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Respiratory syncytial virus (RSV) is the leading cause of lower respiratory tract infections in infants worldwide. Despite decades
of research, there is still no registered vaccine available for this major pathogen. We investigated the protective efficacy of a re-
combinant influenza virus, PR8/NA-F85–93, that carries the RSV CD8� T cell epitope F85–93 in its neuraminidase stalk. F85–93-spe-
cific cytotoxic T lymphocytes (CTLs) were induced in mice after a single intranasal immunization with PR8/NA-F85-93 virus, and
these CTLs provided a significant reduction in the lung viral load upon a subsequent challenge with RSV. To avoid influenza-
induced morbidity, we treated mice with matrix protein 2 (M2e)-specific monoclonal antibodies before PR8/NA-F85-93 virus in-
fection. Treatment with anti-M2e antibodies reduced the infiltration of immune cells in the lungs upon PR8/NA-F85-93 infection,
whereas the formation of inducible bronchus-associated lymphoid tissue was not affected. Moreover, this treatment prevented
body weight loss yet still permitted the induction of RSV F-specific T cell responses and significantly reduced RSV replication
upon challenge. These results demonstrate that it is possible to take advantage of the infection-permissive protection of M2e-
specific antibodies against influenza A virus to induce heterologous CD8� T cell-mediated immunity by an influenza A virus
vector expressing the RSV F85-93 epitope.

Human respiratory syncytial virus (RSV) is the most important
cause of acute lower respiratory infections in babies, espe-

cially when premature, and young children (1). Almost every child
has been infected before the age of 2 years and will very likely be
reinfected several times more with RSV during its further life (2).
It is estimated that each year over 30 million infections with RSV
result in acute lower respiratory infections (ALRI) in children
younger than 5 years (3). Approximately 10% of children in this
age group suffering from ALRI due to RSV require hospitaliza-
tion. Moreover, it is estimated that up to 200,000 children younger
than 5 years die due to complications caused by RSV, most of
which occur in developing countries (3). Furthermore, severe
RSV infection during infancy has been associated with an in-
creased incidence of recurrent wheezing in later childhood (4). In
the elderly, RSV causes pneumonia, bronchiolitis, and exacerba-
tion of chronic obstructive pulmonary disease, conditions that
often lead to hospitalization and excess mortality in this age group
(5).

Despite the disease burden caused by RSV, no licensed RSV
vaccine is currently available. The development of a safe vaccine is
difficult, since natural RSV infections occur in children at very
young ages and do not provide long-lasting protective immunity.
The inability of natural infections to evoke protective immunity in
the absence of significant antigenic drift might be attributable in
part to the ability of RSV to evade the host immune response at
different levels (reviewed in reference 6). The main mechanism for
evasion of the host innate immune response by RSV is the inhibi-
tion of type I interferon (IFN) production and IFN-associated
genes. The RSV genome encodes two nonstructural (NS) proteins,
NS1 and NS2, that collaborate to suppress both the synthesis and
the function of type I IFN through the transcription factors IFN
regulatory factor 3 (IRF-3) and signal transducer and activator of
transcription 2 (Stat-2) (7, 8). This suppression of the type I IFN
response contributes to the inhibition of CD8� and CD4� T cell
responses (9, 10).

A clinical trial with a formalin-inactivated RSV virion-based
vaccine (FI-RSV) in the 1960s did not evoke protective immunity
but led to enhanced disease upon infection (11). A possible expla-
nation for this adverse response is that the FI-RSV vaccine
strongly skews the immune response in an undesired allergy-like
Th2 direction, which leads to enhanced infiltration of eosinophils
and neutrophils into the lungs upon RSV infection, causing severe
lung damage. Such a strong Th2 response blunts the CD8� T cell
response, thereby compromising viral clearance from the lungs
(12). Since that fatal trial, it is generally believed that RSV vaccines
that induce a strong Th2-biased immune response should be
avoided.

Past attempts to produce an RSV vaccine were focused mainly
on inducing neutralizing antibody responses. However, it has
been suggested that an antibody response might not be sufficient
for protection (as reinfections occur throughout life) and that a
vaccine that elicits both an antibody and a T cell response might be
more effective (13). Multiple reported studies have consistently
demonstrated that fatal or severe lower respiratory tract RSV in-
fections are characterized by high viral titers and the near absence
of pulmonary infiltration of T cells or the cytokines they produce
(14). Moreover, a possible role for T cells in the clearance of RSV
is supported by the observation that viral clearance from the lungs
occurs once a potent T cell response is induced (15, 16). Mouse
studies have indicated that both CD8� and CD4� T cells are es-
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sential for the clearance of RSV (17, 18). In addition, CD8� T cells
have been shown to mediate protection in animals immunized
with several candidate RSV vaccines, such as Mycobacterium bovis
BCG-RSV (19).

Therefore, we hypothesized that priming for an RSV CD8� T
cell response might be an attractive strategy for an RSV vaccine.
These primed CD8� T cells might promote rapid clearance of the
virus from the lungs and potentially prolong RSV-specific T cell
memory. It has been shown that priming for an RSV KdM282–90-
specific CD8� T cell memory response abrogates the induction of
an undesirable Th2 response in a model of FI-RSV-primed mice
(12, 20, 21). However, Ruckwardt et al. reported that an aug-
mented response to the dominant KdM282–90 epitope exacerbated
illness upon RSV infection, whereas mutating the dominant
KdM282–90 epitope enhanced the response to the subdominant
DbM187–195 epitope with significantly less illness upon RSV infec-
tion (22). Moreover, CD8� T cells specific for the subdominant
KdF85–93 epitope can reduce lung eosinophilia if the total number
of F85–93 epitope-specific CD8� T cells is increased early after RSV
infection (23). These results suggest that a vaccination strategy
that induces an immune response to a subdominant RSV cyto-
toxic T lymphocyte (CTL) epitope, such as the KdF85–93 epitope,
can contribute to viral clearance without exacerbating illness.

Here, we used a recombinant influenza virus as a live viral
vector for mucosal delivery of the RSV KdF85–93 CTL epitope. In-
fluenza virus is an interesting vaccine vector candidate because it
induces both humoral and cellular immune responses (24) and
because it can be modified by reverse genetics (25). We produced
recombinant A/Puerto Rico/8/34 (PR8) influenza virus carrying
the RSV F85–93 CTL epitope in the stalk of the neuraminidase and
tested its protective efficacy against RSV in BALB/c mice. We
showed that F85–93-specific CTLs were induced in the mice upon a
single intranasal immunization with PR8/NA-F85–93 virus and
that these CTLs were associated with a significant reduction in the
lung viral load upon RSV challenge. We further optimized the
vaccination strategy by passive administration of IgG2a monoclo-
nal antibodies directed against the extracellular domain of influ-
enza matrix protein 2 (M2e) to suppress morbidity associated
with PR8/NA-F85–93 virus infection.

MATERIALS AND METHODS
Cell lines and viruses. Madin-Darby canine kidney (MDCK) cells, Afri-
can green monkey kidney (Vero) cells, HEp-2 cells, and HEK293T cells
were cultured in Dulbecco modified Eagle medium (DMEM) supple-
mented with 10% fetal calf serum (FCS), nonessential amino acids, L-glu-
tamine, sodium pyruvate, and penicillin-streptomycin at 37°C in 5%
CO2. RSV-A2 (ATCC VR-1540) was propagated on HEp-2 cells and
quantified by plaque titration on Vero cells. Influenza viruses were grown
on MDCK cells in serum-free cell culture medium in the presence of 2
�g/ml tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-treated
trypsin (Sigma). The virus was pelleted from culture supernatant by over-
night centrifugation at 25,000 � g.

Construction of PR8/NA-F85–93 and PR8/NA-HA518 –526. Recombi-
nant viruses were rescued using the influenza A/Puerto Rico/8/34 vi-
rus-based reverse genetics system (25). We used fusion PCR to clone
the Kd-restricted CTL epitope of the RSV fusion protein (F85–93) and
the KdHA518 –526 CTL epitope of influenza A virus hemagglutinin into a
pHW196-NA plasmid by replacing the region encoding amino acids (aa)
65 to 71 of the neuraminidase (NA)-coding sequence with a sequence
encoding 15 aa containing the CTL epitope extended with the 3 naturally
flanking amino acids both C and N terminally. To generate a recombinant
virus, 1 �g of each of the seven pHW plasmids (pHW191-PB2, pHW192-

PB1, pHW193-PA, pHW194-HA, pHW195-NP, pHW197-M, and
pHW198-NS) was transfected together with one of the NA plasmids
(pHW196-NA, pHW196-NA-F85–93, or pHW196-NA-HA518 –526) into a
HEK293T-MDCK cell coculture using calcium phosphate coprecipitation
in Opti-MEM. After 36 h, TPCK-treated trypsin (Sigma) was added to a
final concentration of 2 �g/ml. After 72 h, the medium was collected. The
presence of the virus in the medium was confirmed by hemagglutination
of chicken red blood cells. After clonal selection by two rounds of limiting
dilution, the virus was amplified on MDCK cells and the viral titer was
determined by plaque assay. The presence of the epitope in the viral ge-
nome was confirmed by reverse transcription (RT)-PCR followed by se-
quence analysis.

Influenza virus plaque assay. MDCK cells were seeded in complete
DMEM in six-well plates at 5 � 105 cells per well 1 day before infection.
The next day, the cells were washed once with serum-free medium and
incubated with a 10-fold dilution series of the virus in 500 �l medium.
After 1 h of incubation at 37°C, medium was removed and replaced by an
overlay of 0.8% Avicel RC-591 (FMC Biopolymer) in serum-free medium
with 2 �g/ml TPCK-treated trypsin (Sigma). After 72 h of incubation at
37°C, the overlay was removed, and the cells were fixed with 4% parafor-
maldehyde and permeabilized with 0.2% Triton X-100. Plaques were
stained with an anti-M2e IgG1 mouse monoclonal antibody (final con-
centration 0.4 �g/ml) followed by a secondary anti-mouse IgG horserad-
ish peroxidase (HRP)-linked antibody. TrueBlue peroxidase substrate
(KPL) was used for visualization.

RSV plaque assay. RSV plaque assays were carried out on Vero cells,
which were seeded 1 day before infection at 20,000 cells per well in a
96-well plate. Cells were infected with a 3-fold dilution series of lung
homogenate or bronchoalveolar lavage (BAL) fluid in Opti-MEM. After 3
h of incubation at 37°C, the inoculum was removed and replaced with an
overlay of 0.8% Avicel RC-591 (FMC Biopolymer) diluted in cell culture
medium containing 2% FCS. After 4 days of incubation at 37°C, the over-
lay was removed, and the cells were fixed with 4% paraformaldehyde and
permeabilized with 0.2% Triton X-100. Plaques were stained using goat
anti-RSV serum (AB1128; Chemicon International) followed by a sec-
ondary anti-goat IgG HRP-linked antibody and visualized by the addition
of TrueBlue peroxidase substrate (KPL).

Neuraminidase activity assay. Forty microliters of virus diluted in
phosphate-buffered saline (PBS) was added to 9 �l assay buffer (1 M Na
acetate, 10 mM CaCl2, 5% butanol) and 1 �l 5 mM 2=-(4-methylumbel-
liferyl)-�-D-N-acetylneuraminic acid substrate (MUNANA) (Sigma) in a
96-well plate. Fluorescence was measured every 2 min in a cytofluorom-
eter (excitation at 360 nm, emission at 460 nm) for 3 h. The background
(fluorescence measured in a sample containing 40 �l PBS combined with
substrate and assay buffer) was subtracted from each measurement. Using
a standard curve of free 4-methylumbelliferone, we calculated the amount
of released 4-methylumbelliferone in the sample for each time point. The
number of NA units in the sample was calculated by dividing the amount
of free 4-methylumbelliferone by the duration (in minutes). For relative
activities, the largest amount of NA units during the 3 h (correlating to the
highest turnover rate of the enzyme) was divided by the largest amount of
NA units in the wild-type NA sample. To confirm that equal quantities of
virus were tested, the viral titer was checked by agglutination with chicken
red blood cells and by plaque assay.

Immunizations and RSV challenge of mice. Eight-week-old female
BALB/c mice were housed in specified pathogen-free conditions and used
in all experiments. Under mild isoflurane anesthesia the mice were im-
munized by intranasal administration of 5 � 103 PFU PR8/NA-F85–93

virus, 5 � 103 PFU PR8/NA-HA518 –526 virus, or 1 � 103 PFU PR8 wild-
type virus diluted in 50 �l PBS. Passive immunization experiments were
performed by giving the mice, while under slight isoflurane anesthesia, a
single intranasal (i.n.) dose of 50 �l of PBS containing 1 �g of monoclonal
antibody. An IgG2a monoclonal antibody directed against M2e or an
IgG1 monoclonal antibody directed against the ectodomain of the influ-
enza B virus NB protein (NBe) were used for passive immunization before
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influenza A virus administration. Both antibodies were purified from hy-
bridoma supernatants.

Challenge with 1 � 106 PFU RSV-A2 was performed on mice under
slight isoflurane anesthesia by i.n. administration of 50 �l virus suspen-
sion diluted in PBS. Mice were killed on day four or five postchallenge (as
indicated). Lungs were removed and homogenized in 1 ml Hanks bal-
anced salt solution (HBSS) containing 20% sucrose, using a Heidolph
RZR 2020 homogenizer. Homogenates were cleared by centrifugation
(1,000 � g for 15 min at 4°C) and supernatant was used for quantitation
by plaque assay.

IFN-� enzyme-linked immunospot assay. At various time points af-
ter immunization (mentioned in the figure legends) spleens were re-
moved aseptically. Splenocytes were isolated and red blood cells were
lysed in NH4Cl red blood cell lysis buffer. IFN-� enzyme-linked immu-
nospot (ELISPOT) assay was performed according to the manufacturer’s
instructions (U-CyTech Biosciences). Briefly, MaxiSorp 96-well plates
were coated overnight with anti-IFN-� monoclonal antibody at 4°C. The
next day, plates were blocked and 3 � 105 cells were seeded per well in 100
�l culture medium (RPMI, 10% FCS, L-glutamin, and penicillin-strepto-
mycin) supplemented with H-2d-restricted RSV-F protein-derived
(KYKNAVTEL) restimulation peptide at a final concentration of 5 �g/ml.
After 12 h of restimulation at 37°C, the cells were removed, the plates were
washed, and the IFN-� trapped on the plates was visualized using biotin-
ylated polyclonal anti-IFN-� antiserum. The spots were counted using an
inverted light microscope.

Intracellular cytokine staining. For intracellular cytokine staining
(ICS), 2 � 106 splenocytes were seeded in 96-well suspension plates in 200
�l culture medium (RPMI, 10% FCS, L-glutamine, and penicillin-strep-
tomycin) supplemented with restimulation peptide at a final concentra-
tion of 5 �g/ml. After 12 h of restimulation at 37°C with RSV-F protein-
derived KYKNAVTEL (F85–93) or NP-derived TYQRTRALV (NP155–163)
peptides, GolgiPlug (BD) was added at a final concentration of 1 �g/ml
and the cells were incubated for another 4 h at 37°C. After restimulation,
cells were incubated with anti-mouse CD16/CD32 antibody (BD) to
avoid nonspecific staining of immune cells. Staining was performed with
anti-CD8a-fluorescein isothiocyanate (FITC), anti-CD3ε-phycoerythrin
(PE) (both from BD), and Live/Dead fixable Aqua dead cell stain (Molec-
ular Probes) for 30 min. Cells were then fixed with 2% paraformaldehyde,
permeabilized with Perm/Wash buffer (BD), and stained with anti-IFN-�
Alexa Fluor 647 (BD) for 30 min. IFN-�� CD8� T cells were quantified on
an LSRII flow cytometer (BD, San Jose, CA) and analyzed with FACSDiva
software (BD).

Analysis of pulmonary cell infiltration. Five days after influenza virus
infection, mice were killed with ketamine-xylazine and the lungs were
washed through the tracheas with 3 ml of HBSS � 5 mM EDTA. The first
0.5 ml was collected separately and centrifuged for 5 min at 400 � g, and
the supernatant was used for viral quantification. The pelleted cells from
the first BAL fluid collection were added to the rest of the BAL fluid. Cells
were incubated with anti-mouse CD16/CD32 antibody (BD) to avoid
nonspecific staining of immune cells, and the cells were stained with anti-
CD3ε-FITC, anti-CD4-PerCP, anti-CD11c-allophycocyanin (APC), an-
ti-CD11b-APC-Cy7 (all BD), anti-CD8a-PE-Cy7, anti-major histocom-
patibility complex class II (MHC-II)-eFLUOR 450 (both eBioscience),
and CCR-3-PE (R&D Systems). Using FACSDiva software (BD) with a
protocol similar to that described by Bogaert et al. (26), we determined
bronchoalveolar lavage (BAL) fluid immune cell composition on an
LSR-II flow cytometer (BD, San Jose, CA) by analyzing cellular autofluo-
rescence and surface expression of CD3ε, CD4, CD8a, CD11b, CCR3,
MHC-II, and CD11c.

Analysis of induced bronchus-associated lymphoid tissue forma-
tion. Twenty-six days after influenza virus infection, mice were terminally
anesthetized and the lungs were removed. Lungs were ground with the
plunger of a syringe and passed through a 70-�m filter to produce single-
cell suspensions. Red blood cells were lysed in NH4Cl red blood cell lysis
buffer. They were incubated with anti-mouse CD16/CD32 antibody (BD)

to avoid nonspecific staining of immune cells and stained for 30 min with
anti-IgM-PerCp-Cy5.5, anti-IgD-PE, anti-B220-Alexa Fluor 700, anti-
CD3ε-APC, anti-Fas-PE-Cy7, and anti-GL7-FITC (all BD) and Live/
Dead fixable aqua dead cell stain (Molecular Probes). IgD� IgM� Fas�

GL7� B cells were quantified on an LSRII flow cytometer (BD, San Jose,
CA) and analyzed with FACSDiva software (BD).

RESULTS
Generation of recombinant influenza viral vector for delivery of
an RSV F CTL epitope. To evaluate whether a recombinant influ-
enza virus harboring an RSV CTL epitope can provide protection
against RSV, we used a reverse genetics system for PR8 influenza
(25) to generate the following: (i) a virus containing the H-2d-
restricted F85–93 CTL epitope (KYKNAVTEL) of the RSV fusion
protein (PR8/NA-F85–93 virus); (ii) a virus with an H-2d-restricted
CTL epitope (IYSTVASSL) of the influenza virus hemagglutinin
HA518 –526 (PR8/NA-HA518 –526 virus). These F- and hemaggluti-
nin (HA)-derived CTL epitopes were cloned into the neuramini-
dase (NA) coding sequence as replacements of part of the NA stalk
by replacing amino acids (aa) 65 to 71 with a 15-aa sequence
containing the CTL epitope extended with the 3 naturally flanking
amino acids both C and N terminally (Fig. 1A). Both viruses were
rescued and further subcloned by two rounds of limiting dilution.
The presence of the epitope in the viral genome was confirmed by
RT-PCR followed by sequence analysis (Fig. 1B).

To test whether insertion of the epitopes affected the activity of
the NAs in vitro, we performed a neuraminidase activity assay on
whole purified virus (Fig. 1C). The number of virions was normal-
ized by using equal amounts of hemagglutination units of the
three viruses that were compared. Both PR8/NA-F85–93 virus and
PR8/NA-HA518 –526 hydrolyzed the MUNANA substrate at a
lower rate than NA from the wild-type PR8 virus, suggesting a
lower specific activity of both mutant NAs. The activity of NA-
F85–93 was 40% of the activity of the wild-type NA, whereas the
activity of NA-HA518 –526 was even lower (15% of the activity of
wild-type NA). In a plaque assay, the plaques of wild-type PR8,
PR8/NA-F85–93, and PR8/NA-HA518 –526 viruses were similar in
size (Fig. 1D).

To determine the in vitro viral growth kinetics, MDCK cells
were infected at a multiplicity of infection of 0.001 of wild-type
PR8 virus, PR8/NA-F85–93 virus, or PR8/NA-HA518 –526 virus. At
various times after infection the viral titer in the supernatant was
quantified by a 50% tissue culture infective dose (TCID50) assay.
The growth kinetics of the PR8/NA-F85–93 virus and the PR8/NA-
HA518 –526 virus resembled that of the wild-type PR8 virus (Fig.
1E).

PR8/NA-F85–93 virus infection induces RSV F85–93-specific
cytotoxic T lymphocytes. We next investigated whether F85–93

epitope-specific CTLs can be retrieved from mice that have been
exposed to the PR8/NA-F85–93 virus. BALB/c mice were immu-
nized with 5 � 103 PFU of PR8/NA-F85–93 virus or, as a control,
PR8/NA-HA518 –526 virus, and spleens were isolated 10 days later.
F85–93 peptide-specific IFN-� ELISPOT analysis and intracellular
cytokine staining revealed that F85–93 epitope-specific CTLs were
induced in mice that had been exposed to the PR8/NA-F85–93 virus
but not in mice that had been exposed to the PR8/NA-HA518 –526

virus (Fig. 2A to C). No significant difference in response to the
influenza virus-specific NP155–163 epitope was detected (Fig. 2D).

To compare the pathogenicity of PR8/NA-F85–93 and PR8/NA-
HA518 –526, we infected BALB/c mice with 103 or 104 PFU of wild-
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type PR8 virus or 102, 103, or 104 PFU of PR8/NA-F85–93 or PR8/
NA-HA518 –526 virus. Interestingly, both the PR8/NA-F85–93 and
PR8/NA-HA518 –526 viruses caused less morbidity than the wild-
type PR8 virus (Fig. 3A to C). Ten-fold higher inoculum doses of
PR8/NA-F85–93 and PR8/NA-HA518 –526 were needed to cause
morbidity resembling that caused by the wild-type PR8 virus (ap-
proximately 30% body weight loss). PR8/NA-HA518 –526 was
slightly more pathogenic than PR8/NA-F85–93 (Table 1). Spleno-
cytes were isolated 14 days after infection with these different
doses and cellular responses were analyzed using an F85–93 pep-
tide-specific IFN-� ELISPOT assay. We observed F85–93 epitope-
specific CTLs in mice that had been exposed to the PR8/NA-F85–93

virus. The number of spots, reflecting the number or F epitope-
specific T cells, correlated with the viral dose used for inoculation
(Fig. 3D). Interestingly, the number of IFN-� spots after infection
of mice with as little as 100 PFU of PR8/NA-F85–93 was similar to
that after infection with 1 � 106 PFU of RSV. This result was most
likely due to the fact that the PR8/NA-F85–93 virus is able to repli-
cate in mice, whereas for RSV, the mouse is far less permissive.

Immunization with PR8/NA-F85–93 virus reduces RSV repli-
cation in challenged mice. Next, we evaluated the ability of the
PR8/NA-F85–93 virus to protect mice against an RSV challenge.
Eight-week-old BALB/c mice received a single intranasal immu-
nization with PR8/NA-F85–93 virus, PR8/NA-HA518 –526 virus,
RSV, or PBS. Ten days after the immunization, the spleens of the
mice were isolated and splenocytes were stimulated for 12 h with
the F85–93 peptide (KYKNAVTEL) for IFN-� ELISPOT analysis.
F85–93 epitope-specific CD8� T cells were activated in mice ex-

posed to PR8/NA-F85–93 and to a lesser extent in RSV-exposed
mice, but no F85–93 epitope-specific splenocytes were observed in
the control groups (PR8/NA-HA518 –526 and PBS) (Fig. 4A). Four
weeks after immunization, the mice were challenged with 1 � 106

PFU of RSV-A2. Lung homogenates were prepared 4 days after
infection and the RSV titer was determined by plaque assay. The
mice that had received the PR8/NA-F85–93 virus as a T cell vaccine
had a significantly lower RSV lung titer than the control groups
(PR8/NA-HA518 –526 and PBS). The median lung titers were 19
and 31 times lower in these mice than in mice immunized with
PR8/NA-HA518 –526 or PBS, respectively, indicating that the in-
duced CTLs reduced RSV replication in the challenged mice (Fig.
4B). Remarkably, we repeatedly observed that mice that were vac-
cinated with PR8/NA-HA518 –526 generally had a lower pulmonary
RSV titer than PBS-treated mice. This might indicate that influ-
enza virus induces a pathogen-independent immune response
that can reduce RSV replication.

Anti-M2e antibodies reduce infiltration of immune cells in
the lungs after PR8/NA-F85–93 challenge without impairing
iBALT formation. We investigated whether we could reduce the
morbidity induced by the PR8 vector but retain F85–93-specific
CD8� T cell induction and protection against RSV infection. We
previously described a universal influenza A vaccine based on M2e
(27) and recently reported that this vaccine prevents morbidity,
but in accordance with the infection-permissive nature of M2e-
based immune protection (28), it allows the induction of cross-
reactive T cells upon challenge with influenza virus (29). Here, we
used the passive transfer of monoclonal antibodies directed

FIG 1 Characterization of recombinant PR8/NA-F85–93 and PR8/NA-HA518 –526 influenza viruses. (A) Schematic representation of wild-type and mutant
neuraminidases. CT, cytoplasmic tail; TM, transmembrane domain. (B) RT-PCR of an NA fragment containing the insertion site of the epitope. A band shift
from 170 to 207 bp was seen when the epitope was inserted. (C) Neuraminidase activity assay on live, purified virus. Fluorescence of the cleaved MUNANA
substrate was measured every 2 min during 3 h. (D) Plaque phenotypes of the PR8/NA-F85–93 and PR8/NA-HA518 –526 influenza viruses do not differ from the
wild-type virus plaques in an MDCK plaque assay. (E) In vitro growth kinetics. MDCK cells were infected at a multiplicity of infection of 0.001 of wild-type PR8,
PR8/NA-F85–93, or PR8/NA-HA518 –526 virus. Samples were taken at 0, 4, 8, 12, 24, and 48 h postinfection. The viral titer in the samples was determined by a
TCID50 assay.
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against M2e 1 day before infection with the PR8-based CTL-de-
livery vectors to diminish the morbidity caused by the influenza
viral vector. To better understand the effect of intranasal instilla-
tion of anti-M2e antibodies on an influenza virus infection, we
first characterized the immune response in the lungs of the mice
by examining bronchoalveolar lavage (BAL) fluid. Mice were
treated with 1 �g IgG2a anti-M2e antibodies or control antibodies
directed against the ectodomain of the NB protein of influenza B

virus (anti-NBe) and 24 h later they were challenged with 5 � 103

PFU of PR8/NA-F85–93 virus. Mice treated with polyclonal anti-
PR8 mouse serum and mock-challenged mice (anti-NBe treated,
PBS challenged) were included as controls. BAL fluid was col-
lected 5 days after influenza virus infection. Mice treated with
anti-NBe showed a strong infiltration of immune cells in the lungs
(Fig. 5A). This infiltration was significantly less in anti-M2e-
treated mice. Infiltration of all cell types was strongly reduced in
anti-M2e-treated mice compared to anti-NBe-treated mice, ex-
cept for resident alveolar macrophages (Fig. 5B and C). These
effects were reflected in the viral lung titer 5 days after influenza
virus infection. The viral lung titer in anti-M2e-treated mice was
significantly lower than in anti-NBe-treated mice. However, anti-
M2e immunity is not neutralizing in contrast to the polyclonal
post-PR8 challenge serum (Fig. 5D). Infection with influenza vi-
rus is known to induce the formation of inducible bronchus-as-
sociated lymphoid tissue (iBALT). These tertiary lymphoid struc-
tures can contribute to protection by promoting T cell and B cell
mediated immune responses (30). Therefore, we also investigated
if iBALT is still formed after PR8/NA-F85–93 challenge in mice
pretreated with anti-M2e antibodies. Germinal center formation,
a prime hallmark of iBALT, was analyzed on day 26 after infection
with PR8/NA-F85–93. By flow cytometry we determined the num-
ber of IgM� IgD� B cells expressing GL7 and Fas. Interestingly,
iBALT formation in anti-M2e-treated mice was comparable to
that in anti-NBe-treated mice (Fig. 5E). These results show that by
combining the PR8/NA-F85–93 virus with anti-M2e pretreatment,
we can eliminate the disadvantages of the vaccine virus (i.e., lung
inflammation and substantial viral replication) without prevent-
ing the formation of iBALT.

Treatment with anti-M2e antibodies prevents PR8/NA-F85–93-
induced morbidity but still allows the induction of F85–93-spe-
cific CD8� T cell responses that reduce RSV lung viral load. We
next investigated whether anti-M2e treatment followed by a PR8/
NA-F85–93 infection still allows the induction of F85–93-specific
CD8� T cell responses that are capable of reducing RSV lung viral
load. Mice received a single intranasal dose of 1 �g of an anti-M2e
antibody or irrelevant control anti-NBe antibody followed 24 h
later by an intranasal influenza virus infection (PR8/NA-F85–93 or
PR8/NA-HA518 –526). Mock-immunized mice received anti-NBe
antibodies followed by administration of PBS. As shown in Fig.
6A, anti-NBe treated mice displayed up to 25% weight loss after
infection with PR8/NA-F85–93 or PR8/NA-HA518 –526. In contrast,
mice receiving anti-M2e lost very little weight after infection, and
both anti-M2e-treated groups differed significantly from the cor-
responding groups that received anti-NBe treatment (two-way
analysis of variance, P � 0.0001). Fifty days after the primary
infection with the PR8 vectors, the CTL memory response in the
spleen was analyzed by flow cytometry. F85–93 epitope-specific
CTLs were induced in the PR8/NA-F85–93 infected groups after
anti-M2e treatment or anti-NBe treatment (Fig. 6B). Although
anti-M2e antibody treatment almost completely prevented body
weight loss upon PR8/NA-F85–93 infection, the induction of F85–93

epitope-specific CTL responses was only partially affected. Mice
were challenged with RSV 51 days after the immunization, and the
viral lung titer was determined 5 days later. In anti-NBe-treated
mice, the viral lung titer was reduced in the PR8/NA-F85–93-in-
fected group relative to that in the PR8/NA-HA518 –526-infected
group. A significant reduction in viral lung titer was also observed
in anti-M2e-treated PR8/NA-F85–93-infected mice, compared to an-

FIG 2 PR8/NA-F85–93 virus infection induces F85–93-specific CTLs in mice.
BALB/c mice (6 per group) were infected with 5 � 103 PFU of PR8/NA-F85–93

or PR8/NA-HA518 –526 virus. Spleens were isolated 10 days postinfection and
stimulated with RSV F85–93 peptide (A, B, and C) or influenza virus NP155–163

peptide (D). After restimulation with RSV F85–93 peptide, IFN-� production in
splenic F85–93-specific CD8� T cells was determined with ELISPOT assay (A)
and flow cytometry (B). (C) Representative dot plots showing IFN-� positivity
in splenic CD8� T cells after restimulation with RSV F85–93 peptide. (D)
Splenocytes were restimulated with influenza virus NP155–163 peptide. The
percentage of NP155–163-specific CD8� T cells was determined by flow cytom-
etry.
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ti-M2e-treated mice that had been vaccinated with PR8/NA-HA
518–526

.
As in previous experiments, in all groups the lung viral titer was
lower than in the PBS-immunized group. These results demon-
strate that a reduction in RSV viral load can be achieved by taking
advantage of the infection-permissive protection of M2e antibody
pretreatment against influenza A virus to induce CD8� T cell-
mediated immunity by an influenza A virus vector expressing the
RSV F85–93 epitope.

DISCUSSION

We evaluated the vaccine potential of a recombinant influenza
virus encoding the H-2d F85–93 CTL epitope of the RSV F protein.
We demonstrate that a single intranasal immunization with this
virus induces a potent F85–93 epitope-specific CD8� T cell re-
sponse in mice. RSV clearance was enhanced in PR8/NA-F85–93-

immunized mice but not in control or PR8/NA-HA518 –526 and
PBS-immunized mice. Importantly, the enhanced clearance in
PR8/NA-F85–93-immunized mice could not be explained by dif-
ferences in replication efficacy of the recombinant viruses: PR8/
NA-F85–93 and control PR8/NA-HA518 –526 viruses replicate with
similar efficacy in mice and induce similar body weight loss.

It has been reported that an enhanced illness is observed upon
overcompensation of the CTL response by the immunodominant
KdM282–90 epitope (22). This is due mainly to a difference between
quantity and quality of the M282–90-specific CTLs: less than 50%
of the M282–90-specific CTLs produce effector cytokines (IFN-�,
interleukin-2 [IL-2], and tumor necrosis factor alpha [TNF-�])
(23). In a side-by-side comparison, F85–93-specific CTLs have been
shown to contain a higher frequency of cells capable of coproduc-
ing these effector cytokines, suggesting that F85–93-specific CD8�

T cells exhibit greater cytokine production capacity compared to
their M282–90 counterparts. Based on these arguments we rea-
soned that inducing an F85–93-specific CTL response would result
in at least comparable, if not greater, levels of functional CTLs
compared to M282–90-specific CTLs, whereas the F85–93-specific
CTL responses would not be harmful to the mice.

Remarkably, we repeatedly observed that mice vaccinated with
PR8/NA-HA518 –526 generally had lower pulmonary RSV titers
than PBS-treated mice, indicating that influenza virus induces a
pathogen-independent immune response that can partly protect
against an RSV infection. It is not clear whether this effect is a
result of a nonspecific innate or adaptive immune response. Sim-
ilar effects have been reported for several pathogens. For example,

FIG 3 PR8/NA-F85–93 virus induces F85–93-specific CTLs in a dose-dependent manner. BALB/c mice were infected with 1 � 102 (n � 4), 1 � 103 (n � 4), or 1 �
104 (n � 6) PFU of PR8/NA-F85–93 (A); 1 � 102 (n � 4), 1 � 103 (n � 4), or 1 � 104 (n � 6) PFU of PR8/NA-HA518 –526 virus (B); or 1 � 103 (n � 3) or 1 � 104

(n � 3) PFU of wild-type PR8 virus (C). Body weight was recorded daily (mean 	 SD; the PBS group is the same for all 3 graphs). (D) Splenocytes were isolated
14 days postinfection and ex vivo restimulated for 12 h with the F85–93 peptide. IFN-�-secreting cells were quantified by ELISPOT assay. Control groups received
PBS or 1 � 106 PFU of RSV. Bars represent the average number of spots and SD.

TABLE 1 Survival of BALB/c mice infected with different doses of PR8/
NA-F85–93 or PR8/NA-HA518 –526 or with wild-type PR8 virus

Infectious dose (PFU)
No. of survivors/
total no.

Wild-type PR8 103 3/3
104 0/3

PR8/NA-F85–93 102 4/4
103 4/4
104 3/6

PR8/NA-HA518–526 102 4/4
103 4/4
104 2/6
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BCG, the live attenuated vaccine against tuberculosis, induces
nonspecific protection against other infections (31). In this exam-
ple nonspecific innate immune responses through epigenetic re-
programming of monocytes are the basis of pathogen-indepen-
dent protection (31). This innate imprinting or innate education
has been defined as “the long term modification of a microenvi-
ronment, which will consequently lead to a nonspecific, but more
protective, immune phenotype to a subsequent pathogen” (32).
On the other hand, it has been reported that in a model of G-pro-

tein-primed mice an influenza virus infection can reduce the se-
verity of G-protein vaccination-induced enhancement of disease
(illness, lung eosinophilia, and weight loss) upon an RSV infection
(33). This effect is most likely mediated by adaptive immunity, as
an activation of influenza virus-specific T cells, possibly through
the mechanism of bystander activation, is observed upon a sec-
ondary RSV infection. Additionally, the formation of iBALT
might contribute to nonspecific protection (34) (discussed more
in detail below).

FIG 4 Immunization with PR8/NA-F85–93 virus reduces RSV replication in challenged mice. BALB/c mice were infected with the indicated viruses or with PBS
and then challenged intranasally with 1 � 106 PFU of RSV-A2. (A) Spleens were isolated 10 days after infection and restimulated ex vivo with the F85–93 peptide,
and the F85–93 epitope-specific splenocytes were counted by IFN-� ELISPOT assay. (B) Lung RSV titers were determined by plaque assay 4 days after RSV
challenge. Statistical significance was determined by using a two-sided Mann-Whitney U test: **, P � 0.01.

FIG 5 Anti-M2e antibodies reduce infiltration of immune cells in the lungs after PR8/NA-F85–93 challenge without impairing iBALT formation. Mice were
immunized with anti-M2e antibodies or control anti-NBe antibodies 1 day before infection with PR8/NA-F85–93. Mice treated with polyclonal anti-PR8 mouse
serum and mock-challenged mice (anti-NBe treated, PBS challenged) were included as controls. (A) The total number of cells in the BAL fluid was determined
on day 5 after influenza virus infection. Bars represent average � SD. (B and C) BAL fluid cellular composition was determined by flow cytometric enumeration
of eosinophils (CD3ε� CD11c� MHC-II� CD11bmed SSChi CCR3� [med indicates medium, and hi indicates high]), neutrophils (CD3ε� CD11c� MHC-II�

CD11bhi SSCmed CCR3�), resident alveolar macrophages (AM) (CD3ε� CD11c� autofluohi CD11blo [lo indicates low]), recruited AM (CD3ε� CD11c�

autofluomed CD11b�), dendritic cells (DC) (CD3ε� CD11c� autofluolo MHC-IIhi), CD4� T cells (CD3ε� CD4�), and CD8� T cells (CD3ε� CD8�). Bars
represent the number of cells � SD. (D) Lung influenza virus titers were determined by plaque assay 5 days after the PR8/NA-F85-93 challenge. (E) We analyzed
the formation of iBALT by counting the Fas� GL7� IgM� IgD� B cells in the lungs 26 days after challenge. Bars represent average � SD; Bdl., below detection
limit. Statistical significance was determined by using a two-sided Mann-Whitney U test: **, P � 0.01.
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To prevent influenza virus-induced morbidity, we further op-
timized our vaccination strategy by passive administration of
IgG2a, monoclonal antibody directed against M2e, to control
morbidity associated with PR8/NA-F85–93 virus infection. In con-
trast to vaccination with conventional HA-based influenza vac-
cines, M2e-based vaccination with M2e-VLPs (virus-like parti-
cles) is not sterilizing (28, 29). Immunity induced by M2e-VLPs
allows limited virus replication, and hence viral antigen process-
ing and presentation to the host immune system, which leads to
the induction of a functional influenza virus-specific T cell re-
sponse (29). In agreement with previous results, we observed that
passively transferred anti-M2e monoclonal antibodies protected
the mice against weight loss following PR8/NA-F85–93 infection
and allowed the induction of an F85–93 epitope-specific CTL re-
sponse, which correlated with reduced RSV lung viral load upon a
subsequent RSV infection. Additionally, anti-M2e antibody treat-
ment was associated with reduced infiltration of immune cells
into the lungs after a PR8/NA-F85–93 infection. However, the for-
mation of iBALT, a hallmark of influenza infection, was not af-
fected. These tertiary lymphoid structures might contribute to
protection, as they can initiate a localized immune response con-
sisting of B and T cells (30, 34). A recent study demonstrated that
iBALT induced by protein cage nanoparticles protects against
multiple respiratory viruses, at least until 35 days after immuniza-
tion with the nanoparticles (34). This report is the first to describe
nonspecific protection evoked by iBALT. In our study, we con-
firmed the presence of iBALT 26 days after PR8/NA-F85–93 virus

infection; however, we did not investigate whether the presence of
iBALT persists until the moment of RSV infection, which is 51
days after the influenza A virus infection. If iBALT is still present
upon RSV infection, this might contribute to the nonspecific pro-
tection observed upon PR8/NA-HA518 –526 infection.

The body weight loss caused by the influenza vaccine vector
might be prevented or reduced by administering the virus as a live
attenuated influenza vaccine (LAIV). Since 2003, LAIV (FluMist)
has been approved in the United States as an influenza vaccine for
healthy persons aged 2 to 49 years (35). In Europe, the European
Medicines Agency has approved Fluenz only for healthy individ-
uals aged 2 to 18 years (36). Compared to an inactivated influenza
vaccine, LAIV has the advantage of inducing an immune response
that more closely resembles the immune response induced by nat-
ural infection (37). Besides a local mucosal immune response, the
LAIV also induces a systemic cellular immune response (38). An
alternative strategy for producing live attenuated influenza virus
was recently described by Mueller and colleagues (39). Using a
computer algorithm, Mueller and colleagues codon pair deopti-
mized the A/PR/8/34 PB1, NP and HA genes, while the wild-type
protein sequence was not affected. This led to an in vivo attenua-
tion of the virus in mice due to a less-than-optimal arrangement of
codon pairs. Such deoptimized live attenuated viruses are highly
unlikely to revert to their original virulence because that would
involve hundreds of nucleotide mutations (39).

To adapt the vaccination strategy for humans, one or several
human CTL epitopes have to be introduced into the influenza

FIG 6 Treatment with anti-M2e antibodies prevents PR8/NA-F85–93-induced morbidity but still allows the induction of F85–93-specific CD8� T cell responses
and reduced RSV lung viral load. Mice were immunized with anti-M2e antibodies or control anti-NBe antibodies 1 day before infection with PR8/NA-F85–93 or
PR8/NA-HA518 –526, and 7 weeks later they were challenged with 1 � 106 PFU of RSV-A2. (A) Body weight after PR8/NA-F85–93 or PR8/NA-HA518 –526 infection.
Graph shows average relative body weight 	 SD. (B) One day before RSV challenge, splenocytes were isolated and restimulated ex vivo with F85–93 peptide for 12
h. The percentage of IFN-�-positive CD8� T cells was determined by flow cytometry. (C) Lung RSV titers were determined by plaque assay 5 days after RSV
challenge. Statistical significance was determined by using a two-sided Mann-Whitney U test: **, P � 0.01.
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virus. It has been shown that up to 58 aa can be incorporated into
the stalk of the neuraminidase (40). In this way, several human
epitopes can be included in the NA to generate a vaccine that
covers most human HLA types. Alternatively, large fragments can
be introduced in the NS1/NS2 gene fragment. Manicassamy et al.
reported the production of an influenza virus containing green
fluorescent protein in the NS segment. This virus has the addi-
tional advantage of being attenuated in vivo (41).

In conclusion, we describe a novel vaccine approach against
RSV that is based on the induction of a CTL immune response.
Our results demonstrate that it is possible to take advantage of the
infection-permissive protection of M2e-specific antibodies
against influenza A virus to induce CD8� T cell-mediated immu-
nity by an influenza A virus vector expressing the RSV F85–93

epitope.
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