Western blotting using goat anti-parainfluenza virus 2 and 3 polyclonal sera from
Biodesign International (catalog no. B65130). Anti-Toll-like receptor 4 goat

polyclonal IgG and monoclonal humanized IgA antibodies were purchased from
AbCam (ab53629) and Invivogen (catalog no. maba2-htlr4), respectively. The
RSV nucleoprotein (N) was detected using a mouse monoclonal antibody
(ab10016) that detects only mature virion N protein.

Determination of infectivity via flow cytometry. Influenza virus infection was
measured by antibody staining followed by flow cytometry. Briefly, cells were
detached and fixed in 5 mM EDTA and 3% formalin, respectively. Cells under-
went centrifugation (500 � g, 5 min) and were reconstituted in phosphate-
buffered saline (PBS), 0.3% Triton X-100, and 1% bovine serum albumin (BSA)
for 10 min at room temperature (RT). Goat anti-influenza was added at a 1/100
dilution for 30 min at RT in 0.3% Triton X-100, 1% BSA, and PBS. Cells were
washed by 3 consecutive centrifugation (500 � g, 3 min) and PBS washing steps
with 5 min between each wash. Secondary Alexa 594 donkey anti-goat antibody
was added at a 1/200 dilution in 0.3% Triton X-100 in PBS for 30 min at RT.
Cells were washed 3 times and enumerated with a Beckman Coulter Epics
XL-MCS flow cytometer.

Determination of viral genome copy number in cell-free virus via quantitative
reverse transcription-PCR (RT-PCR). Virus RNA or adenovirus DNA was ex-
tracted from cell-free virus aliquots using the viral RNA minikit or DNA blood
and tissue minikit, respectively (Qiagen, Mississauga, ON, Canada). Sequences
for the primers and probes for each respiratory virus were chosen using Primer
Express software (Applied Biosystems, Foster City, CA) following recommended
criteria. Synthetic standards were produced for each virus to allow absolute
quantification of cDNA from the virus aliquots. The standards were comprised of
pGEM4Z (Promega, Madison, WI) incorporating the target amplicon of each
virus. A restriction site integrated within the amplicon allowed for the detection
of any cross-contamination between the virus aliquot specimen and the synthetic
one. Briefly, RNA with priming sites and amplification attributes identical to
those of the real viral target was created from the synthetic standard. Twenty
micrograms of plasmid DNA was linearized using 40 U of XbaI for 2 h at 37°C
and then heated at 65°C for 15 min to inactivate the XbaI. Two micrograms of
digested plasmid was in vitro transcribed using a MEGAshortscript kit (Ambion,
Austin, TX). Transcription buffer, deoxynucleoside triphosphates (dNTPs), plas-
mid, and enzyme mix were combined to a final volume of 20 �l and incubated for
2 h. RNase-free DNase I was added to the reaction mixture and allowed to
incubate at 37°C for an additional 15 min to remove template DNA. To recover
the transcript, RNA was purified by ammonium acetate precipitation. The RNA
pellet was then resuspended in 100 �l of RNase- and DNase-free water. The
cDNA produced from the in vitro-transcribed transcripts was serially diluted
from 108 to 101 copy numbers, aliquoted, and stored along with the specimen
cDNA at �80°C until use. Quantitative PCR assays were performed on an ABI
7900HT (Applied Biosystems, Foster City, CA) machine in triplicate.

Kinase inhibitor screen of GFP-virus-infected cells. HeLa, 1HAEo-, or A549
cells were seeded at confluence in 96-well optical-bottom plates. Kinase inhibi-
tors were added 30 min prior to infection, and AdV-GFP, RSV-GFP, and
hPIV3-GFP infection mixtures at multiplicities of infection (MOI) of 1 and 10
were fixed in methanol-acetone (3:1, vol/vol) 24 h postinfection. CVB3 infection
mixtures were harvested 8 to 10 h postinfection. GFP fluorescence was detected
and quantified by a Tecan GENios fluorescence plate reader (excitation [Ex],
485/emission [Em], 535; gain, 60; MTX Lab Systems). Infections were then
treated with Hoechst 33342 (1/10,000 for 10 min) to stain nuclei, and fluores-
cence was detected (Ex, 360/Em, 465; gain, 60) as a cell input control.

The activity of kinase inhibitors upon influenza virus infection was detected by
antibody staining of influenza virus protein at 16 h postinfection and enumera-
tion by flow cytometry. Kinase inhibitors were added 30 min prior to infection,
and influenza virus-infected cells were detached with 5 mM EDTA and fixed with
3.7% formalin-PBS for 10 min. Cells were stained using polyclonal anti-influenza
virus sera as outlined above.

Determination of cell viability by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyme-
thoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolim assay. Cell viability was deter-
mined with the Promega MTS assay kit (Madison, WI), per the manufacturer’s
instructions.

Determination of MAPK phosphorylation by phospho-ELISA and Western
blot assay. Cells were seeded into 12- or 24-well trays and infected with virus or
cell-conditioned medium in 10% FBS-DMEM. Cell lysates were harvested using
protein lysis buffer (10 mM HEPES [pH 7.4], 50 mM Na4P2O7, 50 mM NaF, 50
mM NaCl, 5 mM EDTA, 5 mM EGTA, 1 mM Na3VO4, 0.5% Triton X-100, 10
�g/ml leupeptin, and 1 mM phenylmethylsulfonyl fluoride). Ten micrograms of
sample was loaded per well of each enzyme-linked immunosorbent assay
(ELISA) mixture. ERK, JNK, ATF2, and p38 MAPK phosphorylation was de-
termined using ELISA kits purchased from Biosource (Invitrogen, Carlsbad,
CA). Samples were assayed per the manufacturer’s instructions. To better visu-
alize increases in MAPK phosphorylation in Fig. 1a to d, the basal levels of
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MAPK activation (conditioned medium) were subtracted from the values ob-
tained from the virus-infected cells at each time point.

Western blot assay. Alternatively, lysates were subjected to Western blotting,
whereby cells were harvested in protein lysis buffer, as described above. Post-
nuclear supernatant was harvested by centrifugation at 14,000 � g for 10 min at
4°C, boiled and resolved on a 12% polyacrylamide gel at 120 V for 1 h, and
transferred to a nitrocellulose membrane. Lysates were probed for RSV, CVB3,
p42/p44 total ERK MAPK, MyD88, and total and phospho-p38 MAPK.

Neutralization of Toll-like receptor 4 signaling with a neutralizing antibody.
1HAEo- and HeLa cells were treated with a dilution series of rabbit IgG control
(ab46540) and rabbit polyclonal anti-human TLR4 antibody from AbCam
(ab13556; Cambridge, MA), in serum-free DMEM. Cells were infected with a
dilution series of RSV-A2 and influenza virus H1N1/Weiss/43 with 1 h of pre-
incubation with anti-TLR4 or control antibodies. Infected cells were enumerated
by flow cytometry the following day, and lysates were harvested for Western
blotting in parallel to monitor successful inhibition of phospho-p38 MAPK or
phospho-ATF-2 (see “Western blot assay” above). Influenza virus-infected cells
were enumerated by flow cytometry after antibody staining (described under
“Determination of infectivity via flow cytometry”).

Detection of virus particles and host cell proteins using immunofluorescence
confocal microscopy. Immunofluorescence of virus during cell entry has been
described previously (30). Virus (MOI, 3 to 5) was added to cells on ice for 1 h,
cells were washed once with PBS, and infection proceeded in a 37°C incubator
until the indicated time points. Cells were fixed by addition of room temperature
3:1 (vol/vol) methanol-acetone for 2 min and blocked with 1% BSA-PBS or
blocked and permeabilized with 0.3% Triton X-100, 1% BSA, and PBS (PERM
buffer) for 10 min at room temperature. Primary antibodies were added at a
1/100 dilution at 4°C overnight in PERM buffer. Rabbit anti-phospho-ATF2
(catalog no. 9221; Cell Signaling technologies, Danvers, MA) and goat anti-
TLR4 (ab53629; AbCam, Cambridge, MA) were stained with goat anti-rabbit or
donkey anti-goat secondary antibodies conjugated to Alexa 488 or 594, at a
dilution of 1/400 in PERM buffer. The goat anti-rabbit secondary antibody was
added after the donkey anti-goat antibody, with an additional wash step, to
prevent secondary antibody cross-reactivity, in the experiments that required
mouse (RSV3 MAbs), goat (TLR4), and rabbit (phospho-ATF2) antibody de-
tection. Virus was stained with monoclonal anti-RSV (RSV3; a mix of 3 mono-
clonal RSV antibodies: glycoprotein F, protein P, and protein N [Novocastra])
and Alexa 405 or 488 secondary antibodies purchased from Invitrogen. Each step
was followed with 3 washes in PBS of 5 min each. Nuclei were stained with DAPI
(4�,6-diamidino-2-phenylindole) contained within the mounting medium,
Vectashield (Vector Laboratories, Burlingame, CA). The non-PERM staining
control assays were conducted as described above but in the absence of 0.3%
Triton X-100.

Image acquisition, 3-dimensional modeling, and rendering. Immunofluores-
cence confocal microscopy was conducted using an AOBS Leica confocal TCS
SP2 microscope (63�/numerical aperture [NA], 1.2) (Heidelberg, Germany).
Lambda scans were performed throughout the experiments to confirm the spec-
ificity of Alexa Fluor dyes. Sequential scans prevented the detection of artifactual
colocalization. The AOBS SP2 system allows for user-defined photo multiplier
tube (PMT) filters of custom bandwidth, for specific and custom detection of
each fluorophore by a separate PMT detector. Our purpose for this system was
the exclusion of bleed-through of signal into the emission profile of fluorophores
with longer wavelengths from fluorophores with emission at shorter wavelengths.
Image stacks (100 to 150 � 512 � 512 pixels; 6-frame average) were collated
using Improvision Volocity v5 software (Coventry, United Kingdom), with minor
brightness and contrast adjustment (not greater than 20% of original values).
Minor background noise filtering was conducted for all fluorescence confocal
images using the fine noise filter in Volocity. Virus particles were counted
automatically in a defined region of interest (ROI) at t � 0 min for RSV and
influenza virus using the measurement function, detected by intensity greater
than 30% and larger than 0.05 �m. The ROI was drawn around each DAPI-
stained nucleus with an extra 1-�m buffer to isolate each individual cell for
determination of the number of virus particles per cell.

Pearson’s correlation. Pearson’s correlation of image stacks was conducted to
correlate overlap of image voxels (pixels in 3 dimensions) from 2 different
channels using Volocity software (as described previously [29]). A value of �1
indicates complete voxel-to-voxel overlap of the voxels from 2 channels, through-
out the image Z-stack. A value of 0 indicates random correlation of voxels from
2 different channels, and �1 indicates complete disparity of voxels from the 2
channels that have been compared.

Statistical methods. Statistical significance between two experimental groups
was determined using Student’s t test. Comparisons involving more than two
experimental groups were conducted using analysis of variance (ANOVA) with

Tukey’s family comparison to determine statistical significance between the com-
parisons. A P value of 	0.05 was considered to be significant.

RESULTS

Suppression of p38 MAPK activation with SB203580 inhib-
ited infection by every virus in a screen of kinase inhibitors
using 1HAEo- bronchial epithelial cells. Human airway epi-
thelial cells (1HAEo-) were treated with pharmacological in-
hibitors to major host cell kinases for 30 min prior to infection,
as we have previously described: JNK (SP600125) (42), ERK
(U0126) (26, 30), and p38 (SB203580) (42) MAPKs; Src kinase
(PP2) (47); PI3K (LY294002) (37); NF-�B (BAY11-7085) (8);
Akt (API-2) (9, 10); and GSK3� (SB216763) (47). Plates were
fixed, and GFP fluorescence produced by GFP-virus replica-
tion was detected by a fluorescence plate reader. Readouts
were normalized to the no-treatment (dimethyl sulfoxide
[DMSO]) control and by using Hoechst 33342 nuclear stain
fluorescence. Figure 1 shows the magnitude of GFP fluores-
cence produced 8 to 10 h after infection with CVB3 (30) (Fig.
1a) and 24 h after infection with hPIV3-GFP (Fig. 1b), RSV-
GFP (Fig. 1c), and AdV-GFP (Fig. 1d). Figure 1e shows the
infectivity of H1N1 influenza virus in the presence of kinase
inhibitors. These viruses represent four respiratory virus fam-
ilies (AdV; Adenoviridae, RSV/hPIV3; Paramyxoviridae,
CVB3; Picornaviridae [respiratory transmission reviewed in
reference 39], influenza A H1N1 virus; Orthomyxoviridae) and
two subfamilies (RSV, subfamily Pneumovirinae, genus Pneu-
movirus; hPIV3, subfamily Paramyxovirinae, genus Respirovi-
rus) within the Paramyxoviridae family.

The pharmacologic agents that inhibited replication of all
viruses tested targeted p38 (SB203580) and ERK (U0126)
MAPKs. There were 2.8-fold (P � 0.04), 3.6-fold (P � 0.005),
3.2-fold (P � 0.002), 1.7-fold (P � 0.04) and 9.4-fold (P � 0.01)
decreases in fluorescence intensity of CVB3-GFP, hPIV3-
GFP, RSV-GFP, AdV-GFP, and influenza H1N1 virus infec-
tions associated with SB203580 treatment compared to un-
treated controls, respectively (Fig. 1a to e). A549 (alveolar
[type 1 pneumocyte] epithelial) cells and HeLa (cervical car-
cinoma) cells were also tested by this method with similar
results: suppression of p38 using SB203580 consistently inhib-
ited infection by all viruses tested (data not shown).

Cell viability curve of SB203580 compared to cisplatin after
24 h of treatment. Prior to further investigating a potential
antiviral role for p38 inhibition, we tested the toxicity of
SB203580 on the viability of 1HAEo- cells. We determined cell
viability at 24 h in the presence of cisplatin or SB203580 as
measured by MTS assay (Fig. 1f). As expected, cisplatin was
cytotoxic in a dose-dependent manner, in which MTS absor-
bance at 500 nm decreased in a concentration-dependent man-
ner. In contrast, SB203580 had little or no effect on MTS-
related cell viability when administered in concentrations as
high as 333 �M, suggesting that SB203580 did not inhibit virus
replication via host cell death.

Virus-activated phosphorylation of p38 and ERK MAPKs is
biphasic. We determined the activation profile of p38 and
ERK MAPKs during virus infection to identify the points in
the virus life cycle that were most susceptible to the p38 inhib-
itor SB203580. We added CVB3, hPIV3, RSV, and a labora-
tory-adapted strain of H1N1 influenza virus, at an RNA ge-
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nome copy number of 10 per cell, to 1HAEo- cells. Adenovirus
was added at a DNA copy number of about 10 per cell. Ge-
nome copy numbers of virus stocks were determined by quan-
titative PCR against an in-house standard curve for each virus
[see Materials and Methods, “Determination of viral genome
copy number in cell-free virus via quantitative reverse tran-
scription-PCR (RT-PCR)”] as a means of standardizing the
virus particle input. A time course assay was conducted, and
the phosphorylation states of ERK and p38 were determined
by phospho-ELISA (Fig. 2a), as well as JNK (data not shown
and reference 42). All viruses activated p38 MAPK 10 min
postinfection, except for CVB3, which, in addition to cell-
conditioned medium, was used as an internal control for p38
activation given that this virus activated p38 weakly or not at all
during entry, 10 min postinfection (42). Human PIV3 (P �
0.001), RSV (P � 7.9 � 10�5), AdV (P � 0.01), and influenza
virus (P � 0.03) activated p38 MAPK 10 min postinfection. At
this time point influenza virus activated p38 to the highest level
(3.1 � 102 U/ml) and AdV activated p38 to the lowest level
(1.6 � 101 U/ml). In addition, influenza virus activated p38
MAPK to a 9.7-fold-higher level than did RSV (3.2 � 101

U/ml) at 10 min (Fig. 2a). As reported previously, CVB3 ac-
tivated ERK 1 h postinfection and again at 8 h postinfection
(27). Phosphorylation of ERK and p38 corresponded with the
onset of virus protein production 8 h postinfection as deter-
mined by the detection of capsid protein VP1 (data not
shown). Human PIV3 (P � 0.03), RSV (P � 7.0 � 10�4), and
AdV (P � 0.05) activated p38 at 8 h postinfection. The activation
of p38 and ERK MAPKs at 8 h postinfection was associated with
the onset of virus protein production at approximately this time
point, except for RSV, for which protein synthesis was not appar-
ent until 16 h postinfection (data not shown).

We wanted to determine the point in the virus life cycle (Fig.
2b) at which p38 MAPK phosphorylation was a requirement of
virus replication. Figure 2c shows how p38 inhibitor SB203580
inhibited RSV protein production at 8 h postinfection when
added at 0.16 h (10 min) postinoculation, compared to the
no-treatment control and the addition of SB203580 at 4 h
postinoculation (i.e., after virus had successfully entered target
cells). In contrast, CVB3 showed decreased VP1 production
when SB203580 was added at both early (0.16 h) and later (4
h) time points postinfection. This difference is reflected in the
different p38 MAPK activation profiles of RSV and CVB3
(Fig. 2a).

Early activation of p38 MAPK during virus entry is depen-
dent upon MyD88. Influenza virus, hPIV3, RSV, and AdV

produced identical profiles of p38 MAPK activation in
1HAEo- cells at 10 min postinfection (Fig. 2a). Therefore, we
postulated that PRRs such as the Toll-like receptors (TLRs)
may recognize high-mannose residues expressed on the surface
of viruses (17, 21) or the virus surface glycoproteins that me-
diate virus entry into the host cell (15, 23, 38). As viruses
interact with the surface of the cell, before or during entry
receptor ligation, we reasoned that viruses might interact with
PRRs expressed at the cell surface and initiate signaling and a
response that affects virus uptake into the cell.

We isolated pulmonary fibroblasts from myeloid differenti-
ation factor 88 (MyD88) KO mice. Myeloid differentiation
factor 88 is a signaling adaptor that is required for the signal
propagation of many of the Toll-like receptors (TLRs) (35).
Therefore, determining the ERK and p38 MAPK activation
profiles in MyD88 KO cells may implicate or rule out TLR
involvement in MAPK activation 10 min post-virus infection.
So we determined the expression of ERK MAPK, p38 MAPK,
and MyD88 in MyD88 KO cells (Fig. 3a) compared to their
expression in WT cells. As expected, there were equivalent
amounts of ERK and p38 in WT and MyD88 KO cells, and
MyD88 was absent from the KO cells.

We wanted to determine the ERK and p38 MAPK activa-
tion profiles in the WT and MyD88 KO cells during an 8-h
infection time course. We postulated that activation of p38 and
ERK may occur through a TLR pathway given the very early
activation of p38 and ERK, 10 min postinfection (Fig. 2a). As
postulated, we observed a lack of p38 activation in murine
MyD88 KO pulmonary fibroblasts upon virus entry, compared
to the p38 MAPK activation that occurs in WT cells within 1 h
of virus addition (Fig. 3b); however, there was apparent en-
hancement of ERK activation 10 min postinfection. The dif-
ferent activation profiles of p38 and ERK in MyD88 KO cells
during virus entry are an indication of the different mecha-
nisms/pathways of activation of these two MAPKs: in pulmo-
nary fibroblasts p38 is apparently MyD88 dependent and ERK
is MyD88 independent. Furthermore, we noted that p38 acti-
vation occurred in primary WT fibroblasts 10 to 15 min later
than it did in the 1HAEo- cell line, explained by the inherent
differences between primary cells and cell lines and fibroblasts
and epithelial cells.

Figure 3c shows that there was significantly less virus infec-
tion of MyD88 KO cells than of WT cells. Adenovirus vector,
influenza virus, and RSV infections were 14-, 2.3-, and 6.0-fold
lower in MyD88 KO cells than in cells from the WT counter-
parts, respectively.

FIG. 1. The p38 and ERK MAPKs are principal kinases during host cell infection by a broad array of respiratory viruses. (a to d) Human airway
epithelial (1HAEo-) cells were treated with kinase inhibitors for 1 h and infected with CVB3-eGFP (a), hPIV3-eGFP (b), RSV-eGFP (c), and
AdV-eGFP (d), at MOI of 1 and 10, and GFP production as an indicator of virus infectivity was detected on a fluorescence plate reader on the
following day. (e) Human airway epithelial (1HAEo-) cells were treated with kinase inhibitors for 1 h and infected with H1N1 influenza virus.
Infectivity was determined by fluorescent antibody staining and flow cytometry on the following day: cells (1HAEo-) were treated with kinase
inhibitors for 1 h and infected with influenza virus H1N1/Weiss/43 at an MOI of 0.01 to 1. Cells were harvested, fixed, and permeabilized 24 h later
and stained for H1N1 influenza virus antigen with a polyclonal antibody followed by an Alexa 594 anti-goat secondary antibody, and infected cells
were enumerated by flow cytometry. IU/ml, infectious units per ml. (f) Cisplatin but not SB203580 is cytotoxic to cells in a dose-dependent manner.
1HAEo- cells were treated with cisplatin and SB203580 and control DMSO in a dose titration (3 nM to 333 �M). Cell viability was measured by
MTS assay at 24 h post-drug addition. The substrate MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a yellow tetrazole] is
reduced to MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] by mitochondrial reductase in living
cells. Loss of cell viability due to the treatment of cells with cisplatin is indicated by reduced absorbance at 33 and 333 �M, but there was no loss
of cell viability with increasing doses of SB203580.
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Anisomycin is an antibiotic that activates p38 and JNK
MAPKs (5, 18, 34). We wanted to determine whether p38
MAPK was a determinant of infection and tropism in target
host cells. JNK was excluded since its inhibitor SP600125 did
not affect viral replication (Fig. 1a to e), and the activation of

JNK was particularly weak compared to the activation profiles
of p38 and ERK MAPKs (data not shown). Therefore, we
determined whether supplementary ectopic p38 activation
could rescue virus infection in MyD88 KO cells, given that p38
was the MAPK not activated in these cells. We observed the

FIG. 2. The p38 and ERK MAPKs are activated at virus-host cell entry and late time points postinfection. (a) Cells (1HAEo-) were infected
with viruses using 10 genome equivalents per cell as determined by qPCR of virus stocks (Materials and Methods), and cell lysates were harvested
using cell lysis buffer at indicated time points. Phospho-ERK (bar graph) and total ERK (line chart) (left panels) and p38 MAPK activation (right
panels) were detected using phospho-ELISA and total kinase ELISA kits. (b) Timeline of virus inoculation and SB203580 (SB) treatment for the
pulse-chase experiment shown in panel c. (c) Cells were inoculated with virus and treated with SB as in panel b, and cell lysates were collected
using cell lysis buffer. The Western blot shows that SB treatment (p38 MAPK inhibition) inhibited RSV protein production when added at 10 min
post-virus inoculation but that SB inhibited CVB3 when it was added at both early (0.16 h [10 min]) and later (4 h) time points. Results are
representative of at least 3 independent experiments.
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strongest profile of p38 activation at the 10-min entry time
point, and so 10 �M anisomycin was added to culture with
virus inoculum and washed out of culture after 1 h of virus
incubation with the cells. We determined the effect of aniso-
mycin treatment on p38 MAPK activation in RSV-infected
WT and MyD88 KO fibroblasts after 30 min of anisomycin/
RSV treatment, using p38 phospho-ELISA (Fig. 3d). Wild-
type cells show activation of p38 within the first 30 min of
infection that is 3.0-fold lower in KO cells (94 
 26 U/ml in
WT cells versus 31 
 14 U/ml in KO cells). However, aniso-
mycin treatment recovered virus-induced p38 activation in

MyD88 KO cells (84 
 16 U/ml), showing that p38 activation
can be restored in KO cells by anisomycin treatment.

ATF2 phosphorylation is recovered in MyD88 KO cells us-
ing anisomycin. We measured ATF2 phosphorylation as a
downstream marker of p38 MAPK activation (29).

We treated WT and MyD88 KO primary fibroblast cells with
10 �M anisomycin during inoculation with H1N1 influenza
virus and RSV-A2, and infection was measured the following
day (Materials and Methods). We wanted to determine
whether rescue of p38 MAPK signaling in MyD88 KO cells
could recover influenza virus and RSV-A2 infection in these

FIG. 3. Virus infection of MyD88 KO cells activates ERK but not p38 MAPK, resulting in less viral replication. (a) MyD88 KO cells express
equivalent amounts of ERK and p38 MAPKs. Cell lysates were harvested, and p38 and ERK MAPKs and MyD88 were detected by Western
blotting. (b) Equivalent numbers of MyD88 KO and WT C57 pulmonary fibroblasts were infected with 10 DNA genome copies/cell AdV and 10
RNA genome copies of influenza virus and RSV and harvested using cell lysis buffer at the indicated time points. Units/ml of phosphorylated p38
and ERK were determined by phospho-ELISA. Results are representative of 2 independent experiments. (c) Cells were infected as in panel b, but
cells were harvested on the following day, fixed, and permeabilized, and the infectious units per ml (IU/ml) were determined 12 to 16 h later by
flow cytometry for AdV-GFP and RSV-GFP by detection of peak fluorescence at 520 nm. Influenza virus titer was determined as in Fig. 1e by
antibody staining and Alexa 594 fluorescence detection. Results show that MyD88 KO cells are less infectable with virus than are WT cells. Results
are representative of 3 independent experiments. (d) ATF2 can be activated in MyD88 KO cells during virus entry in the presence of anisomycin.
Wild-type and MyD88 KO cells were infected with RSV at an MOI of 1 with or without 10 �M anisomycin, and the level of phospho-p38 was
detected by phospho-ELISA of cell lysates at 25 min postinfection. Error bars denote the standard deviation. CON, control; An, anisomycin. (e)
Anisomycin treatment during virus entry recovers virus infection of MyD88 KO cells to WT levels. Cells were infected with RSV and influenza
virus using MOI of 0.01 to 0.1 or infected and treated simultaneously with 10 �M anisomycin during virus entry and washed with fresh medium
after 1 h, and infection was quantified by flow cytometry 12 to 16 h later. RSV infection was measured by detection of GFP fluorescence at 520
nm, and influenza virus infection was detected by primary and secondary Alexa 594 antibody staining followed by measurement of infectivity by
flow cytometry, as in Fig. 1e. Results are representative of 3 independent experiments.
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cells to WT levels. Influenza virus and RSV were chosen since
they are enveloped viruses and activated p38 MAPK to the
highest levels among the viruses studied (Fig. 2a). Influenza
virus and RSV infections were recovered in the anisomycin-
treated MyD88 KO cells to WT levels (Fig. 3e). Taken to-
gether, the results in Fig. 3 emphasize the importance of p38
MAPK activation via MyD88, in preference to ERK MAPK
activation, to trigger virus entry and replication.

Imaging the signaling and entry of RSV and influenza virus
in 1HAEo- airway bronchial epithelial cells. We imaged RSV
and influenza virus during the entry phase of the virus life cycle
to determine the effect of SB203580 on these 2 viruses during
entry. We were also curious as to any potential differences
between entry phases since p38 MAPK was activated to 10-
fold-greater levels during influenza virus entry (310 
 84 U/ml)
than were seen at 10 min post-RSV infection (31 
 34 U/ml
[Fig. 2a]).

Activation of p38 MAPK signaling occurs at the site of
virus-host cell contact. We wanted to determine the origin in
the cell where virus activated p38 MAPK during entry, by
visualizing the phosphorylation of p38 immediate downstream
targets. Cells were treated with SB203580 or control (DMSO),
and a time course of virus entry and phospho-ATF2 signaling
was followed. Figure 4a shows a 40-min time course of RSV
entry. We observed that phospho-ATF2, a downstream target
of activated p38 MAPK, was phosphorylated above virus par-
ticles (10 min postinfection, YZ and XZ sections) or adjacent
to the site of virus-cell interaction (10 min postinfection, XY
section, and 25 min postinfection). At 40 min postwarming,
under control conditions in Fig. 4b, we noted that RSV parti-
cles were located apically and in close perinuclear apposition.
However, treatment with p38 MAPK inhibitor SB203580 re-
sulted in virus particles located at the basal periphery of the
target cells. Successful RSV replication is therefore associated
with localization to apical perinuclear regions in the cell within
40 min of entry trafficking.

Activation of p38 MAPK was associated with virus traffick-
ing to perinuclear regions and emergence of the RSV nucleo-
protein during entry into the host cell. The close nuclear as-
sociation of RSV virions after entry permitted quantitative
analysis of internalized particle proximity to the nucleus (Fig.
4c) and correlation with successful virus entry. We used Pear-
son’s correlation to determine the proximity of RSV to the
nucleus during permeabilization control assays. The Pearson
correlation ranges from �1 to �1, whereby a correlation of �1
indicates complete overlap of voxels (a pixel in 3 dimensions)
from 2 different channels and a correlation of �1 indicates
complete voxel disparity between the 2 channels being com-
pared. Although RSV replicates solely in the cytosol, the close
association of green RSV particles with DAPI signal (which
stains both DNA and RNA) 40 min postentry afforded bleed-
through colocalization during close proximity of RSV to the
nucleus (Fig. 4c), reflected by a Pearson correlation that was
greater than 0. The disparity of virus staining with DAPI at
time zero, or when virus entry was inhibited by SB203580 (Fig.
4d), resulted in a Pearson correlation that was negative (green
virus voxels and blue DAPI voxels do not overlap). The non-
permeabilization control assay permitted staining of only ex-
tracellular virions; virus that trafficked to intracellular perinu-
clear regions was not stained, as reflected in the negative

Pearson correlation of the “No PERM” control at 40 min
postwarming in Fig. 4c.

We hypothesized that if p38 MAPK is activated upon con-
tact with a virion, entry may be facilitated by the subsequent
cellular activation and endocytosis that result from p38 MAPK
activation. p38 MAPK can phosphorylate the Rab5 effectors
EEA1 and Rabenosyn-5 on Thr-1392 and Ser-215, respectively
(28), enhancing endocytic internalization. Therefore, this in-
ternalization enhancement activity of p38 MAPK may be uti-
lized by viruses to increase virus entry efficiency.

Treatment of cells with p38 inhibitor SB203580 resulted in
inhibition of ATF2 phosphorylation (Fig. 4b), as expected.
Virus remained at the leading edge of the SB203580-treated
cells at 40 min postinfection, in contrast to cells treated with
DMSO vehicle; virus trafficked to more apical perinuclear re-
gions in DMSO-treated cells, with virus moving entirely away
from the basal surface. As in Fig. 4c, we quantified the local-
ization of RSV particles to the perinuclear RNA staining by
DAPI. Figure 4d shows a negative Pearson correlation at 40
min with SB203580 treatment (Pearson’s correlation � �0.11
[P 		 0.001]), whereas the Pearson correlation in the DMSO
control is positive at this time point (Pearson’s correlation �
0.03 [P � 0.003]).

The RSV nucleoprotein can be imaged 40 min postentry but
not during p38 MAPK inhibition. To support the observations
that RSV entry is dependent upon p38 MAP kinase activation,
we stained cells under control and SB203580 treatment condi-
tions using an anti-RSV-N antibody (Fig. 4e). The RSV-N
protein (nucleocapsid) binds genomic and antigenomic viral
RNAs to form an RNase-resistant nucleocapsid, packaged
within virus virions. The RSV-N protein can be imaged 40 min
postentry but not at 0 min postentry, suggesting that N protein
imaging may be a measure of successful virion disassembly.
Finally, SB203580 treatment resulted in a loss of RSV-N de-
tection 40 min postentry, similar to the images at 0 min posten-
try (Fig. 4e), suggesting that SB203580 treatment inhibited
release of RSV virion contents.

p38 MAPK inhibition by SB203580 slows influenza H1N1
virus traffic to the nucleus during virus entry. We also imaged
the entry phase of influenza virus replication using H1N1/
Weiss/43, in the presence and absence of p38 inhibitor
SB203580. Influenza virus was detected using polyclonal goat
anti-H1N1 influenza virus sera (see “Antibodies” in Materials
and Methods). Influenza virus is one of the few RNA viruses
that replicates in the nucleus, and it is dependent upon acidi-
fied late endosomes for fusion and delivery of virion contents
within the target host cell, so that it utilizes different entry
pathways than does RSV, which fuses at the cell surface and
replicates in the cytosol. We costained influenza virus with
early endosome antigen 1 (EEA1) since p38 MAPK has been
shown to phosphorylate this protein and enhance endocytosis.
We surmised that in the absence of p38 MAPK activation, in
the presence of SB203580, influenza virus particles may be
inhibited within EEA1-positive endosomes.

Figure 5a shows influenza virus particles sitting upon the
surface of 1HAEo- bronchial epithelial cells prior to being
warmed to 37°C. After 5 min of warming to 37°C, influenza
virus ribonucleoproteins (rNPs) can be imaged within the nu-
cleus of the control cells (Fig. 5b). There is apparently less

11366 MARCHANT ET AL. J. VIROL.



influenza virus protein in the nucleus of the SB203580-treated
cells.

At 20 min after warming of SB203580-treated cells, we ob-
served influenza virus particles within EEA1-positive endo-
somes, whereas all influenza virus protein appeared to have
attained the nucleus of the control cells (Fig. 5c). Our results
reflect those reported previously that p38 MAPK can enhance
endocytosis internalization via EEA1 and Rabenosyn-5 (28),
where we observed slowed trafficking of influenza virus to the
nucleus upon inhibition of p38 MAPK activation. To quanti-
tate the entry of influenza virus into the nucleus, we performed
Pearson’s colocalization analysis of nuclei stained with DAPI
(blue voxels) and the green Alexa 488-stained influenza virus
virions (green voxels), at the 0-, 5-, and 20-min time points of
influenza virus entry into 1HAEo- cells. The values shown in
Fig. 5d for the 20-min time point are greater than those of the
Pearson correlation of RSV entry (Fig. 5e) since influenza
virus, unlike RSV, enters and replicates within the nucleus. We
noted that there was significantly less influenza virus detected
within the nucleus at 5 and 20 min postinfection when p38
activation was inhibited with SB203580 (Fig. 5d), compared to
the DMSO-treated control cells. Comparison of influenza virus
and RSV entry was aided in part by the automatic counting of

FIG. 4. Viruses cause activation of ATF2 via p38 MAPK from the
site of virus-host cell contact, during entry. (a) RSV-A2 was added to
1HAEo- cells on ice for 1 h at an MOI of 1, transferred to a 37°C
incubator, fixed, and stained for RSV and phospho-ATF2 at the indi-
cated time points after being warmed to 37°C. RSV is stained green,
activated phospho-ATF2 (signaling product of activated p38 MAPK) is
red, and nuclei are blue. The location of the presented XY slice is
indicated with a gray line and a black arrow in the XZ pane. The
10-min image shows a burst of red (phospho-ATF2 [arrow]) above an
internalized virus particle. The peak of phospho-ATF2 was most often
seen at 25 min postinfection with a loss of signal at 40 min postinfec-
tion with residual signal remaining. Perinuclear localization of RSV
was always observed by 40 min postinfection (arrowheads). (b) Acti-
vation of p38 MAPK was associated with apical perinuclear localiza-
tion of virus after 40 min of entry with little or no basal localization of
virion (arrowheads). Residual phospho-ATF2 activation is shown in
red, RSV is shown in green, and nuclei were imaged blue with DAPI.
Inhibitor (SB203580) suppression of p38 MAPK was associated with
basal localization of virus at the leading edge of the cell/tissue culture
margin (arrows), also illustrated by transmitted light detection (TLD)
overlay. Note the less apparent red phospho-ATF2 staining (red; in-
dicator of p38 MAPK activation) in the SB203580-treated cells in the
right panels. The location of the presented XY slice is indicated with
a gray line and a black arrow in the XZ aspect. (c) Pearson’s correla-
tion of image stacks (not shown) permeabilized (PERM) or not with
0.3% Triton X-100 during staining. ‡, P 	 0.001. Permeabilization of
cells during staining permits imaging of internalized virus particles/
constituents. The Pearson correlation is positive 40 min after entry due
to DAPI-RSV protein colocalization, which was lost if cells were not
Triton X-100 permeabilized during staining. (d) Pearson’s correlation
of image stacks in panel a and accompanying SB203580 (SB)-treated
controls (not shown) of green (Alexa 488) RSV particles to blue
DAPI-stained nuclei. The graph shows a negative Pearson correlation
at 40 min postwarming due to SB203580 inhibition of p38 MAPK,
indicating that there was no RSV trafficking to perinuclear regions. †,
P 	 0.005; ‡, P 	 0.001. CON, control. (e) RSV nucleoprotein
(N) could be imaged during control conditions 40 min postentry, but it
was lost with SB203580 treatment. Cells were infected, fixed, and
stained as in panel a and stained for RSV-N using a monoclonal
antibody (Materials and Methods). Bars, 6.2 �m. Results are repre-
sentative of 4 independent experiments.
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virus particles by Volocity software (Materials and Methods),
which confirmed equivalent virus particle inputs (Fig. 5f).

Virus infection and subsequent TLR signaling can be neu-
tralized with anti-TLR antibodies. Given the previous reports
that the innate antiviral response may be activated by TLR4
binding to virus glycoproteins (15, 17, 21, 23, 38), we per-
formed neutralization experiments with anti-TLR4 antibodies,
followed by influenza virus and RSV inoculation. Since MyD88

is the adaptor molecule for several different TLRs (35), we
wanted to test the possibility that p38-associated signaling
could indeed be inhibited by blocking virus interaction with
one of the TLRs. These experiments would assist us in deter-
mining whether a pathway(s) of MyD88-dependent pattern
recognition may be responsible for rapid p38 MAPK activation
during virus entry. We chose antibody neutralization since this
technique is commonly used to block virus interactions with

FIG. 5. Inhibition of p38 MAPK results in retention of influenza virus particles within early endosome antigen-positive endosomes. Images
show confocal microscopy of influenza virus entry into upper airway 1HAEo- epithelial cells stained using an anti-H1N1 influenza virus goat
polyclonal antibody. (a) Equivalent amounts of influenza virus (MOI, 3) were added to 1HAEo- cells treated with control (CON) DMSO and
SB203580 (SB), on ice (0 min). The arrow indicates the XY image of a bisected nucleus, showing an absence of influenza virus localization to the
nucleus at 0 min. Bars, 21 �m. (b) At 5 min postwarming most virus is visualized in the nucleus, whereas there is apparently less nuclear staining
in the nucleus during treatment with SB203580. Bars, 10 �m. (c) At 20 min postwarming virus retention in EEA1-stained regions was most evident
(arrows). (d) Pearson’s correlation shows a significant loss of influenza virus localization to the nucleus during entry in the SB203580-treated cells
compared to DMSO treatment control conditions (*, P 	 0.05; †, P 	 0.005). (e) Pearson’s correlation of RSV during entry demonstrates the
greater rate at which influenza virus attains the nucleus in panel d than at which RSV attains perinuclear regions by 40 min postwarming (†, P 	
0.005). (f) Comparison of the number of influenza virus and RSV particles on cells, on ice, at 0 min postwarming, indicating that equivalent virus
particle numbers were delivered to cells in entry comparison experiments. Results are representative of 4 independent experiments.
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receptors and to elucidate the physiology of virus-receptor
interactions. Therefore, we postulated that if a TLR-virus in-
teraction is genuine, then it (and all downstream effects)
should, in principle, be neutralized with an anti-TLR4 receptor
antibody. Figure 6a shows inhibition of p38 MAPK, but not
ERK, signaling by treatment with an anti-TLR4 antibody at a
concentration of 0.1 �g/ml. Figures 6b and c show that RSV

and influenza virus infections were reduced similarly, 68% and
68.5%, respectively, by treatment with an anti-TLR4 antibody,
compared to control antibody. Anti-TLR4 antibody added at
higher concentrations caused enhanced p38 MAPK activation
and corresponding increases in infection (data not shown). If
TLR4 acted as an entry and fusion receptor for these viruses,
we would have expected these higher concentrations of anti-
body to block infection in a dose-dependent manner (11, 13),
rather than enhance infection as was observed.

p38 MAPK signaling is associated with clustering of TLR4
at the site of virus-cell attachment. Fluorescence confocal im-
aging of RSV, TLR4, and phospho-ATF2 demonstrated clus-
tering of TLR4 at the site of RSV binding to the host cell, 10
min postinfection, whereas there was no TLR4 clustering or
phospho-ATF2 signal observed in cells that were not bound by
virus (Fig. 7a).

Overlapping confocal fluorescent signals that are attributed
to colocalization/interaction of 2 or more different molecules
can be the result of imaging artifacts due to fluorophore bleed-
ing into the detection channel of the other fluorophore. We
therefore wanted to determine the effect of blocking TLR4-
virus interaction during entry in order to rule out potential
imaging artifacts in the observation of the TLR4-virus cluster-
ing phenomenon. Custom bandwidth PMT filters of the Leica
SP2 microscope were also utilized to eliminate colocalization
artifacts (see Materials and Methods for technical descrip-
tions). Goat polyclonal TLR4 antibody was added before virus
addition and during virus entry. Low-magnification images in
Fig. 7b show qualitative suppression of ATF2 phosphorylation
due to 1 �g/ml of anti-TLR4 polyclonal antibody in a 25-min
snapshot image.

Images in Fig. 7c, “0 min,” show clusters of virus with TLR4
at 4°C (the ability of the receptor to remain mobile within the
plane of the plasma membrane at 0°C has been described
previously for influenza virus [1, 32]), under control conditions
(Fig. 7c, arrows); there was also patching of TLR4 (green)
beneath virus particles (cyan) under anti-TLR4 antibody treat-
ment conditions (Fig. 7c, arrowheads). These results suggest
that there is significant mobility of receptor at 4°C, supported
by the work of others (1, 32). There were equivalent numbers
of virus particles attached to the surface of infected cells under
control and antibody treatment conditions, determined by au-
tomatic spot counting by Volocity software, suggesting that
antibody treatment did not block virus interaction with the
target cells (data not shown). The patching of TLR4 with virus
occurred under antibody treatment conditions (Fig. 7d, inset),
also suggesting that virus-TLR4 interaction was not affected by
antibody treatment.

Treatment with antibody directed against TLR4 resulted in
less coalescence of virus-TLR4 complex early after infection,
as shown at the 0- (Fig. 7c), 10- (Fig. 7d), and 25-min (Fig. 7e)
time points. Volocity software was used to identify virus-recep-
tor complexes using a threshold of detection for virus cyan
staining, and the complexes were then measured (Materials
and Methods). Figure 7f shows the results of automatic Vo-
locity measurements of virus-TLR4 complexes. Clusters of
TLR4-virus complexes were significantly smaller at 0 min un-
der antibody treatment conditions (6.7 � 10�1 
 2.4 � 10�1

�m) than under control conditions (1.2 � 100 
 4.8 � 10�1

�m; P � 0.004). The size of virus-receptor complexes did not

FIG. 6. Activation and phosphorylation of p38 MAPK/virus infec-
tion can be inhibited with anti-TLR4 antibodies. (a) An anti-TLR4
antibody titration was added to 1HAEo- cells for 30 min, RSV was
added at an MOI of 1, cells were harvested with lysis buffer after 20
min of virus treatment, and phospho-p38 MAPK and phospho-ERK
were detected, with total p38 as a loading control. pAb, polyclonal
antibody. (b) Cells were treated as in panel a, but infection proceeded
overnight before detection of RSV-GFP by flow cytometry and influ-
enza virus infection via antibody staining and flow cytometry (Materi-
als and Methods). The infection resulting from RSV-GFP was de-
tected directly by flow cytometry of infected cells whereas influenza
virus infection was detected by antibody staining of influenza virus-
infected cells with a polyclonal anti-influenza virus antibody followed
by staining with an Alexa 594 secondary antibody. (c) The percent
neutralization assay was conducted on the 0.1-�g/ml anti-TLR4 dose
for both RSV and influenza virus calculated from the data in panel b
by dividing infection obtained in the presence of TLR4 antibody by
control infection and multiplying the value by 100%. Results are rep-
resentative of 2 independent experiments. Con, control.

VOL. 84, 2010 TOLL-LIKE RECEPTOR 4-MEDIATED ACTIVATION OF p38 MAPK 11369



11370 MARCHANT ET AL. J. VIROL.



change significantly between control 0- and 10-min postwarm-
ing time points; however, there was a significant decrease in
virus-receptor cluster size in a comparison of the antibody
treatment 0-min (6.7 � 10�1 
 2.4 � 10�1 �m) and 10-min
(4.4 � 10�1 
 8.0 � 10�2 �m) time points (P � 0.006).

The XZ sections of the 10-min time point in the inset of Fig.
7d show an absence of RSV-TLR4 overlap in the TLR4 anti-
body-treated cell images, suggesting that TLR4 clustering at
the site of virus attachment is not the product of image arti-
facts, though patching of TLR4 beneath virus particles contin-
ued to be evident in the presence of TLR4 antibody. Thus,
these data support TLR4 binding and clustering around virus
to activate p38 MAPK during virus entry.

DISCUSSION

We demonstrate that PRR recognition of virus, prior to host
cell entry, is required to activate p38 MAPK via MyD88 to
activate cellular internalization machinery. Our work also em-
phasizes that the virus entry receptor(s) is not the only protein
with which virus interacts at the host cell surface prior to entry.
The sugar residues that make up the virion surface provide an
opportunity for the virus to induce signaling via nonreceptor
host cell proteins, such as TLRs. Therefore, viruses have
evolved mechanisms which they use to harness the activation of
the innate immune system via pattern recognition receptors.
We show that blocking TLR4 with an antibody prior to virus
inoculation inhibited virus-induced p38 MAPK activation but
also infection by both RSV and influenza virus. Influenza virus,
which activated p38 MAPK to significantly greater levels than
RSV, was internalized faster and more completely than RSV,
of which some particles were not internalized. We believe that
enveloped viruses like RSV and influenza virus trigger TLR4
activation upon initial interaction with the surface of the target
host cell to drive virus internalization and entry. TLR4 has
already been shown to recognize the surface glycoproteins
from a diverse range of viruses (15, 23, 38). Furthermore, this
glycosylation may be a necessity of virus entry, required by
enveloped viruses to activate p38 MAPK.

The activation of p38 MAPK by virus interaction with PRRs
is normally investigated in the context of the antiviral immune
response. For instance, MyD88 deficiency in the host organism

results in greater viral loads/viremia (4, 7, 41, 50), due to a lack
of antiviral CD8 T-cell expansion (36). Here we show that
viruses have evolved the ability to activate their entry and
replication in parallel with these responses, in nonimmune
cells. This strategy has been successful such that p38 MAPK
activation has evolved as a critical tropism determinant of virus
replication, rescued in MyD88 KO cells by ectopic activation of
p38. An effective approach of treating viral replication may be,
paradoxically, to inhibit the host antiviral response mediated
via p38 MAPK activation, as we have demonstrated in vivo
(29). MyD88 KO cells endocytose less actively than do their
WT counterparts, and this lack of activity may be a reason why
these cells are less infectable (25), since influenza virus, for
example, is well known to be dependent upon endocytosis for
successful host cell entry.

Our results are consistent with the kinetics of influenza virus
entry reported previously (2). In comparison, we noted that
RSV entry requires significantly more time to attain regions
within the cell that are conducive to virus replication than
influenza virus. Influenza virus also activated p38 MAPK to
levels that were about 10-fold greater than those of RSV, so
influenza virus may have evolved to activate this signaling
molecule to higher levels to enhance endocytic uptake and
entry. The report that p38 MAPK enhances endocytosis via
Rabenosyn-5 and EEA1 is consistent with what we observed
for influenza virus entry, where we observed significant local-
ization of influenza virus with the early endosome network
during treatment with a p38 inhibitor. However, p38 inhibition
did not completely halt influenza virus entry, as it did with RSV
entry, suggesting that other minor signaling pathways may be
activated by influenza virus as well that could drive entry at a
lower rate. But we do not think that alternate signaling path-
ways are associated with the alternate nonclathrin route of
entry described for influenza virus (24, 31, 43), since this al-
ternate pathway internalizes, on average, 40% of virus (2), and
we observed a 10-fold loss of influenza virus correlation with
nuclear staining when p38 MAPK was inhibited.

p38 was not always activated at early time points postinfec-
tion, as was the case for CVB3. It has been shown previously
that p38 MAPK activation during later replication time points
of CVB3 activates caspase-3 initiation of cell death, a require-

FIG. 7. TLR4 clustering around virus particles is associated with p38 MAPK activation during virus entry. (a and b) Phospho-ATF2, TLR4, and
RSV were imaged during virus entry into 1HAEo- cells using a Leica SP2 confocal microscope. Virus was added to cells on ice for 1 h at an MOI
of 1, washed and transferred to a 37°C incubator for the indicated time points, and fixed and stained for RSV, TLR4, and phospho-ATF2 as an
indicator of p38 MAPK activation. (a) Phospho-ATF2 staining was associated with TLR4 clustering at the point of virus attachment to the host
cell 10 min postinfection (PI) (arrow). Shown are 2 cells: one is bound by virus (arrow) and the other is not (note lack of TLR4 clustering and red
phospho-ATF2 staining). Clustering of TLR4 and phospho-ATF2 staining were absent from cells not bound by virus (adjacent cell). (b) Cells were
imaged as in panel a, but an anti-TLR4 polyclonal antibody (1 �g/ml) was added to the cells 1 h before and during incubation with virus inoculum
or with control isotype antibody as a control. Low-magnification images show that anti-TLR4 antibody treatment results in less phospho-ATF-2
activation 25 min after warming to 37°C. (c to e) Higher-magnification image scans of the cells in panel b show reduced clustering of virus with
TLR4 at 0 (c), 10 (d), and 25 (e) min after being warmed to 37°C due to anti-TLR4 antibody treatment. (d, inset) The XZ sections were enlarged
from the 10-min postentry time point to show reduced TLR4 clustering under anti-TLR4 antibody treatment conditions. Enlarged XZ sections also
demonstrate specificity of virus and TLR4 staining/imaging; TLR4 clustering is not an imaging artifact due to fluorescent dye bleed-through, since
distinct virus particles can be seen atop TLR4 clusters under the anti-TLR4 antibody treatment conditions (arrowheads). Phospho-ATF2 staining
did not follow the pixel density of the TLR4 channel, suggesting that this signal was not a result of green Alexa 488 (TLR4) channel into the red
Alexa 594 channel (phospho-ATF2 [arrow]). Large TLR4-to-RSV clustering events at 25 min postwarming were associated with strong phospho-
ATF2 staining and were absent in culture wells treated with anti-TLR4 antibody (1 �g/ml). (f) Volocity software identified TLR4 clustering that
was positive for RSV staining, which was measured automatically in �m throughout the image Z-stacks (Materials and Methods; †, P 	 0.005; ‡,
P 	 0.001). Results are representative of 3 independent experiments. CON, control.
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ment of efficient progeny virus release (42). Si et al. also
showed that CVB3 activated p38 very weakly or not at all
during entry, consistent with our current results. In the absence
of p38 MAPK activation during virus entry, we have shown that
picornaviruses may utilize ERK-induced endocytosis, which is
activated by virus entry receptor binding (30); transmembrane
protein entry receptor interaction with subsequent MAPK sig-
naling may be required by these viruses to activate cellular
internalization mechanisms. Adenovirus was also relatively un-
able to activate the MAPKs during entry. Taken together, our
results suggest that the absence of an envelope or the lack of
glycosylation on these viruses may preclude them from PRR
activation during entry and that p38 can be activated by other
mechanisms at later replication time points. Moreover, among
the enveloped viruses we detected significantly more MAPK
activation by influenza virus than by any other virus studied,
perhaps contributing to the virulence of this pathogen.

We noted that ERK MAPK was activated in MyD88 KO
cells whereas p38 MAPK activation was absent. These two
MAPKs are often referred to interchangeably; however, we
have shown here that these 2 kinases had very different acti-
vation requirements with regard to MyD88 in fibroblasts and
epithelial cells. We have shown that ERK activation is required
for virus entry and infection, but alone, it was clearly not
sufficient for the productive infection of pulmonary fibroblasts,
since p38 MAPK must also be activated to effect entry and
infection. However, epithelial cells and fibroblasts are not the
only cells infected within the airways; alveolar macrophages
and other immune cells are often the first cell types to be
infected by respiratory viruses. Whether viruses require the
same p38 and ERK MAPK signaling for infection of immune
cells remains to be seen and is a potential research focus,
particularly since these cells tend to express a different reper-
toire of pattern recognition receptors.

Latz et al. showed that TLR4-mediated internalization of
LPS is independent of NF-�B activation (25), which is consis-
tent with our findings. We propose that the receptor used by a
virus to activate cellular MAPKs to permit expedient uptake be
termed the signaling receptor, in conjunction with the protein
or carbohydrate entry-fusion receptor required for host cell
targeting and virus-cell fusion. The PRRs are other receptors
that the virus may bind to enhance entry, in conjunction with
the entry-fusion receptor; the entry and signaling receptors
may comprise an entry complex that is unique to each virus.

We have shown that the p38 MAPK inhibitor SB203580 is
well tolerated and effective at inhibiting viral replication in
vivo, as we have shown previously (29). We now believe that
p38 inhibitors are potential broad-spectrum antiviral drugs
that could be administered to a patient with suspected viral
infection prior to laboratory virus identification. This strategy
could also be useful as a temporizing measure during viral
outbreaks in order to inhibit viral replication prior to identifi-
cation of the specific viral pathogen.
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