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Abstract
Here we present a biomimetic strategy towards nanoparticle design for controlled immune
response through encapsulation of conserved internal influenza proteins on the interior of virus
like particles (VLPs) to direct CD8+ cytotoxic T cell protection. Programmed encapsulation and
sequestration of the conserved nucleoprotein (NP) from influenza on the interior of a VLP, derived
from the bacteriophage P22, results in a vaccine that provides multi-strain protection against 100
times lethal doses of influenza in an NP specific CD8+ T cell-dependent manner. VLP assembly
and encapsulation of the immunogenic NP cargo protein is the result of a genetically programmed
self-assembly making this strategy amendable to the quick production of vaccines to rapidly
emerging pathogens. Addition of adjuvants or targeting molecules were not required for eliciting
the protective response.
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Protein cage architectures have emerged as important platforms for both soft and hard
materials and there is significant interest in their biomedical application.1-4 Protein cages
have been used to encapsulate inorganic nanomaterials either through directed nucleation
and mineralization5-9 or by a directed self-assembly templated around a preformed
nanomaterial.10-15 Small molecule and polymer attachment to a wide range of protein cages
have been successful in making designer hybrid materials with great potential as MR
imaging agents or drug delivery systems.16-23 In addition, the directed encapsulation of gene
products (proteins, polypeptides) inside viral capsids has developed as a novel method for
investigating the effects of protein crowding,24 the creation of novel nanoreactors,25-28 and
the delivery of gene products for medical applications.29 While significant work is emerging
on the use of protein cage nanomaterials in biomedical applications, lingering concerns over
the immune response to these materials in vivo remains. However, biomedical applications
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exist where induction of specific immune responses is desired in the creation of new
immune responsive therapeutic materials for combating major human health problems and
disease.4, 30 In particular, and the focus of this work, is the persistent difficulty in producing
materials that will effect broad range protection against influenza. We specifically utilize a
novel strategy for biomimetic display of antigens within a virus like particle (VLP) that is
generalizable to nearly any gene product (protein), easily produced, and amenable to rapid
modification and production, with the ability to produce new antigenic VLPs in quick
response to emerging pathogens, as discussed in detail below.

VLPs, a class of protein cage architectures, have found significant utility in the development
of biomaterials31 and towards biomedical materials development, particularly in the areas of
therapeutic delivery, imaging, and vaccine development.3 These multimeric protein
assemblies, derived from viral capsids, exhibit complex architectures with coat proteins
assembled around a hollow interior space. They are non-infectious because they are
assembled without incorporating any genetic material on the interior. Several VLP vaccines
are in clinical use and there are many undergoing preclinical trials, some of which target
influenza.32-37 These vaccines have largely utilized the coat proteins of the VLP as the agent
for inducing an immune response that provides protection. In addition, much of the work on
VLP presentation of antigens has primarily focused on the exterior display of proteins/
peptides from antigens targeting the generation of neutralizing antibody responses via a
major histocompatibility complex type II (MHCII) presentation.32-37 However, VLPs
present a rich biomaterial architecture and platform for displaying antigens in a spatially
controlled manner, either on the exterior and/or on the interior, which could be exploited to
direct specific immune response pathways. For instance, display of an antigen exclusively
on the interior would first require degradation of the VLP to expose the antigen to the
immune system, mimicking the display of internal antigens of pathogens which stimulate
CD8+ T cell responses and aid in the clearance of infected cells. Alternatively, display of
antigens on the exterior directly exposes the antigen to the immune system and might
generate neutralizing antibodies, as mentioned above, which would act to prevent infection.
The ability to specifically engineer VLPs to present antigens to the immune system so as to
drive a particular immunogenic response is a potentially useful strategy for constructing new
vaccines and other therapeutic agents.

The use of nanoparticle architectures to harbor antigens to elicit protective immune
responses has been shown to be effective at generating protective immune
responses.30, 38, 39 Kasturi et al. synthesized synthetic polymer nanoparticles loaded with
hemagglutinin (HA) from the avian influenza H5N1 virus and Toll-like receptor ligands that
afforded protection against lethal avian and swine influenza virus strains in mice and
induced robust immunity against H1N1 influenza in rhesus macaques.40 While utilizing
synthetic nanoparticles can provide rapid synthesis of new vaccines, the genetic control
provided by VLP platforms, such as the P22 bacteriophage system described here, utilizes
knowledge of the structure and location of antigens at a molecular level not available in
other synthetic systems. In addition, the use of VLPs can allow for rapid synthesis of new
vaccine candidates by expression of complete vaccine constructs via heterologous
expression, providing added economic and sustainability advantages. For instance, we have
shown that the VLP derived from the bacteriophage P22 from Salmonella typhimurium can
be used to encapsulate a wide range of protein cargoes in vivo by co-expression the capsid
coat protein (CP) with genetic fusion of the cargo protein and the scaffold protein (SP),
which directs capsid assembly and is incorporated onto the interior of the assembled
VLP.41-43 P22 VLPs encapsulating cargo in this manner produces up to 200 mg P22 VLPs/L
media when expressed in E. coli and requires relatively little processing to obtain pure
native structured P22 VLPs. Utilizing organisms for the genetic fabrication of nanoparticle
vaccines eliminates the need for synthesizing components, in the case of synthetic
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nanoparticles, and the use of organic solvents for their synthesis. Furthermore, the use of a
P22 VLP based approach would allow new vaccines to be produced against rapidly
emerging pathogen variants, such as influenza, by standard molecular biology techniques to
mirror the changes in the pathogens, with the ability to produce the new vaccine variants in a
matter of weeks (currently requires ～6 months to begin production of new vaccines). These
properties make the P22 VLP a unique platform for constructing biomaterials with
controlled immunogenic characteristics.

We have previously found that the P22 VLP alone provides non-specific protection from
lethal doses of pathogens such as influenza and MRSA.44 These results suggested that P22
could be an effective biomimetic platform for encapsulating immunogenic antigens in order
to elicit and direct desired protective immune responses. Recent reports have highlighted the
urgent need for new vaccines for the prevention of influenza45, 46 and our previous results
showing non-specific protection against influenza by P22 fueled our investigation of
constructing P22 VLPs for directing protective immune responses against influenza
presented here. The ability of influenza virus to thwart current vaccine strategies is a major
problem for human health resulting in over 41,000 deaths annually in the United States
alone and even greater numbers in years of pandemic outbreaks.47 Prevention of yearly
seasonal outbreaks has primarily focused on developing vaccines which induce neutralizing
antibodies directed at viral glycoproteins, particularly HA, to prevent cell infection.48, 49

Vaccines against seasonal influenza are generated by monitoring virus strains circulating in
the human population every year and generating a trivalent vaccine (composed of three
strains) to the most prevalent strains observed from the surveillance.50 However, the
antigenic sites of HA are prone to continuous amino acid mutation leading to antigenic drift.
In addition, reassortment of viral gene segments between various influenza viruses of human
and zoological origin, known as antigenic shift, leads to the emergence of new influenza
strains not accounted for in the current vaccine design.50 It has become apparent that
vaccines for certain viruses and intracellular bacteria should induce protective CD8+ T cell
responses to be most effective. Attenuated pathogen vaccines have been used because they
induce strong oligo-clonal CD8+ T cell responses but infection after vaccination of
immunocompromised individuals, occurrence of revertant mutations in the vaccine strain, or
recombination with other pathogens in infected patients are possible dangers with attenuated
vaccines.51 In the case of a new rapidly emerging virus, attenuation of the virus into a safe
vaccine strain takes much time to develop and, therefore, synthetic vaccines that induce
protective CD8+ T cell responses have also been pursued. These include peptide-loaded
dendritic cells52 and DNA vaccination,53 which are effective approaches but are not
necessarily practical. Incorporation of CD8+ T cell epitopes into liposomes54 has been
shown to be effective in inducing CD8+ T cell-dependent immunity but requires the
inclusion of strong adjuvants. VLPs with adjuvants such as CpG,55, 56 or dendritic cell
targeting molecules57 have also been shown to induce protective CD8+ T cell responses.
However, there is a significant need for a simple yet effective vaccine delivery system that
induces strong CD8+ T cell-dependent immunity locally in the lungs without the need for
adjuvants which could damage the lungs.

For eliciting a broadly protective CD8+ T cell response to influenza, we identified the
conserved nucleoprotein (NP) as an antigen for encapsulation within the P22 VLP. The large
size of NP (500 amino acids) would present a major challenge for encapsulation within
alternative VLP systems and allows us to test the fidelity of the P22 VLP system. NP is
conserved across multiple serotypes of influenza A strain viruses, which is the leading cause
of seasonal influenza infection in humans, and between the three different strains.58 NP is
responsible for the binding and packaging of the viral genome, hence it is located on the
inside of the mature influenza virus. Because NP is an internal protein it induces an
immunogenic response different from that of HA, which is external and produces
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neutralizing antibodies. Exposure of the immune system to influenza NP requires uptake and
degradation of the virus for presentation of NP. Immunization with NP has been shown to
provide broad serotype protection that elicits a virus-specific CD8+ CTL response, which
has been suggested to contribute to heterosubtypic immunity.49, 59, 60 However, current
vaccine strategies do not exploit NP for providing broad strain protection, perhaps due in
part to the low yields from recombinant expression of NP (personal correspondence with T.
D. Randall). Commercial sources of NP are not widely available, and NP stocks purchased
previously by the authors from commercial sources were found to be of very poor quality.
Developing a bioinspired vaccine utilizing NP or conserved NP epitopes, where NP proteins
are presented to the immune system as it is in the natural influenza virus (i.e. encapsulated
inside a viral capsid), that can elicit a specific CD8+ CTL response could lead to a universal
protective vaccine against influenza. In addition, antigen encapsulation within the P22 VLP
could be utilized as a method for readily obtaining NP, in a delivery ready form, by
heterologous expression. Here we present results examining our strategy of utilizing P22 as
a platform for antigenic protein display by encapsulating NP constructs on the interior of the
VLP and show the ability of the NP-P22 nanoparticles to elicit protective CD8+ CTL
responses, that are NP specific, against multiple serotypes of strain A influenza (Figure 1).

Results and Discussion
Using our previously demonstrated methodology whereby a desired cargo can be
encapsulated by genetically fusing it to the N terminus of a truncated P22 scaffold protein
(SP), which directs the self-assembly of the P22 capsid when co-expressed with the coat
protein (CP), we examined the construction of NP-P22 VLP nanoparticles (Figure 1). An
initial construct consisting of the first third of the nucleoprotein (amino acids 1-163 (NP163))
genetically fused to truncated SP (NP163-SP) was co-expressed with the CP from a
pETDuet-1 expression vector containing the two genes. The self-assembled P22 capsid was
subsequently purified (Figures S1-S2) using a slightly modified method to those previously
reported, whereby the mature P22 VLPs encapsulating NP was purified by
ultracentrifugation over a cesium chloride gradient. Overall the modified method requires
only two ultracentrifugation spins after obtaining the cell lysis supernatant, providing an
efficient means for generating potential vaccines based on the P22 platform. Wild type
recombinant P22 capsid and the NP163-P22 material exhibited nearly identical biophysical
characteristics. Analysis of NP163-P22 by SDS-PAGE showed bands corresponding to
NP163-SP (37.5 kDa) and CP (46.7 kDa) (Figure 2a) as expected. Direct visualization of the
particles by transmission electron microscopy (TEM) verified that NP163-SP P22 samples
were assembled into structures consistent with the size and morphology of native P22 and
showed evidence for dense packing of protein on the interior (Figure 2b). Analysis of
NP163-P22 by HPLC-SEC coupled to multi-angle and quasi elastic light scattering detectors
(Figure 2c and Tables S1 and S2) revealed a molecular weight (Mw) of 28.0 ± 0.13 MDa,
whereas empty P22 (no scaffold protein; data not shown) had a Mw of 19.1± 0.05 MDa (as
compared to the expected Mw of ～19.7 MDa). The difference in Mw, 8.9 MDa,
corresponds to an estimated loading of 222 ± 3.5 NP163 per capsid, an extremely large
number of packaged proteins per VLP. Light scattering revealed an average radius of
gyration (Rg) of 25.5 nm and average hydrodynamic radius (RH) of 28.7 nm. The Rg/RH
ratio (0.89) aligns well with a solid sphere model61, 62 and is consistent with highly dense
packaging of NP-SP fusion proteins inside the P22, whereas empty P22 has been observed
to give Rg/RH values closer to 1 (0.95) as expected for a hollow sphere model with infinitely
thin walls.61, 62

The ability of the NP163-P22 to elicit a protective immune response was examined by
immunization of mice with NP163-P22, P22 or PBS control, and subsequent challenge with
lethal doses of influenza A PR8 (H1N1) followed by challenge with influenza A X-31
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(H3N2). Because the P22 itself elicits a protective immune response44 we administered 100
(PR8) and 50 (X-31) times the lethal doses to mice in order to determine whether protection
was associated with the encapsulated NP. Mice treated with NP163-SP P22 showed
protection against both challenges of influenza, with 80% survival over the course of the
experiment (after both challenges), whereas mice treated with P22 or control groups given
buffer solution (PBS) did not survive the first challenge (Figure 3a). Only the NP163-P22
immunized mice and a new group of naïve mice were left for the X-31 challenge and all of
the naïve mice died by 7 days after challenge, whereas all of the NP163-P22 immunized mice
survived. To determine the role of CD8+ T cells in the protection, some of the NP163-P22
and P22 immunized mice were depleted of CD8+ T cells before the challenges. Only 1 out
of 5 CD8+ T cell-depleted mice immunized with NP163-P22 survived the first dose of
influenza (Figure 3a), indicating that the NP163-P22-induced protection was CD8+ T cell-
dependent. Body weight data showed that the mice in all groups were infected, as indicated
by the initial loss in body weight, however, the NP163-P22 treated mice were the only group
that recovered after the initial body weight loss (Figure 3b). The body weight response
observed for NP163-P22 treated mice is consistent with an expected CD8+ CTL protective
response elicited by NP, which aids in clearance of influenza and recovery starting at day 7
but does not prevent infection as indicated by the loss in body weight after infection. That
the NP163-P22-immunized mice were resistant to both H1N1 and H3N2 influenza viruses is
consistent with the fact that NP is well conserved across influenza strains and responses to
NP are cross protective to influenza strains.

Major histocompatibility complex class I (MHCI) tetramers containing NP366-374 have
previously been developed that are fluorescently labeled, which allows staining of CD8+ T
cells that are specific for NP366-374.63 Since the NP163-P22 does not contain this epitope, we
constructed a fusion protein consisting of the full length NP (NP) and SP (see Supporting
Information for DNA and protein sequences) utilizing the same expression vector system.
Expression, purification (Figures S1 and S2), and characterization of NP-P22 was carried
out as was done for NP163-P22 with bands of the expected size for NP-SP (75.5 kDa) and
CP (46.7 kDa) observed by SDS-PAGE and TEM results (observed 53. 5 ± 2.5 nm average
diameter) consistent with those observed for NP163-P22 and native P22 (Figure 2). Analysis
of NP-P22 by HPLC-SEC coupled to multiangle and quasi-elastic light scattering detectors
(Figure 3c) showed an Mw of 30.6 ± 0.41 MDa. The difference in Mw between NP-P22 and
empty P22 (see above), 10.9 MDa, corresponds to an estimated loading of 145 ± 5.5 NPs per
capsid, still a very large number of encapsulated proteins, but less than observed for the
smaller truncated NP163. The results in packaging between the two constructs agree well
with other results we have observed in our lab, that smaller proteins/protein fragments are
incorporated in higher numbers due to the limited volume that can be filled by the cargo
proteins (unpublished observations). This has important implications for future design, as
truncation of antigenic proteins to a minimal antigenic epitope will allow greater copy
numbers to be incorporated allowing reduced dose requirements to elicit the same response
as constructs containing fewer overall numbers of these epitopes. Light scattering revealed
an average radius of gyration (Rg) of 22.6 nm and average hydrodynamic radius (RH) of 27
nm. Again, the Rg/RH ratio (0.84) aligns well with a solid sphere model61, 62 and is
consistent with highly dense packaging of NP-SP fusion proteins inside the P22 and is
smaller than the value observed for the empty P22 (0.95), which fits the empty thin walled
hollow sphere model.

Mice immunized with the full length NP-P22, P22 or PBS were challenged with 50 times
the lethal doses of PR8 and X-31 influenza strains as above. Over the course of the two
challenges, 90% of the NP-P22-immunized mice survived, whereas only 70% of the CD8+ T
cell-depleted NP-P22-immunized mice survived, and 40% of the P22-immunized mice
survived, and none of the PBS treated mice survived (Figure 4a), again indicating the
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efficacy of NP-P22 immunization against various strains of influenza and the CD8+ T cell
dependence. Interestingly, at the lower dose of PR8 used in this experiment, the partial
protective ability of P22 is apparent, and the initial better survival of mice dosed with P22
and depleted of CD8+ T cells is likely due to reduced lung damage resulting from delayed
response by repopulating CD8+ T cells. The apparent discrepancy in the level of protection
against influenza infection granted by P22 in figures 3a and 4a is likely a result of different
infection doses used in these experiments (100× LD50 PR8 in experiment in Figure 3a and
50× LD50 of PR8 in Figure 4a). As mentioned above, all of the P22 constructs were purified
from E. coli expression system and thus contain lipopolysaccharide (LPS), a well-known
immune adjuvant.64 However, we have not seen any survival differences between mice
immunized with LPS-free or LPS-containing proteins (data not shown). To determine
whether NP-P22 treatment induced an NP-specific CD8+ T cell response, cells in
bronchoalveolar lavage fluid (BALF) of mice 7 days after influenza challenge and after
receiving the various immunizing agents, were stained using fluorophore-linked MHCI
tetramers that recognize NP-specific T cell receptors63 and fluorophore labeled antibodies
specific for CD8+ T cells and were analyzed by flow cytometry (Figures 4b, S4 and S5).
Figure 4b shows that the BALF of NP-P22-treated mice had significantly higher expression
rates of NP-specific CD8+ T cells than either P22 immunized or PBS controls. These results
confirm that the NP-P22 immunization causes an augmented NP-specific CD8+ T cell
response upon influenza challenge, consistent with the biomimetic design of the NP-P22.

Depletion of CD8+ T cells in mice immunized with NP163-P22 increased mortality over
60% when compared to non-depleted mice immunized with NP163-P22 (80% survival of
NP163-P22 immunized mice and 20% of the mice immunized with NP163-P22 and depleted
of CD8 T cells; Figure 3a). In contrast to these mice, depletion of CD8+ T cells from mice
immunized with NP-P22 resulted in only 20% increase in mice mortality (Figure 4a). To
determine whether differences in induction of antibodies accounted for this difference in
survival, we determined the levels of NP-specific IgG antibodies in serum of mice
immunized with NP163-P22, NP-P22, P22 or PBS. None of the groups of mice had
detectable levels of NP-, P22- or PR8-specific antibodies prior (day 0) to immunization
(Figure 5a-c). On day 15 and 28 post-immunization, only mice that received NP-P22, but
neither NP163-P22 nor P22 immunization induced production of NP-specific antibodies
(Figure 5a). At day 35 after immunization (5 days after influenza challenge), all groups of
mice showed similar titers of antibodies to both NP protein and PR8 membrane preparation
(Figures 5 a,c). Interestingly, when the mice were challenged with a 2× LD50 of PR8, all of
the PBS-treated mice lost weight rapidly (Figure 5D) and had died by about 10 days but
none of the mice immunized with either P22 or one of the NP-P22 constructs died. Thus at
this low dose of PR8 the protective effects of P22 only are apparent. However, mice
immunized with the NP163-P22 lost more body weight than mice immunized with either P22
or NP-P22. The reason for the greater body weight loss in the NP163-P22-immunized mice
could have been the result of less NP-specific antibody production in these mice (Figure 4a)
and a greater reliance on CD8+ T cell-dependent protection as compared to NP-P22-
immunized mice (Figures 3a and 4a)‥ NP-P22, NP163-P22 and P22-immunized mice all
produced P22-specific antibodies, which suggest that antibodies to P22 were not
instrumental in NP-P22-mediated protection from influenza.

Conclusions
The results presented here provide strong evidence for constructing VLP based vaccines by
encapsulation of highly conserved, non-surface exposed, immunogenic proteins via
biomimetic display on the VLP interior. The results show the robust nature of the P22
system to incorporate large complete antigenic protein, which is often a limiting factor in
other VLP systems. P22 encapsulating NP (truncated and full length constructs) elicited a
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strong protective immune response in mice against challenge with both H1N1 and H3N2
influenza viruses, without the addition of adjuvants. The NP-P22-induced protection was
dependent, at least in part, on a NP-specific CD8+ T lymphocyte response, as we had
predicted in our design, which was not found for control mice. Interestingly, we also
observed that protective NP-specific antibodies were generated by the full length NP-P22
construct but not the truncated NP construct, leading to reduced protection in the truncated
construct. Further studies are underway to determine a complete picture of the intricacies of
the immune response generated by NP-P22 and provide a guide towards optimizing desired
immune responses.

Materials and Methods
The NP gene, provided by Dr. Troy D. Randall in the pTrcHis vector, was amplified using
the primers 5′-AAAAAAAAACCATGGCGCTCGAGGCGAGCCAGGGCACCA
AACGTAG-3′ and 5′- AAAAAAAAAGGATCCGTCGACGTTATCGTATTCTTCCGC
GTTATCGCC-3′ by PCR. NP163 or NP were incorporated into a pETDuet-1 assembler
vector, containing the truncated scaffold protein (residues 141-303, SP141) 42 (multiple
cloning site 1; placed in with BamHI/SacI) and P22 coat protein (multiple cloning site 2;
placed in with NdeI/XhoI), utilizing NcoI and BamHI restriction sites. Incorporation of NP
required removal of an internal BamHI (Supplementary Information) in the gene, utilized for
incorporation of NP163, by PCR site specific mutagensis using the primers 5′-
GTGCGTACCGGCATGGACCCGCGTATGT-3′ and 5′-ACATACGCGGGTCCATGC
CGGTACGCAC-3′. Protein expression and purification was carried out as described
previously for P22,41 but with a final purification step by ultracentrifugation at 38,000 rpm
(TH-641 rotor; Thermo WX Ultra 80 ultracentrifuge) over a cesium chloride gradient
(0.26-0.54 g CsCl/mL in PBS) for 2 hours replacing SEC purification. Band fractions from
the cesium chloride gradient (Figures S2 and S3) were removed by pipet and analyzed by
SDS-PAGE, TEM, and light scattering and all calculations performed as described
previously.43 Experimental details of nanoparticle preparation and administration, TIB210
CD8+ T cell depletion, influenza infection, NP specific MHCI tetramer and FACS analysis,
and flow cytometry of mouse studies was performed as previously described.44, 63, 65 Mice
were lightly anesthetized with oxygen delivered isofluorane, USP (Piramal; Bethlehem, PA)
and were intranasally dosed with 50 μl of sterile PBS or P22 containing 100 μg of protein.
This dosing procedure was repeated 5 times (once daily for a total of 5 days). Infections with
PR8 influenza strain were performed 26 days after last treatment dose. For infection with
influenza, mice were lightly anesthetized with oxygen delivered isofluorane, USP and were
intranasally dosed with 50 μl of virus preparations. The influenza virus strains A/PR8/8/34
(PR8; H1N1) was obtained from the Trudeau Institute, Saranac Lake, NY, USA. The PR8
influenza inoculum contained 1500 PFU.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic representations of the expression and in vivo encapsulation of the
nucleoprotein through programmed self-assembly of the P22 VLP and the biomimetic display in
order to elicit nucleoprotein-specific CD8+T cell response
a) Nucleoprotein (NP; green) fusion with the scaffold protein (SP; yellow) is co-expressed
with the coat protein (blue), resulting in assembly of the NP-P22 VLP. A model of the
natural influenza virus (made available by the Center for Disease Control) is shown
illustrating the display of NP (green), neuraminidase (red), hemagglutinin (blue), and M2
ion channels (purple) to highlight the biomimetic design of the NP-P22. b) Treatment of a
host (immunization) with NP-P22, due to its biomimetic display of NP, is expected to be
processed by the pathway that generates CD8+ T cells specific for NP.
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Figure 2. Purification and characterization of the nucleoprotein encapsulated P22 VLP
constructs (NP163-P22 and NP-P22)
a) SDS-PAGE analysis of purified NP163-P22 (lane 1) and NP-P22 (lane 2) showing the coat
protein (CP) and nucleoprotein-scaffold protein fusion constructs. b) Characterization of
NP163-P22 (left) and NP-P22 (right) VLPs by TEM reveal homogeneous particles after
purification by cesium chloride gradient ultracentrifugation. The scale bars represent 200
nm. c) Representative SEC elution profile monitored by absorbance and light scattering
showing analysis of the molar mass across the elution peak of NP163-P22 (top) and NP-P22
(bottom).
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Figure 3. Nasal immunization with NP163-P22 protects mice against 100× the lethal challenge
with influenza
a) Survival of mice infected with 100× LD50 of PR8 influenza 26 days after completion of
immunization and re-challenged with 50× LD50 of X31 influenza 20 days later. CD8+ T
cell-depleted mice are identified with addition of TIB210 (+TIB210, green and blue traces).
b) Body weights of infected mice were monitored daily. Decrease in body weight is
presented as a percentage of initial body weight (at the time of challenge). Groups where
50% or more mice succumbed to the initial infection with PR8 influenza were excluded
from further data collection. Results depict the average of 5 mice per group.
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Figure 4. Immunization of mice with NP-P22 induces significant NP-specific CD8+ T cell
responses following influenza infection.
a) Survival of mice infected with 50× LD50 of PR8 influenza 26 days after completion of
immunization and re-challenged with 50× LD50 of X31 influenza 20 days later. CD8+ T
cell-depleted mice are identified with addition of TIB210 (+TIB210, green and blue traces).
Survival curves show average survival of 8-10 mice per group. b) Flow cytometry analysis
of cells isolated from BALF to determine the percent of NP-specific CD8+ T cells from mice
immunized with NP-P22 (red), P22 (green), or PBS (blue). Bar graph (left) shows average
percentage of tetramer+ cells from 5 mice per group and a representative histogram (right)
shows the number of cells stained with NP-specific tetramer.
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Figure 5. Immunization with NP-P22 but not NP163-P22 induces NP-specific antibody responses
prior to challenge with influenza
Mice were intranasally immunized daily for 5 days with 100 ug of designated protein. At 30
days after initial immunization mice were challenged with 2× LD50 of PR8 influenza. NP-
(a), P22- (b), and PR8 membrane preparation-specific IgG antibody titers (c) were measured
by ELISA in serum of mice immunized with NP-P22, NP163-P22 and P22 before and after
influenza infection. d) Body weights of influenza-infected mice were monitored daily.
Decrease in body weight is presented as a percentage of initial body weight (at the time of
challenge). Groups where 50% or more mice succumbed to the infection with PR8 influenza
(PBS-dosed mice) were excluded from further data collection. The average of 5 mice per
group is depicted.
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