
JOURNAL OF VIROLOGY, Feb. 2011, p. 1495–1506 Vol. 85, No. 4
0022-538X/11/$12.00 doi:10.1128/JVI.01297-10
Copyright © 2011, American Society for Microbiology. All Rights Reserved.

The C Proteins of Human Parainfluenza Virus Type 1 Limit
Double-Stranded RNA Accumulation That Would Otherwise

Trigger Activation of MDA5 and Protein Kinase R�†
Jim Boonyaratanakornkit,1 Emmalene Bartlett,1 Henrick Schomacker,1 Sonja Surman,1 Shizuo Akira,2

Yong-Soo Bae,3 Peter Collins,1 Brian Murphy,1 and Alexander Schmidt1*
Laboratory of Infectious Diseases, RNA Viruses Section, NIAID, NIH, Bethesda, Maryland 208921; Laboratory of Host Defense,

WPI Immunology Frontier Research Center, Osaka University, Osaka 565-0871, Japan2; and Department of Biological Sciences,
Sungkyunkwan University, Choenchoen-Dong, Jangan-Gu, Suwon, Gyeonggi-Do 440-746, South Korea3

Received 18 June 2010/Accepted 23 November 2010

Human parainfluenza virus type 1 (HPIV1) is an important respiratory pathogen in young children, the
immunocompromised, and the elderly. We found that infection with wild-type (WT) HPIV1 suppressed the
innate immune response in human airway epithelial cells by preventing not only phosphorylation of interferon
regulatory factor 3 (IRF3) but also degradation of I�B�, thereby inhibiting IRF3 and NF-�B activation,
respectively. Both of these effects were ablated by a F170S substitution in the HPIV1 C proteins (F170S) or by
silencing the C open reading frame [P(C�)], resulting in a potent beta interferon (IFN-�) response. Using
murine knockout cells, we found that IFN-� induction following infection with either mutant relied mainly on
melanoma-associated differentiation gene 5 (MDA5) rather than retinoic acid-inducible gene I (RIG-I).
Infection with either mutant, but not WT HPIV1, induced a significant accumulation of intracellular double-
stranded RNA (dsRNA). These mutant viruses directed a marked increase in the accumulation of viral genome,
antigenome, and mRNA that was coincident with the accumulation of dsRNA. In addition, the amount of viral
proteins was reduced compared to that of WT HPIV1. Thus, the accumulation of dsRNA might be a result of
an imbalance in the N protein/genomic RNA ratio leading to incomplete encapsidation. Protein kinase R
(PKR) activation and IFN-� induction followed the kinetics of dsRNA accumulation. Interestingly, the C
proteins did not appear to directly inhibit intracellular signaling involved in IFN-� induction; instead, their
role in preventing IFN-� induction appeared to be in suppressing the formation of dsRNA. PKR activation
contributed to IFN-� induction and also was associated with the reduction in the amount of viral proteins.
Thus, the HPIV1 C proteins normally limit the accumulation of dsRNA and thereby limit activation of IRF3,
NF-�B, and PKR. If C protein function is compromised, as in the case of F170S HPIV1, the resulting PKR
activation and reduction in viral protein levels enable the host to further reduce C protein levels and to mount
a potent antiviral type I IFN response.

Human parainfluenza virus type 1 (HPIV1) is an important
and uncontrolled respiratory pathogen that causes a significant
burden of disease, mainly in young children, the immunocom-
promised, and the elderly (13, 16, 21, 27, 46, 52). HPIV1 is a
single-stranded, negative-sense, nonsegmented RNA virus in
the Paramyxoviridae family. The viral genome, 15.6 kb in
length, consists of six genes (3�-N-P/C-M-F-HN-L-5�) that en-
code the nucleoprotein (N), phosphoprotein (P), C proteins,
matrix (M) protein, fusion (F) protein, hemagglutinin (HA)-
neuraminidase (HN) protein, and the large polymerase (L)
protein. Each gene encodes a single major protein, with the
exception of the P/C gene, which encodes the P protein in one
open reading frame (ORF) and a nested set of four carboxy-
coterminal C proteins (C�, C, Y1, and Y2) expressed from
individual start sites in a second open reading frame. The C
proteins play a critical role in HPIV1 virulence by inhibiting

apoptosis, regulating type I interferon (IFN) production and
signaling, and controlling the transcription of a large number
of host genes (6, 8, 9, 64). The C proteins of Sendai virus
(SeV), or murine PIV1, have considerable sequence conserva-
tion with the HPIV1 C proteins. However, the P/C gene orga-
nization of SeV differs from that of HPIV1 in that SeV ex-
presses, in addition to the C proteins, a second accessory
protein, the V protein, that also exerts an inhibitory role on the
host innate antiviral response (2). The SeV V protein has been
reported to inhibit IFN-� induction via inhibition of MDA5
signaling and to inhibit IFN signaling and apoptosis induction
(2). In addition, some of the immune evasion activities of SeV
and HPIV1 are species specific (9, 11) and the C deletion
mutants of SeV, such as 4C�, do express the SeV V protein,
hindering clear separation of V-specific and C-specific effects
(28, 35). For these reasons, we believe that a careful examina-
tion of the innate immune response to HPIV1 is warranted and
may yield important clues about the pathogenesis of this hu-
man pathogen that cannot be inferred from observations made
with the murine homologue SeV.

Type I IFN is a central mediator of antiviral innate immu-
nity. The induction of IFN synthesis following virus infection
depends on a number of pattern recognition receptors that
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recognize conserved pathogen-associated molecular patterns
and initiate downstream signaling cascades (31). The presence
of double-stranded RNA (dsRNA), an intermediate of RNA
viral replication, is recognized as a pathogen-associated mo-
lecular pattern by Toll-like receptor 3 (TLR3) and two caspase
recruitment domain (CARD)-containing RNA helicases, reti-
noic acid-inducible gene I (RIG-I) and melanoma associated-
differentiation gene 5 (MDA5), which act as intracytoplasmic
sensors of dsRNA (1, 26, 50, 58, 72, 74). Whereas TLR3 mainly
senses extracellular dsRNA on antigen-presenting cells, RIG-I
and MDA5 are constitutively present and detect intracellular
dsRNA (1, 74). TLR3 signals through an adaptor called TIR
domain-containing adaptor inducing IFN-� (TRIF), while
RIG-I and MDA5 recruit another CARD-containing adaptor
called mitochondrial antiviral signaling protein (MAVS; also
referred to as IPS-1, Cardif, or VISA) to relay the signal to the
kinases TBK1 and IKKε, which phosphorylate interferon reg-
ulatory factor 3 (IRF3), and to IKK�, which activates the
NF-�B pathway (15, 33, 48, 54, 69). Once activated, IRF3
translocates into the nucleus and binds the positive regulatory
domain III (PRDIII) of the IFN-� promoter. RIG-I and
MDA5 can distinguish between different RNA viruses (32). It
was originally reported that IFN production in response to
infection with negative-sense RNA viruses, including SeV, was
dependent on RIG-I expression, whereas the response to in-
fection with positive-sense RNA viruses was dependent on
MDA5 expression (32, 66). This model was in agreement with
earlier reports that found a substantial accumulation of cyto-
plasmic dsRNA during infection with positive-sense RNA vi-
ruses but not with negative-sense RNA viruses (67). However,
a more recent study suggested that MDA5 does contribute in
vivo to sustaining the IFN response and restricting SeV infec-
tion (20). After the host cell recognizes and signals the pres-
ence of foreign RNA, IRF-3 and NF-�B, together with ATF-
2/c-Jun (AP-1), form an enhanceosome that binds to the IFN-�
promoter, inducing transcription of the IFN-� gene. Once type
I IFN is produced and secreted, it binds to the type I IFN
receptor on the surface of the infected and neighboring cells to
amplify a robust antiviral response (41, 60). One IFN-inducible
gene product, protein kinase R (PKR), is best known for its
ability to bind dsRNA and subsequently phosphorylate the �
subunit of eukaryotic initiation factor 2 (eIF2�), thereby in-
hibiting translation initiation during viral infection (24). PKR
has also been implicated in contributing to NF-�B activation,
IRF1 activation, and IFN induction by poly(I:C), independent
of its kinase activity, as another mechanism of innate antiviral
host defense (3, 7, 12, 34, 70, 77).

We generated a number of HPIV1 mutants to investigate C
protein function as well as to generate novel live vaccines that
would be attenuated by disturbing the IFN antagonistic func-
tion of the C proteins, a strategy that has been shown to result
in attenuation of replication in vivo (4, 5, 64). Previously, a
phenylalanine-to-serine substitution of amino acid 170 of SeV
was shown to significantly attenuate a highly virulent SeV
strain, increasing the 50% lethal dose (LD50) 20,000-fold in
mice (19). This CF170S mutation was introduced into the P/C
gene of recombinant HPIV1 by reverse genetics (30, 47).
Whereas wild-type (WT) HPIV1 infection prevented IRF3
dimerization, its nuclear translocation, and IFN-� production,
infection with HPIV1 containing the CF170S mutation (F170S

virus) led to IRF3 activation and IFN-� production (64). Not
unexpectedly, the F170S mutant was attenuated for replication
in the respiratory tracts of hamsters and African green mon-
keys (AGMs) (4, 64). A stabilized version of this mutation is
present in a live-attenuated investigational HPIV1 vaccine that
is currently in phase 1 trials in children (ClinicalTrials.gov ID
no. NCT00641017). We also constructed an HPIV1 mutant,
referred to as P(C�), that does not express any of the four C
proteins due to point mutations that silence the C open read-
ing frame and which was even more attenuated than the F170S
strain in vivo (6).

In the present study, we found that the C proteins of HPIV1
profoundly suppress the innate immune response in epithelial
cells by preventing the activation of both IRF3 and NF-�B. We
found that mutation or silencing of the C gene ablated both of
these inhibitory effects. In contrast to the WT, infection with
both F170S and P(C�) HPIV1 resulted in the accumulation of
significant amounts of cytoplasmic dsRNA with kinetics that
were more rapid for the P(C�) virus. The accumulation of
dsRNA coincided with an increase in the accumulation of viral
genomic/antigenomic RNA or mRNA and a decrease in N
protein levels, which could lead to incomplete encapsidation.
The enhanced induction of IFN-� observed with these mutants
relied mainly on MDA5 rather than on RIG-I. PKR activation
coincided with dsRNA accumulation, contributed to IFN-�
induction, and restricted viral C protein expression. Thus, PKR
activation provides a mechanism that allows the host cell to
eliminate the very protein responsible for evading virus detec-
tion.

MATERIALS AND METHODS

Cells, viruses, and DNA transfection. A549 human respiratory epithelial cells
were maintained in F-12 medium supplemented with 0.1 mg/ml gentamicin
sulfate, 4 mM L-glutamine, and 10% fetal bovine serum (FBS). Human embry-
onic kidney 293T cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% FBS and gentamicin sulfate. Mouse embry-
onic fibroblasts (MEFs) were prepared from RIG-I�/� MDA5�/�, RIGI�/�,
and MDA5�/� mice and maintained in DMEM with 10% FBS and gentamicin
sulfate, as described previously (32). Stable short hairpin RNA-containing PKR
(shPKR) knockdown and control (shCON) 293A cells were maintained in
DMEM with 10% FBS and gentamicin sulfate supplemented with 1 �g/ml
puromycin as described previously (75). Doxycycline-inducible, stable cells that
express WT C� protein tagged at the C terminus with a c-Myc epitope were
generated using Flp-In T-REx 293 cells grown in 100 �g/ml hygromycin and 15
�g/ml blasticidin (Invitrogen). C protein expression was induced by incubation
for 24 h with 1 �g/ml doxycycline (Sigma). Sucrose gradient-purified recombi-
nant WT, F170S, and P(C�) HPIV1 strains were prepared and the titers were
determined by limiting dilution assay as reported previously (8). All viral infec-
tions were carried out using a multiplicity of infection (MOI) of 5 tissue culture
infective doses (TCID50)/ml at 32°C in medium containing 1.2% trypsin TrypLE
Select (Invitrogen). For type I IFN neutralization, 5,000 neutralizing antibody
units (NU)/ml anti-IFN-� and 2,000 NU/ml anti-IFN-� (PBL InterferonSource)
were added at 12 h postinfection (p.i.). For transient transfections, 3 �l Lipo-
fectamine 2000 (Invitrogen) per �g total DNA was added for every 400,000 293T
cells for 48 h at 37°C. For poly(I:C)-induced IFN-� expression, 3 �l Lipo-
fectamine 2000 per �g of poly(I:C) (Sigma) was added for every 400,000 293T
cells for 6 h at 37°C. For the preparation of cellular extracts, cells were suspended
in lysis buffer (1% Triton X-100, 50 mM Tris HCl [pH 7.4], 150 mM NaCl, 1 mM
EDTA) with protease inhibitor cocktail (Sigma) at a concentration of 2,000
cells/�l for 30 min at 4°C and centrifuged at 15,000 � g for 10 min. Halt protease
and phosphatase inhibitor cocktail (Pierce) were added to the lysis buffer when-
ever phosphorylation states were examined. After centrifugation, the superna-
tant was used for Western blotting and immunoprecipitation (IP).

Real-time RT-PCR. Intracellular RNA or virion-associated RNA was ex-
tracted and analyzed by real-time reverse transcription (RT)-PCR as described
previously (8). The relative levels of expression of mRNA for human and murine
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IFN-� and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were deter-
mined by using TaqMan gene expression assays (Applied Biosystems) for human
IFN-� (Hs01077958_s1), human GAPDH (Hs99999905_m1), mouse IFN-�
(Mm00439546_s1), and mouse GAPDH (Mm99999915_g1), with the RT per-
formed on intracellular RNA with random hexamers. Experiments were per-
formed in triplicate. Combined genomic and antigenomic RNA, genomic RNA,
antigenomic RNA, and IFN-� expression in shPKR 293 cells was measured in
triplicate and confirmed in two independent experiments. Student’s t test was
used to determine statistical significance. To measure the relative copy numbers
of HPIV1 genome plus antigenome in sucrose-purified virus stocks, RT was
performed on extracted virion RNA with random hexamers and PCR was per-
formed to amplify genome nucleotides 15502 to 15600, corresponding to the
downstream end of the L gene and the adjoining trailer region (forward primer
ACCAGACAAGAGTTTAAGAAATATCGA, reverse primer AGAAATCCC
TTTAACTGACTCATAAAAACATAGT, and probe CAACAGACAAGAGT
ATTAATAAT). To distinguish between genomic and antigenomic RNAs in
intracellular RNA, RT was performed with a positive-sense primer representing
genome nucleotides 15502 to 15519 (AGAAATCCCTTTAACTGA) to measure
the genome or with a negative-sense primer representing genome nucleotides
15583 to 15600 (CTTAAACTCTTGTCTGGT) to measure the antigenome.
PCR was then performed to amplify nucleotides 15502 to 15600 of the genome
or its complement, using the primer-probe set described above. To measure the
relative copy numbers of the N and P mRNAs in intracellular RNA, RT was
performed with oligo(dT) primer and PCR was performed to amplify, in the case
of N, genome nucleotides 917 to 1014 (forward primer AGCATCTTTCATGA
ACACCATCAAGT, reverse primer GGCTTCTCAATTTGTTTATATCTGGT
CTCA, and probe CCGCCCTGACACTAT) and, in the case of P, genome
nucleotides 2624 to 2685 (forward primer GAAGACCACAACACCAAAA
CCA, reverse primer GCTGCTGACTCTTCGTTCTTTG, and probe ACGGT
GGAACTTTTG).

Western blotting and antibodies. Cells were lysed and clarified as described
above for the preparation of cellular extracts, and the resulting extracts (15 �l)
were denatured and reduced in sample loading buffer (0.3 M Tris HCl, 5% SDS,
50% glycerol, 0.1 M dithiothreitol [DTT]) at 95°C for 5 min, separated by
SDS-PAGE on 4 to 20% Tris-glycine gels (Invitrogen), and transferred to 0.45-
�m-pore polyvinylidene difluoride (PVDF) membranes (Invitrogen). Mem-
branes were blocked overnight with 5% milk powder and 1% bovine serum
albumin (BSA) or whenever probing with phospho-specific antibodies, with 5%
BSA in 0.1% Tween-phosphate-buffered saline (PBS). Rabbit polyclonal anti-
serum was raised against a synthetic peptide corresponding to an internal se-
quence (amino acids 78 to 92; TITTKTEQSQRRPK) in the HPIV1 C proteins
shared by C�, C Y1, and Y2 by ProSci (Poway, CA), against a synthetic peptide
corresponding to an internal sequence (amino acid residues 485 to 499; RRLA
DRKQRLSQANN) in the HPIV1 N protein by ProSci, and against a synthetic
peptide corresponding to a N-terminal sequence (amino acids 10 to 24; RDPE
AEGEAPRKQES) in the HPIV1 P protein by Spring Valley Laboratories
(Woodbine, MD). Membranes were probed with rabbit antiserum at a 1:1,000
dilution with 5% milk and 1% BSA in 0.1% Tween–PBS for 1 h. The antibodies
used included rabbit polyclonal antibodies to human pIRF3 (S396) (#07-582;
Millipore), IRF3 (sc-9082; Santa Cruz Biotechnology), I�B-� (sc-945; Santa
Cruz Biotechnology), ATF2 (sc-187; Santa Cruz Biotechnology), pP38 (T180/
Y182) (sc-101759; Santa Cruz Biotechnology), P38 (sc-7149; Santa Cruz Bio-
technology), PKR (sc-707; Santa Cruz Biotechnology), pEIF2� (S51) (BML-
SA405; Enzo Life Sciences), eIF2� (E0157; Sigma), MDA5 (ALX-210-935;
Alexis Biochemicals), Flag epitope tag (F7425; Sigma), hemagglutinin (HA)
epitope tag (H6908; Sigma), Myc epitope tag (C3956; Sigma), and rabbit mono-
clonal antibody to human pPKR (T451) (#2283-1; Epitomics) or mouse mono-
clonal antibodies to human pATF2 (T71) (sc-8398; Santa Cruz Biotechnology),
GAPDH (G9295; Sigma), and V5 epitope tag (R960-25; Invitrogen). Horserad-
ish peroxidase-conjugated goat anti-rabbit secondary antibody (Santa Cruz Bio-
technology) was used at a dilution of 1:5,000, and horseradish peroxidase-con-
jugated goat anti-mouse secondary antibody (Kirkegaard & Perry Laboratories)
was used at a dilution of 1:2,400 for 1 h. Membranes were washed three times for
5 min with 0.1% Tween–PBS after primary and secondary antibody incubations.
Enhanced chemiluminescent substrate (Pierce) was used to visualize proteins on
BIOMAX MR film (Kodak). Relative band intensity was determined by densi-
tometry using ImageJ.

Immunoprecipitation. Cell lysates extracted from transfected 293T cells were
mixed for 16 h at 4°C with anti-Myc agarose (Pierce), washed extensively with
wash buffer (50 mM Tris HCl [pH 7.4], 150 mM NaCl), eluted with 0.1 M glycine
(pH 2.8), and separated by SDS-PAGE.

Immunofluorescence. A549 cells were fixed with 2% paraformaldehyde, per-
meabilized with 0.2% Triton X-100, and blocked with 10% goat serum and

0.02% BSA for 2 h. Mouse monoclonal J2 anti-dsRNA antibody (English and
Scientific Consulting) at a 1:200 dilution or rabbit polyclonal anti-HPIV1 P
antibody at a dilution of 1:100 was added in 1% goat serum and 0.002% BSA for
1 h at 37°C. Texas Red-conjugated goat anti-rabbit and fluorescein isothiocya-
nate (FITC)-conjugated goat anti-mouse secondary antibodies (Jackson Immuno-
Research) were added at a dilution of 1:250 for 45 min at 37°C. Cells were
mounted in ProLong Gold reagent with DAPI (4�,6-diamidino-2-phenylindole;
Invitrogen) and visualized on a Leica SP5 confocal microscope.

Plasmid constructs. A cDNA for HPIV1 C was generated by PCR (forward
primer CATCGGTACCGTGGATACCTCAGCATCCAAAACTCTCCTTCCC
and reverse primer ATCACATGCGGCCGCTTACAGATCTTCTTCAGAAA
TAAGTTTTTGTTCTTCTTGTACTATGTGTGCTGCTAGTTTCC) of the
full-length antigenomic cDNA for WT HPIV1 and constructed with the insertion
of a C-terminal c-Myc tag and KpnI and EagI restriction sequences to allow
cloning into pcDNA3.1 (Invitrogen). The nucleotide sequence was confirmed by
using BigDye terminator and a DNA analyzer 3730 (Applied Biosystems). pEF-
IRES V5-TRIM25 was kindly provided by Michaela Gack and Jae Jung (18).
pEF-BOS HA-Riplet was kindly provided by Hiroyuki Oshiumi and Tsukasa
Seya (49). pRK5 Flag-TRAF3 and Myc-TRADD3 were kindly provided by Jurg
Tschopp (44). pCMV2 Flag-TRAF6 was kindly provided by Masashi Muroi and
Ken-ichi Tanamoto (45). pEF-BOS Flag-RIGI and Flag-MDA5 were kindly
provided by Takashi Fujita (73, 74). pcDNA3 Flag-TBK1 was kindly provided by
Katherine Fitzgerald and Makoto Nakanishi (15, 63). pCMV2 Flag-IPS1 has
been previously described (33). pcDNA3 Flag-BIRC2 and Flag-BIRC4 were
kindly provided by Temesgen Samuel (53). pFlag-CMV2 Flag-FADD was kindly
provided by Andrew Thorburn (62).

RESULTS

HPIV1 activation of the interferon induction pathway. We
found previously that, in stark contrast to WT HPIV1, HPIV1
with an F170S point mutation in the C proteins or in which the
C gene was silenced by point mutations induced the transcrip-
tion of a broad array of cellular genes—in particular genes
involved in type I IFN production and the subsequent antiviral
response (8, 64). To investigate the mechanism of C-mediated
antagonism of the host innate immune response, we used three
cell types. A549 cells were used to model infection in human
respiratory epithelial cells, 293 human kidney cells were used
for transfection and knockdown experiments, and mouse em-
bryonic fibroblasts were used for knockout experiments. We
found that the HPIV1-induced IFN phenotypes were compa-
rable between the three cell types: specifically, in each cell
type, F170S and P(C�) HPIV1 induced similar, abundant lev-
els of IFN-� mRNA expression, whereas WT HPIV1 did not
induce significant IFN-� expression (data not shown).

IFN-� induction is transcriptionally controlled by the coor-
dinate assembly of an enhanceosome consisting of IRF3, NF-
�B, and AP-1 at the IFN-� promoter (40, 71). We examined
the activation of the three components of the IFN-� enhan-
ceosome during HPIV1 infection and found that both F170S
and P(C�) HPIV1 induced IRF3 phosphorylation and I�B�
degradation, which would permit nuclear translocation of
IRF3 and NF-�B, respectively, whereas WT HPIV1 effectively
blocked IRF3 phosphorylation and I�B� degradation (Fig. 1).
On the other hand, WT, F170S, and P(C�) HPIV1 did not
induce detectable phosphorylation of P38 or ATF2 (see Fig. S1
in the supplemental material).

To investigate the basis for the observed antagonism of the
host response by the WT HPIV1 C proteins, a selective search
for cellular C-interacting proteins was performed among RIG-
I/MDA5 pathway components. Cells transfected with expres-
sion plasmids expressing a tagged C� protein and various
tagged proteins of the RIG-I/MDA5 pathway were lysed and
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analyzed in coimmunoprecipitation experiments under various
conditions in an attempt to sensitively detect any interactions.
However, we were unable to detect any cellular C-interacting
proteins among those tested, including TRIM25, Riplet, RIGI,
MDA5, IPS1, TBK1, TRAF3, TRAF6, BIRC2, BIRC4,
TRADD, and FADD, even though, under the same conditions,
TRAF3 was immunoprecipitated with TRADD, a known bind-
ing partner of TRAF3 (data not shown). In addition, yeast
two-hybrid screens using HPIV1 C proteins as bait did not
detect any C-interacting proteins in the RIG-I/MDA5 path-
way, and neither did immunoprecipitation (IP)/mass spectros-
copy screens (data not shown). Since we could not identify any
cellular C-interacting proteins, we investigated whether sup-
plying the HPIV1 C proteins in trans could block the IFN-�
induction pathway triggered by infection with respiratory syn-
cytial virus (RSV) or by transfection with poly(I:C), which
mainly involves activation of RIG-I and MDA5, respectively
(38, 55). Infection with WT HPIV1, as a source of C proteins,
strongly suppressed IFN-� induction in response to superin-
fection with P(C�) HPIV1, but failed to block IFN-� induc-
tion in response to superinfection with an RSV mutant that
expresses green fluorescent protein (GFP) from an added gene
and lacks the NS1 and NS2 RSV IFN antagonist genes (	NS1/
NS2 RSV) (Fig. 2A). As a control, analysis of GFP expression
showed that the efficiency of infection by 	NS1/NS2 RSV was
not affected by preinfection with WT HPIV1 (not shown). To
test whether the HPIV1 C proteins could interfere with IFN
production triggered through MDA5, a doxycycline-inducible
stable human cell line that expresses the HPIV1 C proteins was
generated. In this system, expression of the HPIV1 C proteins
in trans strongly suppressed IFN-� induction by infection with
P(C�) HPIV1 (Fig. 2B), confirming the efficient expression of
functional C protein. In contrast, expression of the HPIV1 C
proteins had no effect on IFN-� induction in response to trans-
fection with poly(I:C) (Fig. 2C). In this last experiment, the
cells had also been transfected with a plasmid expressing hu-
man MDA5 to provide the homologous sensor for dsRNA
prior to the transfection of poly(I:C). Taken together, these
results indicate that the HPIV1 C proteins supplied in trans can
efficiently suppress IFN induction by HPIV1 mutants, but not
by heterologous inducers.

HPIV1-induced IFN-� expression is mediated mostly by
MDA5. Since we were unable to obtain either direct or indirect
evidence that the C proteins blocked IFN production by inter-
acting with a host factor of the RIG-I/MDA5 pathway, we
evaluated the involvement of this pathway in IFN-� induction
by HPIV1, using knockout MEFs. In contrast to WT HPIV1,
F170S and P(C�) HPIV1 strongly induced IFN-� expression
in control MEFs (Fig. 3A, black bars). RIG-I knockout led to
a slight decrease (2.3-fold) in IFN-� expression in F170S-in-
fected cells, but no effect was observed in P(C�)-infected cells
(Fig. 3A). MDA5 knockout led to a greater reduction in IFN-�
expression in both F170S- and P(C�)-infected cells (4.5-fold
and 8.0-fold, respectively) (Fig. 3A). TBK1 and IKKε double
knockout led to a dramatic reduction in IFN-� expression in
both F170S- and P(C�)-infected cells, confirming the require-
ment for TBK1 and IKKε in IFN induction during infection
with F170S or P(C�) HPIV1 (Fig. 3B). The observation that
knockouts of TBK1 and IKKε led to almost complete inhibi-
tion of IFN-� mRNA synthesis, whereas knockout of MDA5
led to only a partial inhibition, raised the possibility that factors
in addition to MDA5 contribute to the induction of IFN-�
mRNA via TBK1 and IKKε.

Intracellular dsRNA accumulates in cells infected with C
mutant HPIV1 viruses. Since knockout of the dsRNA sensor
MDA5 strongly reduced IFN-� expression during infection
with F170S or P(C�) HPIV1, we looked for the presence of
dsRNA in HPIV1-infected cells by immunofluorescence using
a monoclonal antibody against dsRNA. Transfection of
poly(I:C) was used as a positive control, demonstrating the
ability of the dsRNA-specific monoclonal antibody to detect
intracellular dsRNA (Fig. 4A). dsRNA was not detected in
WT-infected cells at either 24 or 48 h (Fig. 4B and E), similar
to observations previously reported for a number of negative-
sense RNA viruses, including influenza, La Crosse, Sendai, and
Newcastle disease viruses (67). In contrast, dsRNA was readily
detected in cells infected with either the F170S or P(C�) virus;
however, the kinetics of accumulation differed. In the case of
F170S HPIV1, less than 10% of infected cells were positive for
dsRNA at 24 h, whereas over 60% of infected cells were
positive at 48 h (Fig. 4C, E, and F). In contrast to F170S
HPIV1, the accumulation of dsRNA in response to P(C�)
HPIV1 occurred more rapidly, with approximately 70% of
infected cells containing detectable dsRNA at 24 h. However,
the accumulation of dsRNA in response to the P(C�) virus
was also transient: by 48 h, less than 10% of P(C�)-infected
cells contained dsRNA (Fig. 4D to F). This difference did not
appear to be due to differences in the kinetics or efficiencies of
infection: the percentages of cells infected with WT, F170S,
and P(C�) HPIV1 were similar at 24 and 48 h, as assessed by
immunofluorescence using polyclonal antibodies specific to the
HPIV1 P protein (Fig. 4G).

One possible explanation for the increased accumulation of
intracellular dsRNA in cells infected with the F170S and
P(C�) viruses was that these virus preparations contained
disproportionately high levels of defective interfering particles,
which, for nonsegmented negative-strand RNA viruses, usually
have copy-back genomes that can form base-paired panhan-
dles. To investigate this possibility, we assayed a sucrose gra-
dient-purified preparation of each virus for (i) the number of
infectious particles, measured by limiting dilution assay; and

FIG. 1. Activation of the IRF3 and NF-�B components of the
IFN-� enhanceosome by infection with WT and mutant HPIV1. A549
cells were infected with WT, F170S, or P(C�) HPIV1 at an MOI of 5
for 6 or 48 h. Phosphorylated IRF3 (Ser 396), total IRF3, and total
I�B� were detected by Western blotting (WB).
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(ii) the relative copy number of genomic plus antigenomic
RNA, measured by real time RT-PCR with primers specific to
the trailer region that would be present in both standard and
defective genomes. We then calculated the ratio of infectious
particles to genome/antigenome copies for each virus and then
normalized these ratios to that of the F170S virus, which was
assigned a value of 1.0. The resulting values were as follows:
F170S, 1.0; WT, 0.28; and P(C�), 0.09. In other words, F170S
HPIV1 had the highest ratio of infectious particles to genome
copies, and P(C�) had the lowest, with WT HPIV1 being
intermediate. This lack of a consistent trend (i.e., the F170S
virus had a higher ratio of infectious particles to genome/
antigenome copies than the WT virus, and yet the F170S virus
led to dsRNA accumulation, whereas the WT virus did not)
suggests that the dsRNA produced during infection with the

FIG. 2. IFN-� induction in A549 cells by heterologous RIG-I and
MDA5 stimuli is not affected by expression of the HPIV1 C proteins in
trans. (A) A549 cells were preinfected with WT HPIV1 at an MOI of
5 for 24 h and then superinfected with either P(C�) HPIV1 or GFP-
expressing 	NS1/NS2 RSV at a MOI of 5 for another 24 h. IFN-�
expression was measured by real-time PCR and was normalized to the
mock-preinfected, mock-superinfected sample. *, P 
 0.01 compared
to mock-preinfected samples. (B) C protein expression was induced in
stable C protein-expressing 293 cells with 1 �g/ml doxycycline for 24 h.
Cells were then mock infected or infected with P(C�) HPIV1 at an

MOI of 5 for another 24 h. IFN-� expression was measured by real-
time PCR and was normalized to the control treated, mock-infected
sample. *, P 
 0.01 compared to control treated cells. (C) C protein
expression was induced in stable C protein-expressing 293 cells with 1
�g/ml doxycycline for 24 h, transfected with 2.5 �g MDA5 expression
plasmid for another 18 h, and then transfected with 10 �g poly(I:C) for
6 h. IFN-� expression was measured by real-time PCR and was nor-
malized to the control treated, control transfected sample.

FIG. 3. IFN-� expression in RIG-I/MDA5 pathway knockout
MEFs infected with WT or mutant HPIV1. RIG-I and MDA5 knock-
out MEFs (A) and TBK1 and IKKε double-knockout MEFs (B) were
infected with WT, F170S, or P(C�) HPIV1 at a MOI of 5 for 48 h.
IFN-� expression was measured by real-time PCR and normalized to
mock-infected control MEFs. *, P 
 0.01 compared to control MEFs
infected with the same virus.
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FIG. 4. Immunofluorescence of dsRNA in A549 cells infected with WT or mutant HPIV1. A549 cells were transfected with poly(I:C) (0.02
�g/�l) (A) or infected with WT (B), F170S (C), or P(C�) (D) HPIV1 at an MOI of 5 for 24 h. HPIV1 P protein (red) was detected using a rabbit
polyclonal anti-P antibody and a Texas Red-conjugated secondary anti-rabbit antibody. dsRNA (green) was detected with a mouse monoclonal
anti-dsRNA antibody and an FITC-conjugated secondary anti-mouse antibody. (E) dsRNA and the HPIV1 P protein were examined as in panels
A to D in A549 cells infected with WT, F170S, or P(C�) HPIV1 at an MOI of 5 for 24 and 48 h. (F and G) Quantitation of the number of cells
in panel D with and without detectable dsRNA (F) or HPIV1 P protein (G) at 24 and 48 h. dsRNA levels are representative of two independent
experiments.
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F170S and P(C�) viruses probably cannot be attributed to the
presence of a disproportionately high content of defective in-
terfering particles in the initial inoculum.

Mutation or deletion of the HPIV1 C proteins results in
increased viral RNA synthesis and decreased accumulation of
viral proteins. Another potential source for intracellular
dsRNA could arise from annealing between incompletely en-
capsidated negative-sense genomic RNA and either positive-
sense antigenomic RNA or mRNA, which might occur if mu-
tation or deletion of the C proteins perturbed viral RNA
production. We therefore used real-time RT-PCR to monitor
viral RNA accumulation in A549 cells infected with the WT,
F170S, or P(C�) viruses. The combined amount of genomic
plus antigenomic RNA was quantified using primers/probes
specific for the trailer region (Fig. 5A), whereas the N and P
mRNAs (Fig. 5B and C, respectively) were quantified using
oligo(dT) for reverse transcription followed by gene-specific
primers/probes for PCR. In cells infected with WT HPIV1, the
levels of genome/antigenome, N mRNA, and P mRNA rose
gradually over the time course of the experiment (Fig. 5A to
C). For the F170S mutant, the levels of these RNAs were
similar to those of WT HPIV1 at 24 h, but then increased
substantially by 48 h. A very different pattern was observed
during infection with P(C�) virus. The amount of genome/
antigenome was larger than those for the other two viruses at
24 h and continued to increase to a very high level at 48 h (Fig.
5A). In contrast, the levels of N and P mRNA were extremely
high at 24 h but thereafter dropped sharply (Fig. 5B). In ad-

dition, the relative levels of intracellular genomic versus anti-
genomic HPIV1 RNA were measured by reverse transcription
with positive- or negative-sense primers, to prime genomic or
antigenomic RNA, respectively, followed by real-time PCR
(see Fig. S2 in the supplemental material). This showed that
the ratios of genomic RNA to antigenomic RNA (average
ratio, 17:1) were similar for each virus at each time point (see
Fig. S2 in the supplemental material) and thus were not de-
tectably perturbed by mutation/deletion of the C protein.

We also monitored the accumulation of cell-associated viral
proteins in the time course experiment described above by
Western blot analysis (Fig. 5D). WT-infected cells contained
higher levels of N and P protein at both 24 and 48 h compared
to the mutant viruses, which was surprising since WT-infected
cells contained the lowest levels of N and P mRNA (Fig. 5D).
In contrast, although P(C�)-infected cells contained the high-
est levels of genomic/antigenomic RNA at both time points
and very high levels of N and P mRNAs at 24 h, they contained
the lowest levels of N and P protein at both time points (Fig.
5A to D). Similarly, F170S-infected cells contained much less
N and P protein than WT-infected cells despite higher levels of
N and P mRNA. Lysates from WT-infected A549 cells also
contained a major band of C� protein, which is the most abun-
dant of the HPIV1 C proteins. As expected, no C proteins were
detected with P(C�) HPIV1 infection. The C� protein also was
detected in lysates from F170S-infected cells at 24 h but, as
with the N and P proteins, in lower abundance compared to
WT HPIV1. Interestingly, however, the C�F170S protein was

FIG. 5. Viral RNA and protein expression over time during infection with WT and mutant HPIV1. A549 cells were infected with WT, F170S,
or P(C�) HPIV1 at an MOI of 5 for 12, 24, or 48 h. Relative amounts of HPIV1 (A) combined genomic and antigenomic RNA, (B) N mRNA,
and (C) P mRNA were measured by real-time PCR. The values were normalized to the 12-h time point for WT HPIV1, which was assigned a value
of 1.0. (D) HPIV1 N, C, and P proteins were detected by Western blotting from samples collected in parallel to the samples in panels A to C. Shown
is a representative of two independent experiments with similar results. (E) A549 cells were infected with F170S HPIV1 at an MOI of 5 for 24,
30, 36, 42, or 48 h. The C and P proteins were detected by Western blotting. P denotes the position of the P protein, n.s. indicates a nonspecific
band, and the asterisk indicates a potential P cleavage or degradation product detected by the polyclonal anti-P antibody.
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not detected at 48 h. We further investigated the kinetics of
accumulation of the C�F170S protein in additional time course
experiments. This showed that the C�F170S protein was present
at 12 and 24 h postinfection (data not shown). However, be-
ginning at 30 h postinfection, the level of C�F170S protein began
to decline until it was no longer detectable by 42 h (Fig. 5E). In
this experiment, the level of the P protein expressed by F170S
HPIV1 also decreased with time, coincident with the appear-
ance of a smaller P-specific band that might be a degradation
product (Fig. 5E).

These observations indicated that HPIV1 RNA synthesis
indeed was perturbed by mutation and, in particular, deletion
of the C protein. These observations also indicate that viral
protein synthesis was inhibited in cells infected with F170S and
P(C�) HPIV1. The increased production of viral RNA by
F170S and P(C�) HPIV1, in the context of reduced levels of
N and P protein necessary for encapsidation, could provide for
the accumulation of incompletely encapsidated genome capa-
ble of annealing with positive-sense RNA to form the observed
dsRNA.

HPIV1 infection and dsRNA accumulation induce PKR ac-
tivation. Since dsRNA was highly abundant during infection
with P(C�) and F170S HPIV1 at 24 and 48 h, respectively, we
examined PKR activation at the same time points. When
bound to dsRNA, PKR is activated by autophosphorylation.
Activated PKR can phosphorylate eIF2�, resulting in an inhi-
bition of translational initiation (24) that potentially could
contribute to the reduced accumulation of viral proteins in
cells infected with F170S and P(C�) HPIV1. Consistent with
this idea, we found that both F170S and P(C�) HPIV1 in-
duced PKR autophosphorylation and eIF2� phosphorylation,
with kinetics mirroring those of dsRNA accumulation (Fig. 4E
and F and Fig. 6). Specifically, P(C�) HPIV1 infection in-
duced activation of PKR by 24 h, and F170S HPIV1 infection
induced activation of PKR by 48 h. In addition, infection with
either mutant strongly induced the expression of MDA5, a
highly IRF- and IFN-inducible gene (Fig. 6). The C� and C

proteins were expressed at 24 and 48 h in cells infected with
WT HPIV1 and not in cells infected with P(C�) HPIV1, as
expected. Consistent with the results in Fig. 5D, both species
were present in F170S-infected cells at 24 h, and their accu-
mulation greatly decreased by 48 h (Fig. 6). Thus, infection
with F170S and P(C�) HPIV1 activated PKR and phospho-
rylated eIF2�, which might contribute to the reduced accumu-
lation of viral proteins. However, this may not be a complete
explanation for the reduced accumulation of viral proteins in
the case of F170S HPIV1, since there was little activation of
PKR and eIF2� at 24 h (Fig. 6), a time when the reduction in
protein accumulation was already evident (Fig. 5D and 6).

PKR contributes to HPIV1-induced IFN induction as well as
the reduced accumulation of viral proteins. We examined the
effects of PKR activation using stable PKR knockdown 293
cells, in which expression of PKR expression was strongly re-
duced, although not completely blocked, due to the constitu-
tive expression of an shRNA specific to PKR. PKR knockdown
significantly reduced IFN-� expression in F170S- and P(C�)-
infected cells by 6.2- and 10.1-fold, respectively (Fig. 7). This
reduction in IFN-� expression corresponded with a reduction
in IRF3 phosphorylation (3.1- and 3.4-fold, respectively) (Fig.
8A; see Fig. S3a in the supplemental material for quantita-
tion). I�B� degradation was only slightly reduced (1.3- and
1.6-fold, respectively) in PKR knockdown cells (Fig. 8A; see
Fig. S3b in the supplemental material for quantitation). P38
phosphorylation was similar in control and PKR knockdown
cells (Fig. 8A; see Fig. S3c in the supplemental material for
quantitation). In the mock-infected cells, the expression of
PKR in the knockdown cells was 25% that of the control
knockdown cells (Fig. 8A; see Fig. S3d in the supplemental
material for quantitation). Interestingly, PKR knockdown also
reversed the decrease in the accumulation of the C�F170S, N,
and P proteins during infection with the C mutant/deletion
viruses, an effect that was not observed during infection with
the WT HPIV1 (Fig. 8A; see Fig. S3e to g in the supplemental
material for quantitation). These findings indicated that the
reduction in viral protein synthesis in normal cells infected

FIG. 6. PKR activation during infection with WT and mutant
HPIV1. A549 cells were infected with WT, F170S, or P(C�) HPIV1 at
an MOI of 5 for 24 or 48 h. PKR phosphorylation, total PKR, eIF2�
(EIF2A) phosphorylation, total eIF2�, total MDA5, and C proteins
were detected by Western blotting.

FIG. 7. IFN-� expression induced by infection with WT and mu-
tant HPIV1 during PKR knockdown. Stable 293 cells expressing the
shPKR and control shCON small hairpin RNAs were infected with
WT, F170S, or P(C�) HPIV1 at an MOI of 5 for 48 h. IFN-� expres-
sion was measured by real-time PCR and normalized to mock-infected
shCON cells. *, P 
 0.01 compared to control 293A cells infected with
the same virus.
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with the C mutant viruses (e.g., Fig. 5D and E and Fig. 6)
indeed is linked to PKR activity. Since PKR is an IFN-induc-
ible gene product, the induction of additional PKR due to
IFN-mediated signaling could contribute to the loss of viral
protein expression during infection with the mutant HPIV1
viruses. Indeed, we found that the decrease in C�F170S protein
expression could be partially blocked by IFN-neutralizing an-
tibodies (Fig. 8B).

DISCUSSION

Infection with C mutant HPIV1s [F170S and P(C�)], but
not WT HPIV1, effectively stimulates IFN-� production in
epithelial A549 cells (64). In addition, F170S, but not WT,
HPIV1 trigger IRF3 dimerization and nuclear translocation,
indicating that the wild-type C proteins block the activation of
IRF3 (64). In the present study, the mechanisms by which the
C proteins prevent IFN-� induction were explored in more
detail. IFN-� production is optimally induced by the assembly
of an enhanceosome comprised of IRF3, NF-�B, and AP-1 at
the IFN-� promoter. Here, we found that the F170S and
P(C�) mutants were unable to inhibit IRF3 and NF-�B acti-

vation, whereas WT HPIV1 inhibited their activation, suggest-
ing an interaction of the HPIV1 C proteins with the RIG-I/
MDA5 pathway upstream of IRF3 and NF-�B activation.
Numerous examples of viral proteins that actively inhibit this
pathway are known (10). For instance, the influenza A virus
NS1 protein inhibits RIG-I activation by binding to TRIM25
and the hepatitis C NS3/4A protease cleaves and inactivates
MAVS (17, 37). In this context, we hypothesized that the
HPIV1 C proteins acted to inhibit IFN-� production by bind-
ing to or otherwise interfering with one or more components of
the RIG-I/MDA5 pathway. However, four observations led us
to reject this hypothesis: (i) none of the known members of the
RIG-I/MDA5 pathway that we examined could be immuno-
precipitated with the C proteins; (ii) there was no significant
decrease in the abundance or shift in the gel mobility of any of
these host proteins indicative of C protein-mediated modifica-
tion or degradation; (iii) the yeast two-hybrid assay and immu-
noprecipitation in conjunction with mass spectrometry failed
to detect interactions; and (iv) supplying the C proteins in trans
failed to block IFN-� induction by RSV and poly(I:C), known
RIG-I and MDA5 stimuli, respectively. This inability of the
HPIV1 C proteins to prevent heterologous MDA5- and RIG-
I-mediated IFN-� induction suggested that they do not antag-
onize the components of the IFN production pathway at or
downstream of RIG-I and MDA5 but rather prevent the acti-
vation of these pathways.

Knockout of TBK1 and IKKε completely ablated the IFN-�
response to F170S and P(C�) HPIV1 infection, confirming
that the RIG-I/MDA5 pathway was necessary for IFN-� in-
duction by these two viruses. Surprisingly, and in contrast to
earlier suggestions that paramyxovirus sensing depended
mainly on RIG-I (23, 32, 39, 57), we found that IFN-� induc-
tion in murine cells relied more strongly on MDA5 than on
RIG-I. However, these results are consistent with more recent
studies using SeV that indicated that both RIG-I and MDA5
could contribute to IFN-� production in vitro and resistance in
vivo (20, 76). However, these findings cannot be readily extrap-
olated to HPIV1, because SeV, in contrast to HPIV1, also
expresses a V protein, a known inhibitor of MDA5 (2, 11, 20,
57, 76). Since MDA5 primarily recognizes long dsRNA mole-
cules (or, more specifically, webs of dsRNA and single-
stranded RNA [ssRNA] [51]), its involvement in IFN-� expres-
sion during infection with F170S and P(C�) HPIV1 suggested
that accumulation of dsRNA might occur, and this was indeed
found to be the case. Although earlier studies had reported
dsRNA accumulation after infection with positive-strand RNA
viruses, double-stranded RNA viruses, and DNA viruses but
not with negative-strand RNA viruses (36, 56, 67, 68), more
recent studies also detected dsRNA in cells infected with a C
deletion mutant of SeV (59). Our findings of dsRNA accumu-
lation in cells infected with C protein mutants but not in WT
HPIV1 suggest that the HPIV1 C proteins are indeed required
to prevent the accumulation of dsRNA that would otherwise
trigger a potent host innate antiviral response.

The appearance of dsRNA was temporally associated with
phosphorylation of PKR and eIF2� and decreased accumula-
tion of the N, P, and C proteins in F170S-infected cells. PKR
knockdown studies confirmed that PKR is a major contributor
to the loss of the N, P, and CF170S proteins. In addition to its
role in inhibiting translation during viral infection, PKR has

FIG. 8. Effect of PKR on activation of the components of the
IFN-� enhanceosome and accumulation of the C protein in HPIV1
WT and mutant virus-infected cells. (A) Stable shPKR-expressing and
control shCON 293A cells were infected with WT, F170S, or P(C�)
HPIV1 at an MOI of 5 for 48 h. Phosphorylated IRF3, total IRF3, total
I�B�, phosphorylated P38, total P38, and total PKR, as well as viral N,
P, and C proteins were detected by Western blotting. (B) Type I IFN
affects C� protein expression during HPIV1 infection. A549 cells
were infected with F170S HPIV1 at an MOI of 5. At 12 h postin-
fection, neutralizing antibodies against IFN-� (5,000 NU/ml) and
IFN-� (2,000 NU/ml) were added. C protein was detected by West-
ern blotting at 30 h.
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also been implicated in NF-�B activation, IRF1 activation, and
IFN induction by poly(I:C) via MAVS, effects that are inde-
pendent of its kinase activity and that provide another mech-
anism of innate antiviral host defense (3, 7, 12, 34, 42, 70, 77).
Our data indicate that PKR contributes significantly to IRF3
phosphorylation and induction of IFN-� following infection
with HPIV1 C protein mutants that generated dsRNA. These
finding are consistent with a previous report on a C-protein-
deficient measles virus mutant that required PKR for maximal
IFN-� induction (43). Thus, both MDA5 and PKR contribute
to the generation of IFN-� during infection with C mutant
HPIV1s, and both are activated by dsRNA.

Quantitation of viral RNA levels showed that accumulation
of genomic and antigenomic RNA, but also viral mRNA, was
more pronounced in P(C�)- and F170S-infected A549 cells
than in WT HPIV1-infected cells. Concomitant with the in-
crease in viral RNA species, N and P protein levels decreased,
which led us to speculate that this imbalance could give rise to
unencapsidated RNAs that could anneal with each other or
with excess viral mRNA to form dsRNA. However, we have
not yet confirmed the identity of the dsRNA species detected
in A549 cells. The current model of genome replication by
nonsegmented negative-sense RNA viruses involves N protein
encapsidation of the template. In the absence of concurrent
encapsidation, naked replication products are made that ter-
minate prematurely (65). These RNAs could stimulate the
innate immune system.

For SeV, the C proteins have previously been implicated in
inhibiting viral RNA synthesis and regulating the balance be-
tween genome and antigenome levels (14, 28, 29). Interest-
ingly, one study reported that infection of primate LLC-MK2
and Vero cells with a SeV C deletion strain led to a predom-
inance of antigenomic RNA compared to genomic RNA and
to an increase in viral protein synthesis (29). Our results differ
from these in that the accumulation of viral proteins was de-
creased rather than increased, and deletion of the HPIV1 C
proteins did not alter the ratio of viral genomic RNA to anti-
genomic RNA. Our results provide an alternative explanation
for the observation that a recombinant SeV strain expressing
HPIV1 C in place of SeV C failed to block IRF3 activation in
murine cells (11). This originally was interpreted to indicate
that the respirovirus C proteins, like the rubulavirus V protein,
are determinants of host range (11). However, it may be that
the HPIV1 C proteins do not function efficiently in the context
of the heterologous SeV N, P, and L proteins to prevent the
accumulation of dsRNA and subsequent IRF3 activation. We
(unpublished data) and others (22, 25) have observed an as-
sociation between the HPIV1 C proteins and proteins of the
homologous replication complex, and this association might be
virus specific.

This study has a number of limitations that need to be
considered when interpreting our results. First of all, the ex-
perimental models used (A549, MEF, and 239 cells) have their
own limitations. For example, although the A549 cell line is an
accepted model for human respiratory epithelial cells, it is an
immortalized cell line, and as such its signaling pathways might
be altered. To address this concern, we have previously used
primary human airway epithelial cells to confirm that the
F170S mutant readily induced type I IFN induction in this
organized epithelium. However, the P(C�) mutant was too

restricted in replication in this organized epithelium to permit
a valid comparison to WT HPIV1 (6). Another limitation is the
uncertainty as to whether PKR- and IFN-�-induced inhibition
of protein synthesis can fully account for the reduced accumu-
lation of viral proteins during infection with the HPIV1 mu-
tants. For example, in cells infected with the F170S mutant, the
levels of N and P protein were reduced compared to those in
WT-infected cells even at 24 h, a time point before the acti-
vation of PKR was detected. Also, while the rapid accumula-
tion of genomic and antigenomic RNA with the P(C�) mutant
could be imagined to outpace the synthesis of N and P protein
and thus initiate dsRNA formation, this proposed mechanism
seems less convincing for the F170S mutant with its more
gradual dsRNA accumulation. Thus, there may be additional
host inhibitory effects on viral protein accumulation that are
activated in C mutant-infected cells or, alternatively, the C
proteins may have a positive effect on viral protein synthesis.
Further studies to explore these alternative mechanisms of
regulating viral protein synthesis are clearly needed.

To our surprise, we were unable to detect a physical inter-
action between wild-type C proteins and any of the examined
members of the RIG-I/MDA5 pathway, either by co-IP or by
yeast two-hybrid assay or mass spectroscopy. Rather, the C
proteins seem to regulate viral RNA synthesis to prevent the
production of dsRNA that would otherwise activate MDA5
and PKR which, in turn, would activate IRF3 and NF-�B,
result in the induction of IFN-�, and inhibit protein synthesis.
We propose that the following series of events occur during
infection with P(C�) HPIV1. dsRNA is generated early,
within the first 24 h of infection, due to the combined rapid
increase of mRNA, genomic RNA, and antigenomic RNA.
The dsRNA activates PKR and also induces IFN-� via the
RIG-I/MDA5 pathway. PKR activation and IFN-� induction
decrease viral protein synthesis, thereby maintaining low levels
of N protein. IFN-� might also inhibit protein synthesis by the
induction of inhibitors such as IFIT1 and IFIT2 (61). In addi-
tion, apoptosis is activated early in P(C�)-infected cells, but
the mechanism underlying this induction remains undefined
(6). The combined effects of PKR activation, IFN-� induction,
and the initiation of apoptosis are likely responsible for the
decline in viral macromolecular synthesis that starts between
24 and 48 h after infection with P(C�) HPIV1. The events
occurring during infection with the F170S mutant are delayed
but could be similar to those in P(C�) HPIV1-infected cells.
The kinetics of dsRNA accumulation and decreased expres-
sion of mutant C proteins described here suggest that a race
between the evasion of host antiviral responses and the elim-
ination of viral antagonists of dsRNA accumulation is key in
determining the outcome of HPIV1 infections.
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