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Parainfluenza virus 5 (PIV5) is a promising viral vector for vaccine development. PIV5 is safe, stable, efficacious, cost-effective to
produce and, most interestingly, it overcomes preexisting antivector immunity. We have recently reported that PIV5 expressing
the hemagglutinin (HA) from highly pathogenic avian influenza (HPAI) virus H5N1 (PIV5-H5) provides sterilizing immunity
against lethal doses of HPAI H5N1 infection in mice. It is thought that induction of apoptosis can lead to enhanced antigen pre-
sentation. Previously, we have shown that deleting the SH gene and the conserved C terminus of the V gene in PIV5 results in
mutant viruses (PIV5�SH and PIV5V�C) that enhance induction of apoptosis. In this study, we inserted the HA gene of H5N1
into PIV5�SH (PIV5�SH-H5) or PIV5V�C (PIV5V�C-H5) and compared their efficacies as vaccine candidates to PIV5-H5. We
have found that PIV5�SH-H5 induced the highest levels of anti-HA antibodies, the strongest T cell responses, and the best pro-
tection against an H5N1 lethal challenge in mice. These results suggest that PIV5�SH is a better vaccine vector than wild-type
PIV5.

Parainfluenza virus 5 (PIV5), a nonsegmented negative-sense
single-stranded RNA virus, is a member of the genus Rubula-

virus of the family Paramyxoviridae (1). Several characteristics of
PIV5 make it an attractive vaccine candidate vector. First, PIV5 is
thought to be a contributing factor for kennel cough (2–6), and
kennel cough vaccines containing live PIV5 have been used in
dogs over 30 years without any safety concern for dogs or humans
(7, 8). Second, PIV5 can be produced in high titers in many cell
lines, including Vero cells, which have been approved for vaccine
production. In a laboratory setting, it can be easily grown to �108

PFU/ml (1) and has been mass-produced for the veterinary vac-
cine market (7, 8). Third, PIV5 can infect both contemporary
laboratory human cell lines and primary human cells (9). Fourth,
in recent studies, a single dose of a live recombinant PIV5 express-
ing the HA gene (rPIV5-H5) from the highly pathogenic avian
influenza (HPAI) virus H5N1 subtype provided sterilizing immu-
nity against a lethal dose of influenza A virus H5N1 infection in
mice (10, 11). PIV5 expressing NP, an internal protein of influ-
enza virus, protected against lethal influenza virus challenge in
mice, as well (12). The levels of protection afforded by PIV5-based
H5N1 vaccine candidates in mice are unprecedented. In contrast,
a vaccinia virus expressing NP did not provide any protection
against the challenge (13) and an adenovirus containing NP pro-
vides 80% protection against the lethal H1N1 challenge, but the
mice lost ca. 30% weight (14). Fifth, PIV5 vaccination has the
advantage of needle-free intranasal delivery. Finally, preexisting
anti-PIV5 immunity does not negatively affect the immunogenic-
ity of a PIV5-based vaccine (15).

PIV5 encodes eight known viral proteins (1). The nucleocapsid
protein (NP), phosphoprotein (P), and large RNA polymerase (L)
protein are important for transcription and replication of the viral
RNA genome. P and L form the viral RNA-dependent RNA poly-
merase (1). The V protein plays important roles in viral pathogen-
esis, as well as in regulating viral RNA synthesis (1, 16). Recombi-
nant PIV5 lacking the conserved C terminus of the V protein
(PIV5V�C) induces apoptosis in infected cells via an intrinsic
pathway (17). The fusion (F) protein, a glycoprotein, mediates
both cell-to-cell and virus-to-cell fusion in a pH-independent

manner that is essential for virus entry into cells. The hemagglu-
tinin-neuraminidase (HN), another viral glycoprotein, is also in-
volved in virus entry and release from the host cells. The matrix
(M) protein plays an important role in virus assembly and bud-
ding (18, 19). The small hydrophobic (SH) protein is a 44-residue
hydrophobic integral membrane protein (20). Recombinant PIV5
without SH (PIV5�SH) induces apoptosis in L929 cells through a
tumor necrosis factor alpha (TNF-�)-mediated extrinsic apop-
totic pathway (21–23).

Virus infection generally elicits a protective host immune re-
sponse that resists reinfection and is the foundation of vaccinol-
ogy. The ability of foreign antigens, such as viral proteins, to be
recognized by the host immune system in part determines their
effectiveness as a vaccine antigen. Apoptotic cells are a source of
antigens for professional antigen-presenting cells, such as den-
dritic cells. It is thought that the apoptotic pathway activated by
virus infection may also play a role in antigen presentation and
that various apoptotic pathways may affect antigen presentation
differently. Unlike most paramyxoviruses, PIV5 can productively
infect many cell types with little or no detectable cytopathic effect
(CPE) over a long period of time (22). The ability of PIV5 to grow
productively without inducing CPE suggests that PIV5 likely en-
codes antiapoptosis mechanisms to prevent infected cells from
undergoing cell death. Recombinant PIV5 viruses lacking SH
(PIV5�SH) induce apoptosis via a TNF-�-mediated extrinsic
pathway, suggesting that SH plays an essential role in blocking
TNF-�-mediated apoptosis (23). PIV5 lacking the conserved C
terminus (PIV5V�C) induces apoptosis in infected cells via an
intrinsic apoptotic pathway in which endoplasmic reticulum
stress likely plays an important role (17). We hypothesize that
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mutant PIV5 viruses that induce apoptosis will be better vectors
for delivering foreign antigens, such as H5N1 proteins, than wild-
type PIV5. We tested this hypothesis by expressing the HA protein
from H5N1 (H5-HA) using mutant PIV5 (PIV5�SH-H5 and
PIV5V�C-H5) viruses and examined the efficacies in comparison
to PIV5-H5.

MATERIALS AND METHODS
Cells. MDBK and Vero cells were maintained in Dulbecco modified Eagle
medium (DMEM) containing 10% fetal bovine serum (FBS), 100 IU of
penicillin/ml, and 100 �g of streptomycin/ml. BHK and BSR-T7 cells
were maintained in DMEM containing 10% FBS and 10% tryptose phos-
phate broth (TPB). G418 (400 �g/ml) was added to BSR-T7 cells. All cells
were incubated at 37°C and 5% CO2. Virus-infected cells were grown in
DMEM containing 2% FBS. Plaque assays were performed using BHK
cells.

Mice. Six- to eight-week-old female BALB/c mice (Charles River Labs,
Frederick, MD) were used for all studies. Mice were anesthetized via in-
traperitoneal administration of Avertin (2,2,2-tribromoethanol) prior to
all intranasal vaccinations and influenza virus challenges. Mouse HPAI
infections were performed in enhanced BSL3 facilities in HEPA filtered
isolators according to guidelines approved by the institutional biosafety
program at the University of Georgia and for use of Select Agents ap-
proved by the Centers for Disease Control and Prevention (CDC), At-
lanta, GA. All animal studies were conducted under guidelines approved
by the Institutional Animal Care and Use Committee (IACUC) of the
University of Georgia.

Influenza viruses. Highly pathogenic A/Vietnam/1203/2004 (H5N1;
kindly provided by Richard Webby, St. Jude Children’s Research Hospi-
tal, Memphis, TN) was propagated in the allantoic cavity of embryonated
hen eggs at 37°C for 24 h. rgA/VN-PR8 (H5N1; kindly provided by Ruben
Donis, CDC) were propagated in the allantoic cavity of embryonated hen
eggs at 37°C for 48 to 72 h. All viruses were divided into aliquots and
stored at �80°C. All experiments using live, highly pathogenic A/Viet-
nam/1203/2004 were reviewed and approved by the institutional biosafety
program at the University of Georgia and were conducted in enhanced
biosafety level 3 (BSL3�) containment according to guidelines for the use
of select agents approved by the CDC.

Construction of plasmids containing full-length PIV5 genomes and
HA. To generate a plasmid containing H5-HA insertion between the HN
and L genes in the PIV5�SH genome (PIV5�SH-H5), the plasmid
pPIV5�SH containing the full-length genome of PIV5 lacking the SH
gene was used (21). To generate a plasmid containing H5-HA insertion
between the HN and L genes in the PIV5V�C genome (PIV5V�C-H5),
the plasmid pPIV5V�C containing the full-length genome of PIV5 lack-
ing the conserved cysteine-rich domain of the V gene was used (24). The
plasmid containing the H5-HA gene without cleavage site was used as a
DNA template for PCR amplification using appropriate oligonucleotide
primer pairs as described previously (10). Sequences of the primers for the
H5-HA gene, PIV5�SH-H5, and PIV5V�C-H5 are available on request.

Virus rescue and sequencing. The rescue of infectious recombinant
PIV5 was performed as described previously (25). Briefly, the plasmids
PIV5�SH-H5 or PIV5V�C-H5 containing H5-HA in the mutant PIV5
genome, and three helper plasmids pPIV5-NP, pPIV5-P, and pPIV5-L
encoding NP, P, and L proteins, were cotransfected into BSR-T7 cells at
95% confluence in 6-cm plates with JetPrime (Polyplus-Transfection, Inc,
New York, NY). The amounts of plasmids used were as follows: 5 �g of
full-length PIV5�SH-H5 or PIV5V�C-H5 plasmids, 1 �g of pPIV5-NP,
0.3 �g of pPIV5-P, and 1.5 �g of pPIV5-L. After 72 h of incubation at
37°C, the media were harvested, and cell debris was pelleted by low-speed
centrifugation (3,000 rpm, 10 min). Plaque assays were used to obtain
single clones of recombinant viruses. The full-length genomes of a single
plaque-purified clone of PIV5�SH-H5 or two clones of PIV5V�C-H5
viruses (PIV5V�C-H5-3 and PIV5V�C-H5-4) were sequenced as de-
scribed previously (10). Total RNAs from the media of PIV5�SH-H5 or

PIV5V�C-H5 virus-infected Vero cells were purified using the viral RNA
extraction kit (Qiagen, Inc., Valencia, CA). cDNAs were prepared using
random hexamers, and aliquots of the cDNA were then amplified using
appropriate oligonucleotide primer pairs. PCR products were sequenced.

Growth of recombinant PIV5-HA viruses in vitro and in vivo.
Vero or MDBK cells in six-well plates were infected with PIV5, PIV5-
H5, PIV5�SH-H5, PIV5�SH, PIV5V�C-H5-3, PIV5V�C-H5-4, or
PIV5V�C at a multiplicity of infection (MOI) of 0.1. The cells were then
washed with phosphate-buffered saline (PBS) and maintained in
DMEM–2% FBS. Media were collected at 24-h intervals. The titers of
viruses were determined using plaque assay with BHK cells.

To analyze the growth of viruses in mice, 6-week-old wild-type
BALB/c mice were infected with 105 PFU of PIV5, PIV5-H5, PIV5�SH-
H5, PIV5V�C-H5-3, or PIV5V�C-H5-4 in a 50-�l volume intranasally.
Mice were euthanized 3 days postinfection, and the lungs were collected to
determine virus titers.

Detection of viral protein expression. An immunofluorescence assay
was used to detect expression of viral proteins. MDBK cells in 24-well
plates were mock infected or infected with PIV5, PIV5-H5, PIV5�SH-H5,
PIV5V�C-H5-3, or PIV5V�C-H5-4 at an MOI of 0.1. At 2 days postin-
fection (dpi), the cells were washed with PBS and then fixed in 0.5%
formaldehyde. The cells were permeabilized in PBS– 0.1% saponin solu-
tion and then incubated for 30 min with monoclonal anti-PIV5-V/P or
anti-H5-HA antibody. The cells were washed with PBS–1% bovine serum
albumin (BSA) and then incubated with fluorescein isothiocyanate
(FITC)-labeled goat anti-mouse antibody. The cells were incubated for 30
min, washed, and photographed using a fluorescence microscope (Ad-
vanced Microscopy Group).

Expression levels of H5-HA in virus-infected cells were compared
using flow cytometry. MDBK cells in six-well plates were mock in-
fected or infected with PIV5, PIV5-H5, PIV5�SH-H5, PIV5V�C-
H5-3, or PIV5V�C-H5-4 at an MOI of 5. The cells were collected at 2 dpi
and fixed with 0.5% formaldehyde for 1 h. The fixed cells were resus-
pended in FBS-DMEM (50:50) and then permeabilized in 70% ethanol
overnight. The cells were washed once with PBS and then incubated with
mouse anti-H5-HA antibody in PBS–1% BSA for 1 h at 4°C. The cells were
stained with anti-mouse antibody labeled with phycoerythrin for 1 h at
4°C in the dark and then washed once with PBS–1% BSA. The fluores-
cence intensity was measured using a flow cytometer (BD LSR II).

ELISA. H5-HA-specific serum antibody titers were measured using an
IgG enzyme-linked immunosorbent assay (ELISA). For the generation of
immune serum, mice were vaccinated with 103 PFU of PIV5, PIV5-H5,
PIV5�SH-H5, PIV5V�C-H5-3, or PIV5V�C-H5-4 intranasally, and
blood samples collected on day 21 postvaccination. Immulon 2HB 96-
well microtiter plates (Thermo Lab Systems) were coated with 1 �g of
recombinant H5-HA protein (BEI Resource)/ml and incubated at 4°C
overnight. Assays were performed according to the manufacturer’s in-
structions (KPL, Inc.). Serial dilution of serum samples from PIV5-,
PIV5-H5-, PIV5�SH-H5-, PIV5V�C-H5-3-, or PIV5V�C-H5-4-inocu-
lated mice were added into coated plates. The goat anti-mouse IgG con-
jugated to AP (KPL, Inc) was added, and the plates were developed. The
optical density (OD) was measured at 405 nm on a Bio-Tek Powerwave XS
plate reader. The IgG titer was determined to be the lowest serum dilution
with an OD greater than that of the mean of naive serum plus two stan-
dard deviations.

IFN-� ELISPOT assay. To measure the T cell responses in the spleens
of vaccinated mice, a gamma interferon (IFN-�) enzyme-linked immu-
nospot assay (ELISPOT) assay was performed. Mice were vaccinated us-
ing PBS or 103 PFU of PIV5, PIV5-H5, or PIV5�SH-H5 intranasally. At
day 21 postvaccination, the mice were sacrificed, and the spleens were
collected. The spleens were homogenized and washed with Hanks bal-
anced salt solution. Gey’s solution was added to remove the red blood
cells. Splenocytes in complete tumor medium were added to 96-well
plates (BD Biosciences). The cells were mock stimulated or stimulated
with H5N1 HA protein (BEI Resource), Ebola GP peptide P2 (EYLFEV
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DNL) as an irrelevant peptide, or phorbol myristate acetate (PMA)-iono-
mycin. Cultures were incubated at 37°C and in 5% CO2 for 48 h. The
splenocytes were removed, and the plates were washed and incubated with
antibody and substrate according to the manufacturer’s instructions (BD
Biosciences). The spots were counted using an AID ViruSpot Reader (Cell
Technology, Inc.). The results are presented as mean numbers of cyto-
kine-secreting cells subtracted from the total number of mock-stimulated
cells per 106 splenocytes.

Influenza virus challenge of PIV5-vaccinated mice. All animal exper-
iments were carried out strictly according to the protocol approved by the
IACUC. Mice were immunized with a single dose of 103 PFU of PIV5,
PIV5-H5, PIV5�SH-H5, PIV5V�C-H5-3, or PIV5V�C-H5-4 or with
2,000 PFU of rgA/VN-PR8 intranasally. At day 21 postvaccination, the
mice were challenged with 10 50% lethal doses (LD50) of H5N1 HPAI.
After challenge, the mice were monitored for weight loss and survival.
Mice were scored based upon clinical signs of infection (ruffled fur,
hunched posture, and/or dyspnea � 1 point each; 	25% weight loss � 1
point; 25 to 35% weight loss � 2 points; �35% weight loss � 3 points;
neurological symptoms � 3 points). Animals were humanely euthanized
upon reaching 3 points.

RESULTS
Generation of PIV5 mutants expressing HA. We have generated
PIV5 mutants expressing H5-HA (collective called PIV5-HA)
(Fig. 1). Although we have found that insertion between the SH
and HN junction results in the most efficacious vaccine in case of
PIV5 expressing H5-HA (10), we have used the HN and L gene
junction as the preferred site for the present study for two reasons.
One is that the junction between the HN and L gene is the most
distal to the leader sequence, the de facto promoter for transcrip-
tion; thus, the insertion would have the least impact on PIV5 viral
gene expression. The second reason was that it was easier to mea-
sure an improvement in a suboptimal vector to determine
whether modification of PIV5 could improve efficacy. We gener-
ated full-length PIV5 genomes with appropriate mutations and
insertion of H5-HA and recovered infectious virus as before (24).
As a part of routine analysis of the recombinant viruses, we plaque

purified and sequenced entire genome of the viruses. Although
PIV5�SH-H5 (ZL128) had the exact input sequences, there were
mutations in the genome of PIV5V�C-H5 viruses. We sequenced
many rPIV5V�C-H5 clones, and they all contained mutations at
different locations besides the intended mutations within the V/P
gene to give rise to V�C within the V/P gene. We decided to pick
two clones of recovered viruses with different mutations besides
the intended mutations that abrogate expression of the C terminus of
the V protein to test. The rationale was that if all mutants had the
same effects and the common feature was the lack of the conserved C
terminus of V, it would likely be the determining factor in the phe-
notype. Two plaque-purified clones of PIV5V�C-H5 containing
mutation sites in the L gene were used for all further experiments;
PIV5V�C-H5-4 contained a Y1490S mutation, and PIV5V�C-
H5-3 contained the same mutation site plus an extra E1658D mu-
tation (Fig. 1).

Expression of H5-HA from PIV5-HA virus-infected cells was
confirmed by using immunofluorescence (Fig. 2A). The HA pro-
tein was only detected in PIV5-H5-, PIV5�SH-H5-, or PIV5V�C-
H5-infected MDBK cells but not in mock- or PIV5-infected
MDBK cells (Fig. 2A). Expression levels of HA of infected cells
were further quantified by using flow cytometry (Fig. 2B).
PIV5�SH-H5 produced the highest levels of HA expression,
PIV5V�C-H5-3 and PIV5-H5 produced similar higher levels of
HA, and PIV5V�C-H5-4 produced the lowest levels of H5-HA
expression in MDBK cells.

Analysis of PIV5-HA viruses in vitro and in vivo. To compare
the growth of PIV5-HA viruses in vitro, multiple-step growth
curves were performed using MDBK or Vero cells. For PIV5�SH-
based vaccine candidates, MDBK cells, the best cell line for grow-
ing PIV5, were used. PIV5, PIV5-H5, PIV5�SH-H5, and
PIV5�SH replicated similarly in MDBK cells (Fig. 3A). For
PIV5V�C-based vaccine candidates, Vero cells, which lack IFN
genes, were used to avoid the complication of IFN since PIV5V�C
induces higher levels of IFN expression in IFN-competent cells. In
Vero cells, PIV5, PIV5-H5, PIV5V�C-H5-3, and PIV5V�C rep-
licated with similar kinetics. PIV5V�C-H5-4 replicated slower
than the other viruses, with a peak titer that was �1 log lower
(Fig. 3B).

To examine the growth of PIV5-HA viruses in vivo, BALB/c
mice were vaccinated with 105 PFU of PIV5, PIV5-H5, PIV5�SH-
H5, PIV5V�C-H5-3, or PIV5V�C-H5-4 intranasally. Titers of
virus in the lungs of vaccinated mice were determined at 3 days
postinfection (Fig. 4). The titers in the lungs of PIV5- and PIV5-
H5-vaccinated mice were similar. PIV5�SH-H5- and PIV5V�C-
H5-vaccinated mice had lower titers of viruses in the lungs.

Immune responses to PIV5-HA virus inoculation in mice. To
investigate HA antibody production among PIV5-HA viruses in
vivo, mice were vaccinated with PIV5, PIV5-H5, PIV5�SH-H5,
PIV5V�C-H5-3, or PIV5V�C-H5-4 intranasally. At day 21 post-
vaccination, blood samples were collected and sera were prepared.
PIV5�SH-H5 induced the highest levels of anti-H5-HA antibod-
ies, PIV5V�C-H5-3 and PIV5-H5 induced similar levels of anti-
bodies, and PIV5V�C-H5-4 produced the lowest levels of anti-
bodies (Fig. 5A).

Differences in T cell responses induced by PIV5-H5 and
PIV5�SH-H5 were examined using an IFN-� ELISPOT assay.
Mice were vaccinated with PIV5, PIV5-H5, or PIV5�SH-H5 in-
tranasally. At day 21 postvaccination, mice were euthanized and
splenocytes were obtained for IFN-� ELISPOT assays. Compared

FIG 1 Schematics of recombinant PIV5 expressing H5-HA. PIV5 genome
contains seven genes in the order of 3=-NP-V/P-M-F-SH-HN-L-5= with leader
(Le) and trailer (Tr) regions located at the ends of the genome. PIV5�SH
lacking the SH gene and PIV5V�C lacking the conserved C-terminal of the V
protein have been described before (21, 24). The H5N1 HA gene was inserted
into PIV5, PIV5�SH, or PIV5V�C between the HN and L genes. The addi-
tional mutation sites within two clones of PIV5V�C-H5 genome were as in-
dicated.
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to PIV5-vaccinated mice, PIV5-H5- and PIV5�SH-H5-vacci-
nated mice induced higher levels of H5-HA-specific T cell re-
sponses. PIV5�SH-H5-vaccinated mice induced higher levels of T
cell responses than PIV5-H5-vaccinated mice, although the differ-
ence was not statistically significant.

Determining efficacy of PIV5-HA viruses against H5N1
HPAI challenge in mice. To examine whether PIV5�SH-H5 or
PIV5V�C-H5 viruses could provide better protection against
H5N1 HPAI challenge, mice were immunized with a single dose of
PIV5, PIV5-H5, PIV5�SH-H5, PIV5V�C-H5-3, or PIV5V�C-
H5-4 or with 2,000 PFU of rgA/VN-PR8 intranasally. At day 21
postvaccination, mice were challenged with 10 LD50 H5N1 HPAI.
All PIV5-immunized mice lost body weight and succumbed to the
infection. In contrast, 90% of mice vaccinated with PIV5V�C-
H5-4 and 100% of mice vaccinated with PIV5-H5, PIV5�SH-H5,

or PIV5V�C-H5-3 survived challenge. PIV5�SH-H5-vaccinated
mice lost the least amount of body weight and recovered by 4 days
postchallenge, indicating that PIV5�SH-H5 provided the best
protection (Fig. 6). We have performed this immunization-chal-
lenge regime three times and, each time, PIV5�SH-H5 outper-
formed PIV5-H5 in reducing morbidity (lower percentage of
weight loss) and providing complete protection (100% survival).
Unfortunately, the results from PIV5V�C-H5 immunization
and challenge were variable, and it is inconclusive whether
PIV5V�C-H5 is better than PIV5-H5.

DISCUSSION

Influenza A virus continues to cause significant morbidity and
mortality each year. Influenza A viruses are classified by two major
surface glycoproteins, hemagglutinin (HA) and neuraminidase

FIG 2 Confirmation of H5-HA expression. (A) HA expression in PIV5-HA
virus-infected MDBK cells. MDBK cells were mock infected or infected with
PIV5, PIV5-H5, PIV5�SH-H5, PIV5V�C-H5-3, or PIV5V�C-H5-4 at an
MOI of 0.1. At 2 dpi, the cells were fixed, permeabilized, and then incubated
with monoclonal anti-PIV5-V/P or anti-H5N1-H5 antibodies. The cells were
photographed using a fluorescence microscope (Advanced Microscopy
Group). (B) Comparison of H5-HA protein expression levels in virus-infected
MDBK cells by flow cytometer. MDBK cells were mock infected or infected
with PIV5, PIV5-H5, PIV5�SH-H5, PIV5V�C-H5-3, or PIV5V�C-H5-4 at
an MOI of 5. The mean fluorescence intensity (MFI) of H5-HA was examined
by flow cytometer at 2 dpi. *, P 	 0.05 between PIV5�SH-H5 and PIV5-H5.

FIG 3 Growth of PIV5-HA viruses in vitro. (A) MBDK cells were infected with
PIV5, PIV5-H5, PIV5�SH-H5, or PIV5�SH. (B) Vero cells were infected with
PIV5, PIV5-H5, PIV5V�C-H5-3, PIV5V�C-H5-4, or PIV5V�C at an MOI of
0.1. Media were collected at 24-h intervals, and virus titers were determined by
plaque assay on BHK cells. p.i., postinfection.

FIG 4 Growth of PIV5-HA viruses in vitro and in vivo. Mice were vaccinated
with 105 PFU of PIV5, PIV5-H5, PIV5�SH-H5, PIV5V�C-H5-3, or
PIV5V�C-H5-4 intranasally. Mice were euthanized on day 3 postvaccination
to determine lung virus titers.
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(NA). There are 17 HA and 9 NA subtypes, differing by �30% in
protein homology, which are used to categorize influenza A virus
into subtypes (e.g., H1N1, H3N2, H5N1, etc.). Point mutations in
the antibody-binding sites of these surface glycoproteins allow
viruses to evade antibody-mediated immunity and reinfect hu-
mans and animals (antigenic drift). When different influenza A
virus subtypes infect the same host, the exchange of gene segments
can occur, often resulting in a new virus with a unique combina-
tion of viral genome (antigenic shift), which may give rise to pan-
demics. Vaccines that match circulating virus strains are needed
for optimal protection. Current seasonal influenza vaccines con-
sist of two influenza A viruses (H1N1 and H3N2) and one or two
influenza B viruses. The development of an influenza vaccine pro-
viding broadly cross-protective immunity will be of great advan-
tage. Recently, PIV5-based influenza virus vaccines have been
generated and found to be highly effective in animals (10–12). In
the present study, the efficacy of a PIV5-based vaccine was further
improved by modifying the PIV5 vector. The modified PIV5 vec-
tor, one lacking SH, has the potential to be an excellent vector for
developing a cross-protective universal influenza vaccine because
of its increasing efficacy.

Even though all past links of PIV5 and human diseases have
been proven false and humans have been likely exposed to PIV5
without any illness, it is not possible to exclude PIV5 from causing
any known or unknown human diseases (i.e., it is impossible to

prove negative). PIV5�SH has already been shown to be attenu-
ated in mice. By inserting the H5-HA, PIV5�SH-H5 should be
even further attenuated, thus reducing any potential safety risk of
using it as viral vector.

Although PIV5V�C-H5 afforded similar protection against a
lethal challenge compared to PIV5�SH-H5, several characteristics
of this mutated construct make it less ideal for use as a vaccine
candidate. Previously, when rPIV5V�C was cultures in Vero cells,
an IFN-defective cell line, viruses with mutations that regained
expression of the V protein, as well as mutations at other sites,
emerged (24). This is likely due to the way that the deletion of the
C terminus was made and the importance of the V protein in virus
replication. Because the V and P mRNAs are both transcribed
from the same V/P gene, it is impossible to delete the entire coding
sequence for V from the PIV5 genome without also deleting the N
terminus of the P protein, an essential part of viral RNA polymer-
ase complex. Instead, multiple point mutations were introduced
within the region of the V/P gene that is critical for transcribing
both mRNAs to force the V/P gene only make the P mRNA and
not the V mRNA (24, 26). At the time of the first publication of
rPIV5V�C, only the V/P gene region was sequenced due to tech-
nical difficulties in sequencing the entire viral RNA genome. Thus,
it is not clear whether the original rPIV5V�C harbored additional
mutations in other regions of the genome. PIV5V�C is likely a
mixed population, and thus it is difficult to determine the pre-
dominant populations within a given stock at a given time. This
problem can be further exacerbated by the lower dose used for
in vivo infection. We speculate this may be the reason that

FIG 5 Induction of humoral and cellular responses by PIV5-HA viruses. (A)
HA-antibody levels in mice induced by PIV5-HA viruses. Mice were vacci-
nated with 103 PFU of PIV5, PIV5-H5, PIV5�SH-H5, PIV5V�C-H5-3, or
PIV5V�C-H5-4 intranasally. At day 21 postvaccination, blood samples were
collected, sera were prepared, and an ELISA was performed to detect H5-HA-
specific IgG. *, P 	 0.05 between PIV5�SH-H5 and PIV5-H5. (B). T cell
response in mice induced by PIV5-HA viruses. Mice were vaccinated with PBS
or 103 PFU of PIV5, PIV5-H5, or PIV5�SH-H5 intranasally. At day 21 post-
vaccination, the mice were sacrificed, and the spleens were collected. Spleno-
cytes were restimulated with HA, Ebola GP P2 as a negative control, or PMA-
ionomycin as a positive control. The results are presented as the mean number
of cytokine-secreting cells subtracted from the number of mock-stimulated
cells per 106 splenocytes.

FIG 6 Protection of PIV5-HA viruses against H5N1 HPAI challenge. (A).
Mice were vaccinated with PBS (n � 9), 103 PFU of PIV5 (n � 7), PIV5-H5
(n � 10), PIV5�SH-H5 (n � 8), PIV5V�C-H5-3 (n � 10), or PIV5V�C-H5-4
(n � 10) or with 2,000 PFU of rgA/VN-PR8 (n � 10). At day 21 postvaccina-
tion, the mice were challenged with 10 LD50 H5N1 HPAI. Weight loss (A) and
survival (B) were monitored for 16 days after H5N1 challenge. The P value of
peak weight loss between PIV5-H5 and PIV5�SH-H5 is 0.28.
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PIV5V�C-H5 clones behaved inconsistently in vivo as a vaccine
candidate. Because of the rapid rise of mutations in the genome
beyond the V/P gene, the stability of PIV5V�C is a concern; thus,
PIV5V�C is not a good vector for vaccine development.

It is interesting that PIV5V�C-H5-4 did not grow as well as the
others, especially PIV5V�C-H5-3, in Vero cells. PIV5-V�C-H5-3
had two mutations in L (Y1490S and E1650D) and PIV5V�C-
H5-4 had only one mutation in L (Y1490S). It is possible that
additional L-E1650D mutation enhances virus replication since
the mutation is in the L protein, the major component of viral
RNA-dependent RNA polymerase. Previously, it has been re-
ported that the V protein of PIV5 plays a role in viral RNA syn-
thesis (16). Thus, the emerging of mutations within the L gene is
consistent with the role of V in viral RNA synthesis. Further stud-
ies of these potential compensational mutations may lead to a
better understanding of the interactions between V and L, as well
as the synthesis of viral RNA.

The mechanism of increased immunity afforded by PIV5�SH
is not known. Although PIV5�SH-H5 gave rise to a higher level of
HA expression in infected cells than did PIV5-H5, the replication
of PIV5�SH-H5 was less robust in the lungs of immunized mice
than that of PIV5-H5, suggesting that antigen levels per se may not
be the critical factor in explaining the better protection afforded
by PIV5�SH-H5. In tissue culture cells, PIV5�SH induces higher
level of apoptosis than wild-type virus. It is possible that even
though the induction of apoptosis by PIV5�SH-H5 results in
faster clearance by host (lower titers of virus in lungs of infected
mice comparing to PIV5-H5 in Fig. 4), the infected cells that un-
dergo apoptosis are better sources of antigens for the immune
system to recognize. Further studies are needed.
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