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Abstract
Current vaccines against influenza virus elicit antibodies to the hemagluttinin and neuraminidase
envelope proteins. Due to antigenic drift, these vaccines must be reformulated annually to include
the envelope proteins predicted to dominate in the following season. By contrast, vaccination with
the conserved nucleoprotein (NP) elicits immunity against multiple serotypes (heterosubtypic
immunity). Vaccinating mice with DNA-based vectors allows antigen production by host cells, which
present peptide epitopes to CD8 T cells. Such vaccines also induce significant titers of anti-NP
antibodies, yet the involvement of antibodies in protection has largely been disregarded. To
investigate how antibody responses might contribute to heterosubtypic immunity, we vaccinated
C57BL/6 mice with recombinant (r)NP as a soluble protein. This approach induced high titers of
NP-specific serum antibody, but only poorly detectable NP-specific T cell responses. Nevertheless,
rNP immunization was effective at reducing morbidity and reducing viral titers after challenge with
influenza virus. Importantly, antibody-deficient mice were not protected by this vaccination strategy.
Furthermore, rNP-immune serum could transfer these protective effects to naïve hosts in an antibody-
dependent manner. Therefore, antibody is essential for rNP-immune protection, strongly suggesting
that NP-specific antibody can convey immunity to influenza virus. Thus, antibody to conserved,
internal viral proteins, such as NP can provide an important mechanism of protection that may be
utilized together with cytoxic T cells to elicit heterosubtypic immunity by future vaccines.

INTRODUCTION
Influenza virus causes acute respiratory illness that leads to ~94,000 hospitalizations (1) and
36,000 deaths annually in the United States (2). Vaccines against influenza have been available
for many years, and are often highly effective at preventing infection as well as reducing
morbidity and mortality associated with seasonal influenza outbreaks. Current vaccines are
designed to elicit antibodies directed against the external glycoproteins of influenza:
hemagglutinin (HA) and neuraminidase (NA). Neutralizing anti-HA antibodies prevent
influenza virus infection of cultured epithelial cells (neutralization) and can passively protect
mice from infection (3,4). In fact, neutralizing antibody titers are considered to be the gold-
standard correlate of vaccine-induced immunity, and are presumed to provide the mechanism
for vaccine-induced protection (5–7). Despite the efficacy of neutralizing antibodies, their
utility is limited, as they only protect against viral serotypes that express the same HA and NA
proteins contained in the vaccine. Because mutations rapidly accumulate in the HA and NA
proteins of influenza virus, particularly in the epitopes recognized by neutralizing antibodies,
influenza vaccines must be reformulated each year to include the HA and NA proteins predicted
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to dominate in the following influenza season. Consequently, generating annual vaccines is
cumbersome and costly, and if serotypes are not accurately predicted, the resulting immunity
may not be very effective.

By contrast, vaccines that elicit immunity to conserved, often internal viral proteins, such as
nucleoprotein (NP), provide some protection from multiple strains and subtypes of influenza
virus. For example, mice vaccinated with influenza NP (as purified protein or using DNA
expression vectors) have higher frequencies of NP-specific CD8 T cells before infection, as
well as lower viral titers after challenge with H3N2 and H1N1 strains of influenza. This
vaccination also protects from virus-induced lethality (8–13), including lethality induced by
highly pathogenic H5N1 human isolates (14). T cell responses to conserved epitopes in these
proteins are thought to be the main mechanism of protection, because restimulated T cells can
transfer protection to naïve mice (15,16), and because T cell depletion in the vaccinated mice
can abrogate protection (14,15). As a result, many investigations have focused on targeting
antigens to the MHC class I pathway (e.g., using DNA-based vectors) to elicit CD8 T cell
responses. Although CD4 and CD8 T cells can each contribute to protection elicited by
vaccination with NP, T cells appear to be dispensable in some situations (13,17), suggesting
that other mechanisms, such as antibody production, may also contribute.

Both natural infection with influenza virus and vaccination with recombinant NP elicit NP-
specific antibodies (18,19). However, anti-NP antibodies were considered to be ineffective
because they do not neutralize virus, and because passive transfer of such antibodies do not
protect naïve immunodeficient scid recipient mice (4). However, it has recently been shown
that immune complexes formed with anti-NP monoclonal antibodies can promote dendritic
cell maturation, Th1 cytokine production, and anti-influenza CD8+ CTL responses in naïve
immunocompetent recipients (20). Additionally, anti-NP IgG can stimulate complement-
mediated lysis of infected P815 mastocytoma cells in vitro, due to expression of NP on the cell
surface (21). Furthermore, non-neutralizing antibody to HIV-1 can promote complement-
mediated virolysis (22) and non-neutralizing antibodies to Coxsackie B4 and poliovirus can
induce secretion of the anti-viral cytokine IFNα from human monocytes (23–25). Based on
these data, it is clear that non-neutralizing antibodies have the potential to elicit anti-viral
responses. However, the anti-viral potential of non-neutralizing anti-NP antibodies in vivo,
particularly in T cell-competent mice, has remained largely unexplored.

Interestingly, our laboratory recently showed that immune serum from C57BL/6 mice infected
with an H3N2 strain of influenza virus can passively promote viral clearance and reduce
morbidity in immune B cell-deficient μMT mice after challenge with a heterosubtypic H1N1
strain (19). Antibodies in H3N2-immune serum do not cross-react with the H1 or N1 proteins,
and do not detect the external domain of M2 (M2e), suggesting that antibodies against surface
epitopes of influenza virus are not involved in the protective effect. By contrast, H3N2-immune
serum has high titers of antibody reactive with NP (19), consistent with previous observations
(26–30). These data suggest that anti-NP antibodies may play an important role in mediating
cross-reactive protection against multiple serotypes and subtypes of influenza.

Here, we show that antibody is necessary for NP immunization to confer protection in C57BL/
6 mice, and that NP-immune serum can transfer protection to naïve recipient mice. Our results
challenge the existing paradigm that T cell responses to conserved epitopes in internal proteins
are the exclusive effectors of cross-reactive immunity to heterosubtypic strains of influenza,
and strongly suggest that antibodies to these proteins are also an important component of the
protective mechanism.
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RESULTS
rNP immunization reduces influenza-induced morbidity and enhances viral clearance

To induce high titers of NP-specific antibody, we purified soluble recombinant (r)NP to use
as an immunogen. This protein runs as a single band of approximately 53 kDa on a reducing
SDS-PAGE gel (Fig. 1A). We intraperitoneally (i.p.) immunized C57BL/6 mice with either
30 μg purified rNP plus 20 μg LPS as an adjuvant that is known to stimulate strong B cell
responses, or with LPS alone on days 0 (prime) and 10 (boost). This vaccination alone did not
induce an NP-specific CD8 T cell response that was detectable by MHC class I tetramer staining
and flow cytometry at various times after boosting (Fig. 1B, and data not shown). However,
the vaccination clearly induced high titers of NP-specific antibody in the serum as late as 39
days after priming (Fig. 1C). Thus, as expected, immunization with soluble rNP promotes a
robust antibody response, but a limited CD8 T cell response.

To determine whether this apparently antibody-biased vaccine could still confer protection
from a sublethal influenza virus challenge, the immunized mice were intranasally (i.n.) infected
with a non-lethal dose of influenza PR8 virus (500 EIU, ~0.2 LD50) one month after the boost
(day 40 after priming). Mice immunized with LPS alone lost ~15% body weight by day 7 post-
infection, and had not yet recovered to their initial starting weight by day 11 (Fig. 1D). By
contrast, mice vaccinated with rNP/LPS lost less than 5% of their initial weight, and fully
recovered by day 11 (Fig. 1D). The reduced morbidity in rNP-vaccinated mice was associated
with significantly lower viral titers in the lungs on day 8 after infection (Fig. 1E). Therefore,
as previously described (11,31), immunization of C57BL/6 mice with rNP provides some
measure of protection from sublethal challenge.

rNP vaccination alters the kinetics of the CD8 T cell response to influenza virus
Although we immunized our mice in a manner that would bias the immune response to produce
high-titer antibody, it remained possible that soluble rNP could be cross-presented on MHC
class I to generate a memory CD8 T cell population that was undetectable before virus
challenge. We therefore used flow cytometry to enumerate the influenza-specific CD8 T cell
response after virus infection. On day 7 after challenge infection, there was a modestly greater
number of NP-specific CD8 T cells in the lungs of rNP/LPS-vaccinated mice than in the lungs
of LPS-vaccinated mice (Fig. 2A). However, after day 7, NP-specific CD8 T cells in the lungs
of rNP-vaccinated mice declined, whereas the number of these cells in the lungs of LPS-
vaccinated controls continued to increase through days 9 and 10 (Fig. 2A). Acidic polymerase
(PA)-specific CD8 T cell responses also peaked earlier (day 7), although at lower numbers in
the lungs of rNP/LPS-vaccinated mice than in LPS-vaccinated controls (Fig. 2B). Similarly to
NP-specific cells, the PA response was dampened in rNP-immune mice subsequent to day 7.
With little apparent acceleration of the CD8 T cell response in the lung of rNP-immune mice,
we also examined the spleen. NP-specific CD8 T cells appeared one day earlier and peaked at
higher numbers in rNP-immune mice relative to LPS-vaccinated controls (Fig. 2C). By
contrast, the kinetics and magnitude of the splenic PA-specific CD8 T cell response was
unaffected by rNP vaccination (Fig. 2D). Therefore, at the site of infection, the numbers of
NP-specific CD8 T cells were increased at an early timepoint, suggesting a modest recall T
cell response. However, the early viral clearance (Fig. 1C, and data not shown), and thereby
limiting antigen, likely prevents further expansion of these cells and expansion of newly
responding influenza-specific CD8 T cells in the lung.

Our laboratory previously showed that CD40 expression is required for optimal CD8 T cell
responses to influenza virus {lee, et al}. Thus, if CD8 T cells were contributing to rNP-immune
protection, we would expect that rNP immunization would be ineffective in the absence of
CD40 expression. Indeed, whereas C57BL/6 mice vaccinated with rNP/LPS lost very little
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weight after challenge infection, rNP-immune CD40−/− mice lost as much weight as LPS-
vaccinated C57BL/6 mice (Fig. 3A). Furthermore, rNP vaccination did not reduce lung viral
titers in CD40−/− mice as in the controls (Fig. 3B). Thus, a protective immune response to
vaccination with rNP/LPS requires CD40. However, the early NP-specific CD8 T cell response
in the lung was observed in rNP-immune CD40−/− mice as well as in rNP-immune C57BL/6
mice, in comparison with LPS-immunized controls (Fig. 3C). Therefore, although an early
CD8 T cell recall response occurs in the lung of rNP-immune mice, this response alone appears
to be insufficient to protect mice that do not express CD40.

Antibody is required for rNP-immune protection
Because CD40 expression is required for rNP-immune protection, but not for early CD8 T cell
responses in our system (Fig. 3A–C), we hypothesized that another CD40-regulated effector
function was necessary. CD40 is essential for effective induction of germinal center reactions
to protein antigens {refs} and for the accompanying class-switched, high-affinity, and long-
lived antibody responses (32). In fact, rNP-immune CD40−/− mice had little to no NP-specific
IgG in the serum (Fig. 3D). These results show that protection induced by rNP correlates with
serum titers of NP-specific antibody.

To determine whether the loss of protection in the CD40−/− mice was due to the failure to
generate antibody, we crossed mice with a mutation in activation-induced cytidine deaminase
(Aid −/−) {cell 102:553} with mice lacking the secretory form of IgM (μS −/− mice) {JI
160:4776}. Because Aid −/− mice cannot isotype switch their antibody genes, and μS−/− mice
cannot secrete IgM, the resulting AID/μS mice have B cells, but cannot secrete antibody of any
isotype. We vaccinated C57BL/6 mice and AID/μS mice with rNP/LPS or with LPS alone,
challenged them with influenza virus on day 40. Figure 4A shows that, even after vaccination
and influenza infection, AID/μS mice do not generate any NP-specific antibodies compared to
vaccinated and infected C57BL/6 mice. As observed earlier, rNP-immune C57BL/6 mice had
significantly lower viral titers than LPS-vaccinated controls on day 8 post-infection (Fig. 4B).
However, rNP-immune, antibody-deficient AID/μS mice had viral titers that were as high as
those in LPS-vaccinated control mice. Importantly, rNP-immune AID/μS mice still had an
enhanced NP-specific CD8 T cell response that was still detectable at day 8 post-infection,
when the modest recall response in the rNP-immune C57BL/6 mice had declined (Fig. 4C). It
is likely that the higher antigen load (Fig. 4B) extends the expansion of existing memory T
cells in the AID/μS mice, whereas the antibody in rNP-immune C57BL/6 mice prevents further
expansion by promoting viral clearance. These results directly demonstrate that antibodies are
essential for rNP-elicited protection from influenza virus.

rNP-immune serum protects μMT mice from influenza-derived morbidity and enhances viral
clearance in an antibody-dependent manner

Although a previous study demonstrated that transfer of monoclonal anti-NP antibodies to
scid mice did not protect from influenza virus (4), it was possible that these antibodies would
be protective if T cells were also present. To test this possibility, we transferred serum from
rNP- vaccinated C57BL/6 donors to μMT mice, and challenged the B cell-deficient recipients
with influenza virus the following day. Whereas recipients of LPS-immune serum continued
to lose up to 25% of initial body weight through day 10 after infection, μMT mice receiving
rNP-immune serum lost only about 10% of their body weight, and began to recover by day 8
(Fig. 5A). Moreover, lung viral titers on day 10 were reduced by ~100-fold in recipients of
rNP-immune serum relative to those in mice that received control serum (Fig. 5B). Therefore,
rNP-immune serum can convey protection against influenza challenge in T cell-competent
μMT hosts.
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We next tested whether the transfer of rNP-immune serum affected CD8 T cell responses. The
frequency of NP-specific CD8 T cells in the spleen was not significantly different in recipients
of rNP-immune serum compared with control serum, and the frequency of PA-specific CD8
T cells was slightly lower in mice that received rNP-immune serum (Fig. 5C). Furthermore,
the overall kinetics and magnitude of the CD8 T cell response in these mice remained largely
unaffected (Fig. 5D). Thus, the protection provided by rNP-immune serum does not correlate
with a detectable modification of the CD8 T cell response.

To demonstrate that the protection conveyed by rNP-immune serum transfer is antibody-
mediated, we immunized C57BL/6 and antibody-deficient AID/μS mice with rNP/LPS,
transferred serum from these animals to naïve μMT recipients, and challenged them with
influenza virus the following day. Recipients of rNP-immune serum from C57BL/6 mice lost
only about 15% of their initial body weight, and were recovering by day 11 post-infection;
however, mice that received serum from rNP-immune AID/μS mice still lost >25% body weight
and showed no recovery - effects comparable to recipients of C57BL/6 control serum (LPS)
(Fig. 6A). Additionally, rNP-immune serum from the AID/μS donors failed to reduce lung viral
titers (Fig. 6B). These results clearly demonstrate that the protection against influenza infection
conveyed by rNP-immune serum transfer is dependent upon antibody. Collectively, these
findings establish that antibody is a crucial effector underlying the protection elicited by rNP
vaccination. Furthermore, the results reveal a novel and important role for non-neutralizing
polyclonal antibody to internal, conserved viral proteins in vaccine-mediated protection.

DISCUSSION
Current influenza vaccines are designed to elicit neutralizing antibody responses to external,
mutation-prone molecules such as HA and NA. However, these vaccines must be reformulated
annually to account for antigenic drift, and they fail to provide significant protection when the
HA and NA proteins of the circulating virus are substantially different than those in the vaccine.
An alternative strategy is to vaccinate with highly conserved internal influenza proteins, such
as NP. Our data confirm that NP vaccination alleviates morbidity and reduces viral load when
the vaccinated C57BL/6 mice are challenged with live influenza virus. Although we
immunized with a soluble protein antigen, we observed a modest acceleration of the NP-
specific CD8 T cell response in the lung and spleen, suggesting that the antigen was cross-
presented and generated a memory precursor pool. However, a rapid CD8 T cell expansion
may not be entirely responsible for protection in these experiments, as CD40−/− and AID/μS
mice were not protected by rNP vaccination, despite the presence of responding NP-specific
memory CD8 T cells in the lung. Instead, these mice are defective in anti-NP antibody
responses. Furthermore, transferred rNP-immune serum reduces influenza-induced morbidity
and viral load in an antibody-dependent fashion in otherwise naïve μMT recipients. Together,
these data indicate that antibodies play an unexpectedly important role in immune protection
elicited by vaccination with rNP.

Despite high titers of specific antibody generated by NP vaccination (9,14,17,31,35), the
potential for these antibodies to facilitate influenza resistance has been underappreciated. In
part, this disregard is due to early studies that failed to show protective effects of NP-specific
antibodies in lymphopenic scid (4) and in BALB/c recipients (9). These results solidified the
paradigm that non-neutralizing antibodies to NP do not contribute to protective immunity from
influenza virus. We find that B cell-deficient μMT mice can be protected by heterosubtypic
immune serum (19), and more specifically, by rNP-immune serum in an antibody-dependent
manner (Fig. 6 and 7). Compared with control mice such as C57BL/6, μMT mice are much
more susceptible to the pathogenic effects of influenza, likely due to poor antibody responses
to the virus (36), as well as a lack of influenza-reactive natural antibody (37). Thus, the
protective effects that we transfer with a single dose of rNP-immune sera are readily observable
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in the absence of endogenous antibody responses. By contrast, intact recipient mice may require
larger amounts of anti-NP antibody comparable to the titers observed in actively immunized
C57BL/6 (Fig. 3) and BALB/c mice, which are each protected by NP vaccination [(9), and
data not shown]. The failure to protect lymphopenic scid recipient mice with monoclonal anti-
NP antibody in a previous report (4) may be due to the limited specificity and single isotype
of the clone used, and possibly due to the absence of T cells in the recipient mice. Nonetheless,
our data add to growing evidence that non-neutralizing antibodies can contribute to protection
from influenza challenge {Bender, 1994 #64;Rangel-Moreno, 2008 #183;Nguyen, 2001
#206;Sambhara, 2001 #185}.

Another reason that the protective potential of anti-NP antibodies has been dismissed is the
assumption that effective antibody must neutralize virus and prevent its attachment to host
cells. However, the Fc region of an antibody can activate a variety of anti-viral effector
functions {Huber, 2006 #106;Leopold, 2006 #187;Palmer, 2000 #76;Hober, 2001
#75;Chehadeh, 2005 #211;Muckelbauer, 1995 #214;Muckelbauer, 1997 #213}. In fact, non-
neutralizing anti-influenza antibodies, including anti-NP, have been shown to induce
complement-mediated cytolysis (21), increased T cell responses associated with enhanced
dendritic cell function (20), and reduced viral replication in culture (39). Therefore, NP-
immune antibody in our model may be promoting early viral clearance through some
combination of these mechanisms.

Influenza NP is internal to the virion and internal to influenza-infected cells {j gen virol
83:723}. Thus, it is not readily apparent how anti-NP antibodies in vaccinated mice would
encounter this antigen. Nonetheless, anti-NP antibodies are eventually generated during natural
influenza virus infection (18,19), indicating that this antigen is somehow exposed to the
humoral immune system. This exposure may be via NP released from dying infected cells
(49) or by its expression on the plasma membrane (50,51). Therefore, interaction of vaccine-
induced anti-NP antibodies with this NP early in the infection likely triggers downstream
effector mechanisms that blunt virus replication, slow progression of the infection, and reduce
morbidity.

Our data clearly demonstrate that anti-NP antibodies are essential for rNP-derived protection,
and that rNP-immune serum can convey this protection to naïve recipients. Importantly, these
results show that a humoral immune response to a single, conserved, internal protein of
influenza virus makes a significant contribution to protection. This information greatly
enhances our understanding of how current influenza vaccines could be improved to provide
cross-protective immunity in humans. If long-lived, this cross-protection would considerably
reduce the effort and cost of providing annual immunizations, the cost of caring for infected
individuals, and possibly provide a level of population immunity that would curtail the spread
of pandemic influenza.

MATERIALS AND METHODS
Protein production and purification

NP protein was produced and purified as previously described {Rangel-Moreno, 2008 #183}.
Briefly, the NP gene of influenza A/PR8/34 was cloned into the pTricHis2c plasmid for
expression in E. coli. 6X His-tagged rNP protein was affinity-purified via the ProBond
purification system (Invitrogen). Resulting protein was dialyzed into PBS and sterile-filtered.

Mice and procedures
All mice were on the C57BL/6 background and were bred and maintained at the Trudeau
Institute. C57BL/6, B6.129P2-Cd40tm1Kik/J (CD40−/−), and B cell deficient B6.129S2-
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Igh-6tm1Cgn/J (μMT) mice were obtained from the Jackson Laboratory. AID−/− mice were
obtained from Dr. Rachael Gerstein at the University of Massachusetts. Mice lacking the
secretory exon of IgM (μS −/− mice) were obtained from Dr. Ronald Corley at Boston
University. Aid −/− and μS −/− mice were intercrossed to generate antibody-deficient AID/μS
mice. Mice were immunized i.p. with combinations of 20 μg LPS ± 30 μg rNP at days 0 and
10. For influenza infections, mice were anaesthetized with isofluorane USP (Webster
Veterinary) and 500 EIU (0.2 LD50) influenza PR8 were administered intranasally in 100 μl
sterile PBS. All procedures involving live animals were approved by the Trudeau Institute
Institutional Animal Care and Use Committee, and were performed in accordance with
guidelines set by the National Research Council.

Virus foci assay
Madin-Darby Canine Kidney cells were grown in 96-well, flat-bottom plates until just
confluent and then washed with HBSS. Homogenized lung samples were diluted in Zero Serum
Media (Diagnostic Hybrids) supplemented with 4 μg/ml trypsin and applied to washed Madin
Darby Canine Kidney cells. Plates were centrifuged for 1.5 h at 800 ×g, washed, and cultured
overnight in Zero Serum Media/trypsin at 33°C. The medium was removed, and the cells were
fixed with 80% acetone and allowed to dry. The wells were rehydrated with PBS, containing
2% FBS and 0.01% NaN3, and probed with mouse anti-influenza A antibody (Chemicon
International). The primary antibody was detected with biotinylated goat anti-mouse IgG
(Chemicon International) followed by alkaline phosphatase-conjugated streptavidin
(DakoCytomation). Viral foci were developed by incubating for 30 min with 5-bromo-4-
chloro-3-indolyl phosphate and Nitro Blue Tetrazolium tablets (Sigma Fast BCIP/NBT from
Sigma-Aldrich) dissolved in H2O. The resulting foci were counted under a dissecting
microscope. Data were analyzed for significance by Student’s t test.

Flow cytometry
Mice were sacrificed at the indicated times after infection, tissues were removed and
mechanically disrupted by passage through wire mesh. Resultant cell suspensions were RBC-
lysed and mesh-filtered. Cells were incubated in 3% FBS in PBS containing 10 sg/ml 2.4G2
to block Fc receptor binding, followed by staining with fluorochrome-conjugated CD8, CD62L
(BD Biosciences), and MHC Class I tetramers presenting NP366–374 or PA224–233 peptides
(Trudeau Institute Molecular Biology Core Facility). Samples were analyzed with a
FacsCalibur flow cytometer (BectonDickinson).

Serum collection and ELISAs
Peripheral blood was obtained from either euthanized mice by severing the renal artery and
pipetting into a 1.5-ml tube or from live mice via the lateral tail vein. After clotting for 30 min
at 37°C, the precipitate was pelleted in a microcentrifuge, and the serum was collected. NP-
specific ELISAs were performed by coating plates with 2 μg/ml rNP. Serum samples were
diluted in 3-fold serial dilutions in PBS with 10 μg/ml BSA and 0.1% Tween 20 before
incubation on coated plates. Bound antibody was detected with HRP-conjugated goat anti-
mouse IgM or goat anti-mouse IgG (Southern Biotechnology Associates).
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Figure 1. Immunization with purified rNP protects C57BL/6 mice from influenza-induced
morbidity and reduces viral titers
(A) 500 ng of affinity-purified, sterile-filtered C-terminal 6Xhistidine-tagged rNP was
fractionated using SDS-PAGE under reducing conditions, and stained with Coomassie Blue.
(B) C57BL/6 mice were vaccinated i.p. with 30 μg rNP and 20 μg LPS (ν) or with LPS alone
(λ) on days 0 and 10. T cells before challenge
(C) Sera from mice vaccinated as in panel B were assayed for NP-specific antibody by ELISA.
(D) Vaccinated mice were challenged i.n. on day 40 with 500 EIU PR8. Mice were weighed
prior to infection, and the change in body weight was calculated as % of initial weight. Mean
± S.D., 5 mice/group. (E) Mice were immunized and infected as in panel D. Lung viral titers
were assayed 8 days after influenza challenge.
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Figure 2. rNP immunization alters the kinetics of the CD8 T cell response after viral challenge
C57BL/6 mice were vaccinated intraperitoneally with 30 μg rNP and 20 μg LPS (ν) or with
LPS alone (λ) on days 0 and 10, and challenged with 500 EIU PR8 on day 40. NP-specific (A)
and PA-specific (B) CD8 T cells in the lung were measured by flow cytometry on the indicated
day subsequent to challenge infection. NP-specific (C) and PA-specific (D) CD8 T cells were
measured in the spleen. Mean ± S.D., 5 mice/group.
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Figure 3. rNP-elicited protection from influenza requires CD40
(A) C57BL/6 mice were vaccinated i.p. with 30 μg rNP and 20 μg LPS (ν) or with LPS alone
(□) on days 0 and 10. CD40−/− mice were also vaccinated i.p. with 30 μg rNP and 20 μg LPS
(λ) on days 0 and 10. All groups were challenged i.n. with 500 EIU PR8 on day 40, and relative
body weights were determined. Mean ± S.D., 5 mice/group. (B) Viral titers were assayed in
the lung at day 8 post-infection in mice vaccinated with LPS ± rNP, as indicated. Mean ± S.D.,
5 mice/group. (C) NP-specific CD8 T cells in the lung were determined by flow cytometry on
day 7 post-infection. (D) Serum titers of NP-specific IgM and IgG were measured by ELISA
in vaccinated mice on day 39 (one day prior to infection). Mean ± S.D., 5 mice/group.
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Figure 4. rNP vaccination-mediated reduction in viral titers requires antibody
C57BL/6 and antibody-deficient AID/μS mice were i.p.-immunized with either 30 μg rNP and
20 μg LPS or with LPS alone on days 0 and 10. All groups were subsequently challenged i.n.
with 500 EIU PR8 on day 40. (A) Titers of NP-specific IgM and IgG were measured by ELISA
in serum from mice at day 8 post influenza infection. Mean ± S.D., 5 mice/group. The low
titers of anti-NP IgM in C57BL/6 mice are not consistently detected among experiments
performed at this timepoint. (B) Lung viral titers were measured on day 8 after infection. (C)
NP-specific CD8 T cells in the lung were determined by flow cytometry on day 8 post-infection.
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Figure 5. rNP-immune serum protects μMT mice against influenza-induced morbidity
Serum was obtained on day 40 from C57BL/6 mice vaccinated with either 30 μg rNP and 20
μg LPS (ν) or with LPS alone (λ) at days 0 and 10. 200 μl sera were injected i.p. into naïve
μMT mice 1d prior to influenza PR8 infection (500 EIU). (A) Mice were weighed daily and
relative body weights were determined. Mean ± S.D., 5 mice/group. (B) Lung viral titers were
determined on day 10 post-infection. (C) Flow cytometry of lung cells was performed on day
8 post-infection. Values shown are percentage of the CD8+ gate. (D) Kinetics of the NP-specific
CD8 T cell response in the spleen. Mean ± S.D., 5 mice/group. The total number of NP-specific
CD8 T cells per spleen was calculated from flow cytometry data as in panel C.
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Figure 6. Protection of μMT mice by transfer of rNP-immune serum requires antibody
(A) Serum was obtained from rNP/LPS-vaccinated C57BL/6 mice (ν), rNP/LPS-vaccinated
AID/μS mice (σ), and LPS-vaccinated C57BL/6 mice (λ) 40 days post-vaccination. 200 μl of
serum were transferred to μMT mice 1 day prior to i.n. challenge with 500 EIU influenza PR8.
(A) Weight loss was measured daily and relative body weights were determined. Mean ± S.D.,
5 mice/group. (B) Viral titers were measured in the lungs of the recipient mice on d10 post-
infection.
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