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Human epithelial cells infected with the parainfluenza virus simian virus 5 (SV5) show minimal activation of host
cell interferon (IFN), cytokine, and cell death pathways. In contrast, a recombinant SV5 P/V gene mutant (rSV5-
P/V-CPI�) overexpresses viral gene products and is a potent inducer of IFN, proinflammatory cytokines, and
apoptosis in these cells. In this study, we have compared the outcomes of wild-type (WT) SV5 and rSV5-P/V-CPI�

infections of primary human dendritic cells (DC), important antigen-presenting cells for initiating adaptive immune
responses. We have tested the hypothesis that a P/V mutant which activates host antiviral responses will be a more
potent inducer of DC maturation and function than WT rSV5, which suppresses host cell responses. Infection of
peripheral blood mononuclear cell-derived immature DC with WT rSV5 resulted in high levels of viral protein and
progeny virus but very little increase in cell surface costimulatory molecules or secretion of IFN and proinflam-
matory cytokines. In contrast, immature DC infected with the rSV5-P/V-CPI� mutant produced only low levels of
viral protein and progeny virus, but these infected cells were induced to secrete IFN-� and other cytokines and
showed elevated levels of maturation markers. Unexpectedly, DC infected with WT rSV5 showed extensive cyto-
pathic effects and increased levels of active caspase-3, while infection of DC with the P/V mutant was largely
noncytopathic. In mixed-culture assays, WT rSV5-infected DC were impaired in the ability to stimulate proliferation
of autologous CD4� T cells, whereas DC infected with the P/V mutant were very effective at activating T-cell
proliferation. The addition of a pancaspase inhibitor to DC infected with WT rSV5 reduced cytopathic effects and
resulted in higher surface expression levels of maturation markers. Our finding that the SV5 P/V mutant has both
a reduced cytopathic effect in human DC compared to WT SV5 and an enhanced ability to induce DC function has
implications for the rational design of novel recombinant paramyxovirus vectors based on engineered mutations in
the viral P/V gene.

Epithelial cells are often a major cell type that is initially in-
fected by respiratory viruses, and this virus-host cell interaction
can result in antiviral responses such as cytokine induction or
apoptosis which can influence the spread of progeny viruses to
other cells or tissues. Our previous results with epithelial cells
have shown a dramatic difference in the outcomes of infections
with the parainfluenza virus simian virus 5 (SV5), which sup-
presses epithelial cell antiviral responses, and an engineered P/V
gene mutant that activates antiviral responses (52). Respiratory
viruses can also infect professional antigen-presenting cells
(APC), a cell type that plays a critical role in coordinating innate
and adaptive immune responses (34, 40). This pathogen-cell in-
teraction is particularly important for immune responses to vi-
ruses, since whether the virus suppresses antiviral responses in
APC or whether the APC suppress the virus infection can be an
important determinant of the subsequent adaptive immune re-
sponse (22, 28). In this study, we have addressed the issues of
whether the established phenotypes of wild-type (WT) and mu-
tant SV5 in epithelial cells are also apparent during infections of
dendritic cells (DC) and if these viruses have differing effects on
the functions of infected DC.

DC are pivotal professional APC that are capable of recog-
nizing microbial products to initiate innate and adaptive im-
mune responses (5, 44). DC can respond to virus infection by
activating antiviral innate immune responses such as the pro-
duction of type I interferon (IFN), which can limit virus growth
(7). Most importantly, DC that have sensed a virus infection
can also serve as potent activators of other immune cells. A
virus infection of immature DC can trigger a series of cell
signaling events that result in conversion of DC with an imma-
ture phenotype to a mature form that is capable of activating
naı̈ve T-cell functions, including proliferation, cytokine secre-
tion, and cytolytic activity. These DC maturation events in-
clude increased cell surface expression of costimulatory mole-
cules such as CD40, CD80, and CD86, downregulation of
antigen capture receptors, and an increased capacity to secrete
immunomodulatory cytokines such as interleukin-12 (IL-12),
IL-6, IL-8, and tumor necrosis factor alpha (TNF-�) (5, 44).

Clearance of a viral infection and the subsequent develop-
ment of long-term adaptive immunity depend on appropriate
innate and adaptive responses at the time of infection (6, 7,
22), and DC play a pivotal role in linking these two arms of
immunity (5). As such, viruses have evolved mechanisms to
limit DC activation. For example, infections with a number of
viruses have been shown to prevent DC maturation or func-
tion. Examples of this include herpes simplex virus (36, 45),
cytomegalovirus (35), vaccinia virus (14), measles virus (18, 28,
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48), Lassa fever virus (4), hantavirus (43), poliovirus (51), and
Ebola virus (8). Many of these viruses prevent DC maturation
by limiting the production of cytokines or preventing the up-
regulation of costimulatory molecules. In the case of many
paramyxoviruses, extensive studies with epithelial and fibro-
blast-derived cell lines have shown that proteins encoded by
the viral P/V/C gene can function in counteracting antiviral
responses (reviewed in references 16, 17, 24, and 29), but the
specific role that these viral antagonists may play in this regard
in professional antigen-presenting cells such as DC is not com-
pletely understood.

For SV5, the viral V protein has been shown to target
STAT1 for degradation during infection of epithelial cell- and
fibroblast-like cells (1, 12), resulting in a block in type I and
type II IFN signaling. Recently, the SV5 V protein has also
been shown to play a role in limiting the synthesis phase of the
IFN response, as translocation of interferon regulatory factor 3
(IRF3) to the nucleus is blocked following SV5 infection (20,
42). The SV5 V protein may also play a role in limiting the
induction of some proinflammatory cytokines, since while WT
SV5 is a poor inducer of IL-8 and monocyte chemoattractant
protein 1 in lung epithelial cells, a recombinant SV5 with
mutations in the V protein is a potent activator of these host
cell genes (57). Thus, the SV5 V protein plays multiple roles
in counteracting host cytokine responses, being involved in
blocking of both the IFN induction and signaling pathways
(11, 20, 24).

We have previously described the properties of a recombi-
nant SV5 (rSV5) mutant (rSV5-P/V-CPI�) (52) that was en-
gineered to encode six P/V substitutions which disrupt the
ability of SV5 to target STAT1 for degradation (9). However,
in epithelial cells, the rSV5-P/V-CPI� mutant was shown to
have a number of additional unexpected phenotypes that were
very different from those of WT rSV5. WT rSV5 blocks IFN
signaling (12) and is a poor inducer of IFN as well as other
cytokines (11, 20, 57). In addition, infection with WT rSV5
causes a long-term, noncytopathic infection of human cells in
vitro (10, 20, 52). In contrast, infection of human epithelial
cells with rSV5-P/V-CPI� resulted in premature and elevated
levels of viral RNA and protein compared to infection with
WT rSV5, and the P/V mutant produced higher yields than the
WT (52). In addition, epithelial cells infected with rSV5-P/V-
CPI� secreted large amounts of IFN and other antiviral cyto-
kines (53, 57). The most striking contrast between rSV5-P/V-
CPI� and WT SV5 is seen in the degree of cytopathic effect,
since infections of tissue culture cell lines and cultures of
primary epithelial cells with rSV5-P/V-CPI� result in extensive
cell death by apoptosis (52, 54).

Given these striking differences between WT and P/V mu-
tant SV5 in epithelial cells, we have addressed the issue of
whether the contrasting abilities of WT and P/V mutant SV5 to
suppress antiviral responses would also be evident during in-
fections of primary human DC. We have tested the general
hypothesis that a P/V mutant paramyxovirus which activates
host antiviral responses will be a more potent inducer of DC
maturation and function than a WT paramyxovirus which sup-
presses these host cell responses. Our results have implications
for the rational design of safer and more potent recombinant
paramyxovirus vectors based on engineered mutations in the
viral P/V gene.

MATERIALS AND METHODS

Cells, viruses, and Western blotting. Peripheral blood mononuclear cells
(PBMC) were isolated from randomly selected healthy donors by standard den-
sity gradient centrifugation with Ficoll-Hypaque (37). CD14� cells were isolated
by positive selection, using CD14 microbeads and a magnetic cell separator
according to the manufacturer’s specifications (Miltenyi Biotech, Inc., Auburn,
Calif.). Typically, the purity of monocytes isolated by this procedure was >95%.
Enriched CD14� cells (106 cells/ml in 5 ml) were cultured for 6 days at 37°C in
5% CO2 in culture medium (CM) consisting of RPMI 1640 supplemented with
10% fetal calf serum (Gibco, Grand Island, NY), 2 mM L-glutamine, 50 U/ml
penicillin, 50 �g/ml streptomycin, 10 mM HEPES, and 0.1 mM nonessential
amino acids (all from BioWhittaker, Walkersville, MD). CM included 10 ng/ml
human interleukin-4 (hIL-4) and 10 ng/ml human granulocyte-macrophage col-
ony-stimulating factor. On day 3, half of the medium was replaced with fresh
medium supplemented with cytokines to the above final concentrations.

WT rSV5 and rSV5 expressing green fluorescent protein (rSV5-GFP) (19)
were recovered as described previously (39) from a cDNA plasmid kindly pro-
vided by Robert Lamb and Biao He (Northwestern University). The recovery
and growth properties of the P/V mutant rSV5-P/V-CPI� were described pre-
viously (52). For DC infections, viruses were purified by centrifugation (25,000
rpm, 6 h, SW28 rotor) through a 20% glycerol cushion, resuspended in Dulbecco’s
modified Eagle’s medium with 0.75% bovine serum albumin, and titrated on
CV-1 cells as described previously (54).

For SV5 infections, cells were collected on day 6 and incubated at 106 cells/ml
in phosphate-buffered saline containing 10% fetal bovine serum and different
multiplicities of infection (MOIs) of SV5 virus for 1 h at 37°C. Cells were
pelleted, resuspended in 1 ml CM, and transferred to 24-well tissue culture
plates. In some experiments, lipopolysaccharide (LPS; Sigma-Aldrich, St. Louis,
MO) was added to a final concentration of 200 ng/ml immediately after cell
resuspension in CM. Neutralizing antibodies specific for IFN-� or IFN-�
(Chemicon) were used at a final concentration of 104 neutralizing units/ml.

For Western blot analysis, cells that had been previously infected with rSV5-
GFP or rSV5-P/V-CPI� were lysed in 1% sodium dodecyl sulfate. Equivalent cell
numbers were lysed and analyzed by Western blotting as described previously
(39), using rabbit polyclonal antisera to either the SV5 P protein, the cellular
STAT1 protein (clone 554; Santa Cruz Biotechnology), or actin (Sigma), fol-
lowed by horseradish peroxidase-conjugated secondary antibodies and enhanced
chemiluminescence.

Cytokine production and cell surface staining. Levels of secreted IFN were
determined by a vesicular stomatitis virus (VSV) challenge bioassay detailed
previously (52). The Orsay strain of VSV was a kind gift of D. Lyles, Wake Forest
University Medical Center. IFN-� was measured by an enzyme-linked immu-
nosorbent assay (ELISA) according to the manufacturer’s recommendations
(PBL Biomedical Labs, Piscataway, N.J.). All other cytokines, i.e., IL-1�, IL-6,
IL-8, IL-10, IL-12 p70, and TNF, were quantified by an inflammatory response
cytometric bead array assay (BD Pharmingen, San Diego, CA). For the detection
of surface markers, DC were stained with the following conjugated monoclonal
antibodies according to the manufacturer’s recommendations: anti-CD11c
(B-ly6), anti-CD14 (M5E2), anti-CD40 (5C3), anti-CD80 (L307.4), anti-CD86
(FUN-1), anti-HLA-A,B,C (G46-2.6), and anti-HLA-DR (TU39) (all from BD
Pharmingen, San Diego, CA). Samples were analyzed on a FACScan instrument
using Cell Quest software (Becton Dickinson, San Diego, CA). Paired Student’s
t test was used to determine significance.

Cytometric analyses of apoptotic cells. Apoptosis was measured by intracel-
lular detection of active caspase-3. DC samples were fixed and permeabilized
with Cytofix and CytoPerm (BD Pharmingen, San Diego, CA) and then stained
with a fluorescein isothiocyanate (FITC)-conjugated polyclonal anti-caspase-3
antibody (BD Pharmingen, San Diego, CA) along with CD11c-phycoerythrin-
Cy5. The pancaspase inhibitor Z-VAD-FMK (R&D Systems, Minneapolis, MN)
was included at a concentration of 100 �M at the time of viral infection. Samples
were analyzed by flow cytometry. Paired Student’s t test was used to determine
significance.

Fluorescence microscopy. Infected or mock-infected DC were harvested at
24 h postinfection (p.i.), spun onto coverslips, and fixed with paraformaldehyde.
Cells were washed, mounted on glass slides with mounting medium containing
DAPI (4�,6�-diamidino-2-phenylindole; Molecular Probes, Eugene, OR), and
analyzed with a Nikon Eclipse fluorescence microscope using a 20� lens. Images
were captured using a QImaging digital camera and processed using QCapture
software. Exposure times were manually set to be constant between samples.

T-cell proliferation assay. Six-day-old DC were mock treated, infected with
WT rSV5 or rSV5-P/V-CPI� at an MOI of 5, or treated with LPS (200 ng/ml).
After 24 h, DC were washed and counted before being cocultured with autologous
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T cells that had been labeled with 5 �M CFSE (5,6-carboxyfluorescein diacetate-
succinimidyl ester; Molecular Probes, Eugene, OR) at a DC/T-cell ratio of 1:10.
Cells were cultured for 3 days in 96-well round-bottomed plates in the presence
of 0.01 ng/ml toxic shock syndrome toxin 1 (TSST-1) superantigen (Toxin Tech-
nology, Sarasota, FL). A concentration of 0.01 ng/ml TSST-1 was chosen as the
minimal concentration giving detectable T-cell proliferation. The proliferation of
T-cell receptor (TCR) V�2-specific CD4� T cells was measured by flow cytom-
etry as a decrease in CFSE intensity. Analysis and quantitation of data were
performed using FlowJo software (FlowJo, Ashland, OR). The value referred to
as “percent divided” is the percentage of the population that entered division.

RESULTS

Differential protein expression following infection of pri-
mary human T cells and DC with WT rSV5 and the P/V
mutant. PBMC isolated from whole blood from randomly se-
lected healthy donors were divided by Miltenyi beads into
CD14-positive and CD14-negative populations (Fig. 1A). The
CD14-negative population consisted largely of T cells, which
were used for T-cell proliferation assays in later experiments
(see below). For the CD14-positive population, an analysis of
surface markers showed that �1% of the cells expressed sur-
face CD11c or the maturation markers CD40, CD80, and
CD86 (not shown). These CD14� cells were then cultured for
6 days with recombinant granulocyte-macrophage colony-stim-
ulating factor and IL-4, conditions which generate myeloid-

derived immature DC (46). More than 95% of this immature
DC population was CD11c� (not shown).

To determine the ability of WT and mutant SV5 to infect
primary T cells, cells were mock infected or infected at an MOI
of 5 with an rSV5 carrying the GFP gene as an extra gene; this
virus has been shown to have WT growth and gene expression
properties (19). Alternatively, DC were infected with rSV5-
P/V-CPI�, which also encodes GFP between the HN and L
genes (52). As shown in Fig. 1B, Western blot analysis of
lysates from infected T cells showed no evidence of SV5 pro-
tein expression. In support of this result, microscopy analysis of
infected T cells showed no GFP fluorescence above back-
ground levels (Fig. 1C). These data indicate that T cells are not
efficiently infected in vitro by either WT or P/V mutant SV5.

In contrast to the lack of infection of T cells by SV5, imma-
ture DC were efficiently infected by rSV5-GFP. This is evident
in the results for a representative donor shown in Fig. 1B,
where the SV5 P protein and other viral proteins (see below)
were detected in lysates of infected DC at 24 h p.i. Unexpect-
edly, the level of viral protein expression following infection of
DC with the P/V-CPI� mutant was very low compared to that
seen with rSV5-GFP (Fig. 1B, DC panel) and was typically only
seen with long exposure times. The low P/V mutant protein
expression level was not due to infection of only a small num-

FIG. 1. SV5 infection of primary human T cells and immature DC. (A) PBMC were separated by selection with CD14 beads, and the unselected
(top panel) or selected (bottom panel) populations were analyzed by flow cytometry for surface CD14 and CD11c expression. (B) T cells or
immature DC were mock infected (lanes M) or infected at an MOI of 5 with rSV5-GFP (lanes S) or P/V-CPI� (lanes C). At 24 h p.i., cell lysates
were prepared and analyzed by Western blotting for SV5 P protein or cellular actin. (C) T cells or immature DC were mock infected or infected
at an MOI of 5 with rSV5-GFP or P/V-CPI� and examined at 24 h p.i. by microscopy for nuclei (DAPI panels) or GFP. Panels represent equivalent
exposure times.
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ber of DC in the cell population, since all DC were found to
express GFP at 24 h p.i. (Fig. 1C). The GFP fluorescence
intensity was much lower than that seen for DC infected with
rSV5-GFP (Fig. 1C), consistent with the above differences in
protein levels detected by Western blotting.

To determine the kinetics of SV5 protein expression in in-
fected DC, cells were mock infected or infected at an MOI of
5 with WT rSV5 or the P/V mutant, and lysates that were
harvested at different times p.i. were analyzed for accumula-
tion of proteins by Western blotting. As shown in Fig. 2A, the
accumulation of NP and P proteins in cells infected with WT
rSV5-GFP was much higher than that seen with the P/V mu-
tant. In the example shown in Fig. 2A, there was a loss of viral
and cellular protein at 24 h p.i., but this was not reproducibly
seen. As shown in Fig. 2B for cells from two representative
donors, DC expressed high levels of P protein after infection at
a range of MOIs with WT rSV5 and rSV5-GFP, but infection
with the P/V-CPI� mutant resulted in much lower levels of
protein expression. For all donors tested, P/V mutant protein
accumulation was always less than that seen with WT rSV5
infection, although the differences were not always as dramatic
as those shown for the individual donor DC in Fig. 2B.

Yields of progeny WT rSV5 at 24 h p.i. ranged from 	105 to
	106 PFU/ml per 106 infected DC, which is 100- to 1,000-fold
lower than that seen with the prototypic A549 lung epithelial
cell line (52). In contrast, virus yields from P/V mutant-

infected DC were �102 PFU/ml per 106 cells, which is 	106-
fold lower than that typically seen with epithelial cell lines
infected with this P/V mutant (52) and 103- to 104-fold less
than that seen with WT rSV5-infected DC.

Taken together, these data demonstrate that rSV5 does not
productively infect primary human T cells in vitro but that
infection of immature DC results in high-level protein and
virion production. While immature DC can also be produc-
tively infected with the P/V mutant, our above results with DC
differ significantly from previous results with epithelial cells
since the P/V mutant is highly restricted to the production of
only low levels of viral protein and virus.

STAT1 and type I IFN levels following infection of DC by
WT rSV5 and the P/V mutant. WT SV5 counteracts IFN sig-
naling by targeting STAT1 for degradation (12). In contrast,
our previous results have shown that rSV5-P/V-CPI�, which
contains six amino acid substitutions in the shared N-terminal
region of the P and V proteins, has lost the ability to target
STAT1 for degradation in epithelial cells (52). As shown in
Fig. 3A, DC from all donors showed STAT1 degradation fol-
lowing SV5 infection. DC from some individual donors were
less sensitive to SV5-induced STAT1 degradation and required
very high MOIs to induce complete degradation. Since the
basis for variability in the sensitivity to STAT1 degradation of
some primary cells is not presently known, the data presented
here were derived using DC from donors that showed SV5-

FIG. 2. DC infected by the SV5 P/V mutant show low levels of viral protein expression and low virus yields. (A) Time course of protein
expression. DC isolated from a representative donor were mock infected (lanes M) or infected at an MOI of 5 with rSV5-GFP or the P/V-CPI�

mutant. Protein extracts were collected at the indicated times (h) p.i. and analyzed by Western blotting for SV5 NP and P or cellular actin.
(B) Dose-dependent protein expression. Immature DC isolated from two representative donors were mock infected (lane M), infected at the
indicated MOI with rSV5, or infected at an MOI of 5 with rSV5-P/V-CPI� (lane CPI�) or WT rSV5-GFP (lane G). Protein extracts were analyzed
by Western blotting with a polyclonal antiserum specific for the SV5 P protein. (C) Virus yields. DC isolated from eight individual donors were
infected at an MOI of 5 with WT rSV5 or with the P/V-CPI� mutant, and virus yields at 24 h p.i. were determined by a plaque assay.
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induced STAT1 degradation following infection at MOIs of 5
to 10. In the case of the P/V-CPI� mutant, STAT1 levels were
not reduced following infection and were often increased over
those in mock-infected samples, as shown previously for in-
fected A549 epithelial cells (due to IFN signaling). The inabil-
ity of the P/V mutant to target STAT1 degradation in DC is
consistent with the V protein mutations (9, 52), although the
low levels of viral protein expression in mutant-infected DC
could also contribute to this phenotype.

Previous results with human epithelial and fibroblast cell
lines have shown that WT SV5 is a poor inducer of type I IFNs
(11, 20, 42), while the P/V mutant activates IFN secretion (52).
To determine if these same properties also apply to human
DC, type I IFN secretion was assayed after infection of imma-
ture DC with WT and P/V mutant SV5. Using a bioassay for
type I IFN (Fig. 3B), DC infected with the P/V-CPI� mutant
secreted 	80 U/ml IFN per 106 cells, while WT SV5-infected
DC produced levels very similar to those seen with mock-

infected or control LPS-treated cells. In an ELISA (Fig. 3C),
the P/V-CPI� mutant induced 	50 pg/ml IFN-� during a 24-h
infection, while infection with WT rSV5 induced levels that
were not above those of control samples. The lack of IFN-�
induction in LPS-treated DC is consistent with previous results
showing that myeloid DC express Toll-like receptor 4 (TLR4)
but produce very little IFN-� when challenged with LPS (25).
The increased production of IFN-� following rSV5-P/V-CPI�

infection was consistent with the inability of the P/V mutant to
induce STAT1 degradation (31).

DC maturation and function are induced by infection with
the rSV5 P/V mutant but not with WT rSV5. Virus infection of
immature DC can result in host cell responses that lead to DC
maturation, including the secretion of immunomodulatory cy-
tokines such as IL-8 and TNF-� and the upregulation of cell
surface molecules such as CD40, HLA, CD80, and CD86 (5,
44). To determine if rSV5 infection induces DC maturation,
immature DC were mock infected, infected at an MOI of 5
with WT rSV5 or the P/V mutant, or treated with LPS as a
positive control. Levels of CD40, CD86, CD80, and class II
molecules were then determined by flow cytometry at 24 h p.i.
As shown in Fig. 4A, LPS treatment efficiently upregulated cell
surface expression of these four maturation markers to levels
	2.5- to 	3.5-fold higher than those in mock-treated DC. In
contrast, DC infected with WT rSV5 did not show increased
expression of maturation markers, and in some cases surface
expression was lower than that seen with mock-infected cells
(e.g., CD80 and HLA). Infection with the P/V mutant had a
differential effect on these four cell surface maturation mark-
ers. The expression of some maturation markers (e.g., CD86
and HLA) was increased to levels similar to those after LPS
treatment, while other markers (e.g., CD40 and CD80) were
induced significantly over mock-infected DC but were still low
compared to those in the LPS control. As shown in Fig. 4B, DC
were also induced to secrete IL-6, IL-8, and TNF-� following
infection with the P/V mutant, although the levels of secreted
cytokines were much lower than those seen with LPS-treated
DC. As with the cell surface maturation markers (Fig. 4A), WT
rSV5 infection did not significantly induce DC to secrete these
cytokines.

The above findings that infection of immature DC with the
P/V mutant induced IFN and did not result in STAT1 degra-
dation raised the possibility that virus-induced DC maturation
was dependent on IFN signaling through the STAT1 pathway.
To test this hypothesis, we determined the effect of anti-IFN
neutralizing antibodies on SV5-induced DC maturation. The
addition of antibodies specific for both IFN-� and IFN-� re-
sulted in neutralization of extracellular IFN (Fig. 5A) but did
not significantly alter the levels of the maturation markers
CD80 and CD86 (Fig. 5B) or CD40 and HLA (not shown) on
the surfaces of DC infected with either WT or P/V mutant
SV5. Likewise, under conditions of neutralized extracellular
IFN, the levels of cytokines induced by infection with the WT
or P/V mutant virus did not change significantly (Fig. 5C).
Since UV light treatment of the P/V mutant reduced the ability
of virus infection to mature DC (not shown), our data suggest
that the mechanism by which the P/V mutant activates DC
maturation is largely independent of IFN secretion but depen-
dent on virus replication.

FIG. 3. STAT1 and IFN levels following infection of DC by WT
rSV5 and the P/V mutant. (A) STAT1 levels. Immature DC from a
representative donor were mock infected (lane M) or infected at an
MOI of 5 with rSV5-GFP or the P/V-CPI� mutant virus. Protein
extracts were analyzed by Western blotting with a polyclonal antiserum
specific for STAT1 or cellular actin. *, cross-reactive host protein.
(B and C) Type I IFN levels. DC isolated from individual donors were
mock infected, infected with rSV5 or the P/V-CPI� mutant at an MOI
of 5, or treated with LPS (200 ng/ml). At 24 h p.i., supernatants were
analyzed by a VSV challenge assay for levels of type I IFN (B) or by
ELISA for levels of IFN-� (C). Data are the mean values from three
donors, with standard deviations indicated by bars. *, significantly
different from WT SV5-infected samples.
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Cytopathic effects are induced following infection of primary
DC with WT rSV5 but not with the P/V mutant. During our
analysis of DC infections, we noted that immature DC infected
with WT rSV5 showed high levels of cytopathic effects that
were not seen during infection with the P/V mutant. This is
evident in Fig. 6A, where DC infected with WT rSV5 showed
a decrease in forward and side scatter in flow cytometric assays,
which reflects a cell size and granularity that are consistent
with an increased cytopathic effect. In contrast, forward/side
scatter in DC infected with the P/V-CPI� mutant was similar
to that seen with mock-infected or LPS-treated samples.

To determine if apoptotic pathways were activated by WT
rSV5, mock-infected and virus-infected cells were analyzed for
the presence of active caspase-3. As shown for the represen-
tative example in Fig. 6B, mock-infected or LPS-treated cells
showed only 	4 to 9% of cells with elevated active caspase-3.
In contrast, 	34% of the WT rSV5-infected DC showed ele-
vated staining for active caspase-3. Infection with the rSV5-
P/V-CPI� mutant resulted in only 	12% of the DC showing
high levels of active caspase-3 staining. Mean values from
the analysis of DC from four individual donors showed that
	33% of the WT rSV5-infected DC population had ele-
vated active caspase-3 staining compared to 	10 to 15% for
both mock-infected and rSV5-P/V-CPI�-infected cells (Fig.
6C). Thus, infection of DC with WT rSV5, but not with the

P/V mutant, leads to the activation of cytopathic effects and
apoptotic pathways.

The addition of a pancaspase inhibitor reduced apoptotic
markers and cytopathic effects found in DC infected with WT
rSV5. This is evident in Fig. 7, where incubation of DC with
100 �M Z-VAD-FMK led to reduced levels of active caspase-3
(Fig. 7A) and resulted in a forward/side scatter profile detected
by flow cytometry that was similar to that of mock-infected
control cells (Fig. 7B). To determine if the inhibition of cyto-
pathic effects would lead to increased maturation of SV5-
infected DC, immature cells were mock infected or infected at
an MOI of 5 with WT rSV5 or the P/V mutant and then
incubated with or without 100 �M Z-VAD-FMK. Cell surface
maturation markers were assayed at 24 h p.i. As shown in Fig.
7C, the addition of Z-VAD-FMK had little effect on the levels
of the surface maturation markers CD40, CD80, and HLA-DR
in the case of DC infected with the P/V mutant. In contrast, the
addition of the pancaspase inhibitor to DC infected with WT
rSV5 resulted in slightly higher levels of all three markers than
those in control-treated WT rSV5-infected cells. These data
indicate that the activation of DC apoptotic pathways following
infection with WT rSV5 contributes in part to the low levels of
virus-induced maturation markers. However, since the levels of
maturation markers on Z-VAD-FMK-treated virus-infected
cells were still well below those seen for control LPS-treated

FIG. 4. Increases in maturation markers following infection of immature DC with the P/V-CPI� mutant but not with WT rSV5. DC from
individual donors were mock infected, infected at an MOI of 5 with WT rSV5 or the P/V-CPI� mutant, or treated with LPS. After 24 h, cells were
stained with antibodies to the indicated maturation marker proteins and analyzed by flow cytometry (A). Mean fluorescence intensities (with
standard errors) are expressed relative to those of mock samples and are from four independent experiments with DC from four donors. The
upregulation of costimulatory molecules following CPI� mutant infection compared to that after SV5 infection was statistically significant, with
the following P values: for CD40, P 
 0.00034; for CD80, P 
 0.0069; for CD86, P 
 0.0086; for HLA-DR, P 
 0.01. Alternatively, cell-free
supernatants were assayed by a cytometric bead array for the indicated cytokines (B). Values are means � standard errors of three independent
experiments with DC from four donors.
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DC (Fig. 4), these data indicate that additional mechanisms
contribute to limited DC maturation following SV5 infection.

DC infected with the SV5 P/V mutant are effective activators
of T-cell proliferation. The ability of SV5-infected DC to stim-
ulate T-cell functions was tested in an in vitro coculture assay.
Immature DC from individual donors were mock infected,
infected with WT rSV5 or the P/V mutant, or treated with LPS
as a positive control. After 24 h, DC were then cocultured for
3 days with CFSE-labeled autologous T cells in the presence of
0.01 ng/ml TSST-1, a superantigen that preferentially activates
CD4� T cells bearing the TCR V�2 chain. The proliferation of
CD4� V�2� T cells was assayed by measuring the CFSE in-
tensity. In this assay, T cells that are stimulated to proliferate
by mature DC show a loss of CFSE fluorescence with each cell
division.

Figure 8A shows a representative example of CFSE staining
from one of four individual experiments. T cells cocultured
with WT rSV5-infected DC showed high levels of CFSE, with
the staining profile being very similar to that seen with T cells
cocultured with mock-infected DC. In contrast, a large per-
centage of T cells that were cocultured with P/V mutant-in-
fected DC showed a decrease in CFSE intensity. The decrease
in CFSE staining in samples with P/V mutant-infected DC was
greater than that in mock-infected samples but less than that in

LPS-treated samples. In four individual experiments, the per-
centage of T cells cocultured with P/V mutant-infected DC
that were induced to divide (percent divided) was always
higher than that seen for T cells cocultured with WT rSV5-
infected DC (two examples are shown in Fig. 8B). However,
the absolute percent divided values varied somewhat between
individual donor cells (compare the values for donors A and B in
Fig. 8B). T cells were not directly infected by WT rSV5 (Fig. 1),
indicating that the lack of T-cell division in the samples cocul-
tured with WT rSV5 was not due to direct inhibitory effects of
SV5 infection on T cells themselves.

Taken together, these data indicate that WT rSV5 is a poor
inducer of DC maturation pathways that lead to the upregu-
lation of surface costimulatory molecules and cytokine secre-
tion and that these infected DC are poor activators of T-cell
proliferation. In contrast, the SV5 P/V mutant induces in-
creased expression of some DC maturation markers, and
these infected DC are more effective activators of T-cell
proliferation.

DISCUSSION

The paramyxovirus SV5 is unusual among this family of
viruses since it is a poor inducer of host antiviral responses in

FIG. 5. Role of type I IFN secretion in DC maturation following infection with WT and P/V mutant SV5. DC from individual donors were mock
infected or infected at an MOI of 5 with WT rSV5 or the P/V-CPI� mutant and incubated with (hatched bars) or without (black bars) a mixture
of neutralizing antibodies against IFN-� and IFN-�. After 24 h, samples were harvested, and supernatants were analyzed by a VSV challenge assay
for levels of type I IFN (A). Alternatively, cells were stained with antibodies to the indicated maturation marker proteins and analyzed by flow
cytometry (B). Mean fluorescence intensities (with standard errors) are expressed relative to those of mock samples and are from four independent
experiments with cells from four donors. Cell-free supernatants were also assayed by a cytometric bead array for TNF-� and IL-6 (C). Values are
means � standard errors of three independent experiments with DC from three donors.
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human epithelial and fibroblast-derived cells. This is evident
from studies of WT rSV5 infections, which result in high-level
virus production with minimal cytopathic effects and limited
secretion of proinflammatory cytokines (56) or type I IFN (20,
42, 52). In contrast, the rSV5-P/V-CPI� mutant is highly cyto-
pathic to epithelial and fibroblast-derived cells, and host anti-
viral cytokines and IFN are induced to high levels (52, 56). Our
previous results have shown that these phenotypes are not
limited to tissue culture cell lines but also largely apply to
infections of normal primary human epithelial cells isolated
directly ex vivo with only minimal passage (54). Here we have
tested the hypothesis that the rSV5-P/V-CPI� mutant is a
more potent inducer of DC maturation and function than WT
rSV5. Table 1 provides a summary of the results presented
here for primary DC compared to our previous results with
epithelial cells infected with WT rSV5 and the P/V-CPI�

mutant.
PBMC-derived DC from eight individual donors showed

efficient in vitro infection by WT rSV5, with abundant viral
protein synthesis and progeny virus production (Table 1). The
P/V mutant also efficiently infected DC in vitro; however, viral
protein expression and virus production were low compared to
those seen with WT rSV5. This was an unexpected result, since
our previous data with epithelial cells showed that the rSV5-
P/V-CPI� mutant expresses higher-than-WT levels of viral

mRNA and protein (52, 53) and that virus yields from single-
step growth cycles are 	1 log higher than that of WT SV5
(Table 1). These phenotypes were also seen with primary hu-
man epithelial cells isolated directly ex vivo (54). The low level
of P/V virus gene expression in DC was not restored to WT
expression levels by the addition of neutralizing anti-IFN anti-
bodies (not shown), indicating that the restriction on P/V mu-
tant replication was due to intracellular antiviral pathways that
were independent of IFN signaling. Many antiviral gene prod-
ucts are activated by pathways that are IRF dependent but
independent of IFN signaling (13). Our results suggest that
either different intracellular antiviral pathways are selectively
activated by the P/V mutant in DC and epithelial cells or that
the same pathway is activated in these two cell types but is
much more sensitive to activation in DC.

Type I IFN was induced by infection of DC with the P/V
mutant but not with WT rSV5 (Table 1). Thus, the ability of
WT rSV5 to limit the induction of IFN and the loss of this
function in the case of the P/V mutant are common phenotypes
shared between epithelial cells and DC. Activation of the IFN
promoter can involve pathways that include the cytoplasmic
RNA helicases RIG-I and MDA-5 (2, 27, 55) or some Toll-like
receptors that are activated during virus infection (21, 47).
Some types of professional APC such as DC have high consti-
tutive levels of IRF-7 (26), allowing these cells to respond

FIG. 6. Increased cytopathic effect and active caspase-3 following infection of DC with WT rSV5 but not with the P/V-CPI� mutant. DC from
individual donors were mock infected, infected at an MOI of 5 with WT rSV5 or the P/V-CPI� mutant, or treated with LPS (200 ng/ml). At 24 h
p.i., cells were analyzed by flow cytometry for intracellular levels of active caspase-3. Panel A shows results from a representative experiment
plotting forward and side scatter. Panel B shows results from a representative experiment plotting levels of staining with FITC–anti-caspase-3
antibody (y axis) versus staining with phycoerythrin-Cy5-anti-CD11c antibody (x axis). Panel C shows the mean percentages of cells with elevated
caspase-3 staining from four individual donors. �, P value of 0.026 between SV5- and CPI� mutant-infected samples.
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rapidly to infection by producing high levels of IFN-� without
the need for RIG-I- or MDA-5-mediated IFN-� synthesis to
prime cells (3, 31). In fibroblast-derived cells, the SV5 V pro-
tein has been shown to prevent IFN-� promoter activation
following exposure to double-stranded RNA (42) and through
MDA-5 (2). Based on the recent finding that respiratory syn-
cytial virus and measles virus prevent TLR-mediated IFN syn-
thesis during infections of plasmacytoid cells (47), work is in
progress to determine if WT rSV5 limits IFN induction during
the productive infection of DC by targeting either IRF-7- or
TLR-activated pathways.

In some experimental systems, secreted type I IFN can induce
DC maturation (23, 30). This raised the possibility that differences

in IFN induction, STAT1 degradation, and DC maturation by the
WT and P/V mutant viruses may be linked mechanistically. How-
ever, the addition of neutralizing anti-IFN antibodies during in-
fection with the P/V mutant did not reduce the levels of DC
maturation markers or cytokines (Fig. 5), suggesting that P/V
mutant-induced maturation was not solely dependent on auto-
crine IFN signaling. Our results are similar to those found with
murine DC infected with influenza virus and Sendai virus (32),
where it was proposed that the maturation of infected DC was
due to the IFN-inducing properties of a virus but that maturation
was not due to secreted IFN per se.

Mouse DC infected with WT rSV5 respond very differently
from human DC infected with WT rSV5. Our previous studies

FIG. 7. Z-VAD-FMK treatment reduces active caspase-3 and cytopathic effects in SV5-infected DC. (A) Active caspase-3 levels. DC were
infected at an MOI of 5 with WT rSV5 or the P/V-CPI� mutant and incubated for 24 h with or without 100 �M Z-VAD-FMK (pancaspase
inhibitor) before analysis of caspase-3 levels by flow cytometry. Data are the means � standard errors from three individual experiments with three
donors. The values for SV5-infected DC with and without Z-VAD-FMK treatment were significantly different (P 
 0.0001) by a paired t test.
(B and C) Cytopathic effect and maturation markers. Mock-infected or infected DC were treated as described for panel A and analyzed by flow
cytometry for changes in forward and side scatter (B). In addition, cells were analyzed for cell surface maturation marker levels by flow cytometry
(C). Mean fluorescence intensities (with standard errors) are expressed relative to those of mock samples and are from four independent
experiments with four donors.
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have shown that WT rSV5 infection of mouse DC induces
efficient upregulation of the maturation markers CD40 and
CD86 and the secretion of proinflammatory cytokines such as
IL-6 and IL-12 (41). This contrasts with the results shown here
for WT rSV5 infection of human DC, which induces very little
upregulation of maturation markers or cytokine secretion.
These species-specific differences in the ability of WT rSV5 to
induce DC maturation are consistent with previous results for
WT SV5 infections of mouse and human epithelial and fibro-
blast cells (11) and may be related, at least in part, to the
differing abilities of WT rSV5 to counteract antiviral pathways
in human and mouse cells (56). In the case of human DC
infected with the P/V mutant, antiviral pathways are not effec-
tively blocked, and the DC show some maturation phenotypes.
Thus, the outcome of infection of mouse DC with WT rSV5
shares common properties with that of infection of human DC
with the rSV5-P/V-CPI� mutant, i.e., low-level viral protein
synthesis, induction of IFN synthesis, and upregulation of a
subset of costimulatory markers (CD40 and CD86). Interest-
ingly, in both systems (mouse DC infected with WT SV5 and
human DC infected with the P/V mutant), increased DC sur-
face expression of the CD80 maturation marker is minimal.
Since CD80 expression by mature DC can be an important

factor for stimulating T cells (15, 33), it may be possible to
engineer additional SV5 mutants with an enhanced ability to
upregulate CD80 expression and further stimulate T-cell func-
tions.

Some remarkable findings from the studies presented here
are the contrasting cytopathic effects of WT rSV5 and the
P/V-CPI� mutant (Table 1), since these phenotypes are largely
reversed when these two viruses infect human DC or epithelial
cells. WT rSV5 establishes a generally noncytopathic infection
of human epithelial cells and is a poor inducer of host cell
death pathways (10, 20, 52). In A549 lung epithelial cells in-
fected with WT rSV5, only 	2% of the cell population shows
signs of apoptosis at late times p.i. (52). In contrast, our rSV5-
P/V-CPI� mutant is highly cytopathic for epithelial cells, and
most of the cell population shows signs of apoptosis by 36 h p.i.
Coinfection studies with WT rSV5 and the P/V-CPI� mutant
in A549 cells have shown that WT rSV5 can block the cell
rounding, loss of cell volume, and DNA fragmentation induced
by rSV5-P/V-CPI�, which are three late events in the apoptotic
pathway (53). However, WT rSV5 is not able to block the loss
of mitochondrial membrane potential, an early event in the cell
death process induced by the P/V mutant (53). Our present
finding that WT rSV5-infected DC show signs of activated
apoptotic death pathways suggests that either (i) different
apoptotic pathways are primed for activation in DC versus
epithelial cells, and the WT virus is ineffective at blocking the
DC death pathways; or (ii) the threshold for activation of a
common pathway is lower in DC than in epithelial cells. Im-
portantly, our mechanistic studies with a pancaspase inhibitor
show that activation of caspase-dependent pathways can only
partially account for the lack of DC maturation following WT
SV5 infection and suggest that additional factors contribute to
WT SV5 preventing DC maturation.

Our results for DC infection with the SV5 P/V mutant have
implications for the use of paramyxoviruses as viral vectors for
eliciting adaptive immune responses. It has been proposed that
recombinant negative-strand RNA viruses harboring muta-
tions in viral IFN antagonist genes could represent novel viral
vectors that have a reduced capacity to cause disease but retain
the ability to elicit adaptive immune responses (38, 49). For
example, Palese and coworkers have shown with a mouse
model system that an influenza virus harboring deletions in the
NS1 protein is less pathogenic but still elicits strong adaptive
antibody and T-cell responses (49). In the case of bovine res-

TABLE 1. Summary of SV5-infected DC and epithelial cells

Parameter
Value for dendritic cells Value for epithelial cells

WT rSV5 P/V-CPI� WT rSV5 P/V-CPI�

Gene expression High Low High Higher
Virus yield (PFU/ml)a 	105–106 �102 	107 	108

IFN-�/� secretionb �10 	80 NDe 5,000–10,000
STAT1 statusc Decreased Increased Decreased Increased
Cytopathic effectd 30–50% 	12% NDe 	20%

a Typical PFU/ml titers from 106 cells. Epithelial cell yields were at 16 h p.i.
(52).

b Units of type I IFN per ml determined by a VSV-based bioassay.
c STAT1 levels detected by Western blotting; P/V-CPI�-infected cells usually

showed slightly increased levels.
d Percentage of cells with elevated active caspase-3 at 24 h p.i. Unpublished

data are given for P/V-CPI� infection in A549 cells.
e ND, none detectable.

FIG. 8. DC infected with the P/V mutant, but not with WT rSV5, are
effective activators of T-cell proliferation. DC were mock treated, infected
at an MOI of 5 with WT SV5 or the P/V-CPI� mutant, or treated with
LPS (200 ng/ml) for 24 h before being cocultured with CFSE-labeled
autologous T cells in the presence of 0.01 ng/ml TSST-1 superantigen.
After 3 days, cells were stained with TCR V�2-APC antibodies (y axis),
and the proliferation of CD4� cells was measured by changes in CFSE
intensity (x axis). (A) Representative CFSE staining results for an indi-
vidual donor’s DC. (B) Percentages of T cells undergoing division
(% divided) for samples from two individual donors.
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piratory syncytial virus, IFN-inducing mutants which lack ex-
pression of the NS proteins have been shown to be highly
attenuated in vivo and to induce protective immunity to chal-
lenge (50). In addition to our data shown here that the SV5
P/V mutant is largely noncytopathic in primary DC, we have
previously shown that this mutant is also restricted for low-
MOI spread through an epithelial cell population (54). Thus,
these findings are consistent with a general hypothesis that the
safety of paramyxovirus vectors can be improved by engineer-
ing mutations into the P/V gene (38, 49, 50). The SV5 P/V
mutant was also more effective than WT rSV5 at inducing DC
to express maturation markers and to gain functions necessary
for the activation of T cells. As a caveat to extending our cell
culture data to in vivo results, it is unclear whether SV5 directly
infects DC in whole animals. Taken together, the available
data raise the possibility that paramyxoviruses with engineered
P/V mutations could form the basis for new viral vaccine vec-
tors that are both safe and effective activators of adaptive
immune responses.
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