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Abstract

A highly effective antigen construct for presenting conserved antigen domains is essential to the 

development of a universal influenza vaccine. We have developed a novel dual-domain 

nanoparticle fusion protein (DDNFP) which allows independent presentation of two conserved 

domains. The conserved domains used were from two separate viral surface proteins, M2e of M2 

and fusion peptide (FP) or long alpha helix (CD) of HA2. The carrier is a novel nanoparticle 

protein - the dodecameric DNA binding protein from starved cells (Dps) of bacteria or archaea. 

Dps was found to be uniquely capable of simultaneous fusion and surface presentation at both N- 

and C-termini while retaining the ability to form nanoparticles. Thus, DDNFPs with M2e and FP 

or CD fused at N- and C- termini of Dps from E. coli (EcDps) or other bacteria were first 

constructed based on the H1 subtype sequences along with corresponding single-domain 

nanoparticle fusion proteins (SDNFPs). They were expressed at high levels in bacteria and found 

to form nanoparticles of the expected size (~9 nm). They were stable against treatment at high 

temperatures. The DDNFPs (M2e-EcDps-FP and M2e-EcDps-CD) induced strong antibody 

responses against individual antigen domains and provided full protection against lethal challenge 

with PR8 virus (H1N1). Importantly, the protection by DDNFPs was synergistically enhanced as 

compared to SDNFPs. The M2e-EcDps-CD provided an even stronger protection than M2e-

EcDps-FP and therefore appeared to be the superior construct. Together, with novel domain 

combination, enhanced protection and ease of production, this M2e/CD DDNFP could potentially 

be a highly effective antigen construct for the universal influenza vaccine.
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Introduction

Influenza viruses undergo constant genetic and antigenic changes. There are 18 influenza A 

subtypes which fall into five clades within two broad phylogenetic groups [1]. Current 

trivalent and quadrivalent inactivated vaccines (TIV and QIV; H1, H3, and one or two B 

strains) for seasonal influenza are strain-specific and not suited for controlling pandemic or 

variant epidemic viruses. Thus, a universal influenza vaccine which is effective against 

divergent influenza viruses is greatly needed to provide better control of seasonal epidemics 

and an effective counter measure against pandemics. The basic strategy for developing such 

a vaccine is to target the conserved domains so that immune responses generated against 

them can be cross-protective against divergent influenza viruses [2–3]. The conserved 

domains such as M2e and those from HA2 have been major targets for universal influenza 

vaccine candidates [1][3]. In addition, the HA stem region recognized by broadly 

neutralizing antibodies has also been targeted with headless HA or whole stem constructs 

[4–6].

M2e is the 24-aa extracellular domain of the minor envelope protein M2 which is highly 

conserved among all influenza A viruses, especially within the first nine amino acids [7–8]. 

M2 has a low copy number per virion, but is present abundantly on infected cells [9]. It is 

one of the most widely studied targets for the universal influenza vaccine and has been 

shown to provide strong protection through antibody-dependent cell-mediated cytotoxicity 

(ADCC) [1,8]. The HA2 makes up the bulk of HA stem and consists of distinct domains 

including FP, A, B, C, D, E, F, G and H [10]. It is highly conserved within each or closely 

related subtypes, but varies between subtypes from different phylogenetic groups [11–12]. 

FP consists of the first 38 aa of HA2 and is conserved among both influenza A and B viruses 

with substitution found only at two positions (2 and 12) among its first 14 amino acids 

(GLFGAIAGFIEGGW) [7,13]. The CD domain, also referred as the long alpha helix, 

consists of aa 76 – 130 of HA2 which forms the central part of the HA stem. Both have been 

shown to induce the protective immune responses [14–17].

Various approaches have been used to target these conserved domains [3,18]. Different 

carriers including nanoparticles or virus-like particles have been evaluated, including Hbc 

[19], papaya mosaic virus [20], influenza virus NP protein [21], tuftsin [22], flagellin [23], 

bacterial phage [24], adenovirus vector [25], and influenza virus-like particle [26]. However, 

these efforts have been primarily based on the single-domain approach.

We selected the DNA binding protein from starved cells (Dps) as the carrier protein to 

generate an antigen construct which can combine two separate domains for enhanced 

protection. Dps is a nanoparticle protein (~9 nm) present exclusively in bacteria or archaea 

[27–28]. Each Dps particle consists of 12 identical subunits (~ 20 kDa each). Through 

evaluation of various influenza virus domains and Dps from different bacteria, we found that 

Dps is uniquely capable of simultaneous and separate fusion and surface presentation of 

antigen domains at both N- and C-termini. The resulting DDNFP incorporating M2e and a 

HA2 domain (FP or CD) were successfully expressed at high levels in E. coli. Importantly, 

the DDNFP generated balanced immune responses against individual domains and provided 
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synergistically enhanced protection against the lethal challenge. It could therefore be a 

highly effective antigen construct for development of the universal influenza vaccine.

Materials and methods

Cloning, expression, and purification of Dps fusion proteins

The M2e, FP and CD domains were fused individually or in combination to N- and/or C-

termini of Dps as SDNFP or DDNFP (Fig. 1). The amino acid sequences of the domains 

(M2e, FP, and CD) used are listed in Supplementary Table 1. The M2e is the consensus 

sequence of human influenza A viruses. FP and CD sequences were the consensus 

sequences of the H1 subtype. Two Dps carriers from E. coli (EcDps) and the 

hyperthermopile S. solfataricus (SsDps) were evaluated (Supplementary Table 2). The fusion 

protein genes were generated by DNA synthesis (DNA 2.0, Menlo Park, CA and Genscript, 

Piscataway, NJ) or PCR using appropriate primers for linking the domain to either N- or C-

terminus of the Dps carrier. Proteins were expressed at either 37°C or room temperature 

(RT) in E. coli (BL21) using pET 11 or pJexpress (DNA 2.0, Menlo Park, CA) vector 

following induction with 1 mM IPTG. Bacterial cells were lysed by sonication in phosphate 

buffered saline (PBS). Purification was performed by ion exchange (Q-Sepharose) followed 

by the size exclusion chromatography (SEC, Sephacryl S300). Purified fusion proteins 

reached a purity of at least 90% by SDS-PAGE and densitometry analysis of the fusion 

protein and any host cell protein bands. Protein concentrations were determined by BCA 

assay.

Transmission electron microscopy

Transmission electron microscopy (TEM) was performed using the sodium 

phosphotungstate negative stain to examine the morphology of Dps and SDNFP and 

DDNFP at the Imaging Center of College of Veterinary Medicine and Biomedical Sciences, 

Texas A&M University.

Animals and challenge experiments

All animal studies were conducted with the approval of the Institutional Animal Use and 

Care Committee at Texas A&M University. The 6–8 week old Balb/c mice were obtained 

from Envigo (formerly Harlan Laboratories Inc). Groups of mice (n=5) were immunized by 

intramuscular injection with fusion proteins at 10 μg/mouse in combination with Sigma 

adjuvant system (SAS) (Sigma Chemical Co., St. Louis, IL; formerly Ribi adjuvant) in 50 μl, 

twice four weeks apart. The SAS, a squalene oil-in-water emulsion containing MPL 

(Monophosphoryl lipid A) and trehalose dicorynomycolate, was used by mixing with 

antigen at 1:1 ratio per the instruction provided by the manufacturer. It was more effective 

than Alhydrogel (Invivogen, San Diego, CA; 0.5% (w/v) or 250 μg/mouse) for enhancing 

antibody responses as shown in a comparison experiment with a DDNFP (M2e/FP) 

(Supplementary Fig. 3). Serum samples were collected every two weeks by submandibular 

bleeding technique till the end of the experiment. Challenge was performed intranasally with 

the PR8 virus (A/Puerto Rico/8/34, H1N1) at a lethal dose of 5 or 10 LD50 in 30 μl. The 

PR8 virus was propagated in MDCK cells and diluted to appropriate dose (LD50) with PBS. 

Mice were briefly anesthetized with isoflurane for nasal administration.
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ELISA and neutralization test (NT)

ELISA was performed with 96-well plates (Maxisorp, Nunc). The plates were coated with 

synthetic peptides (2 μg/ml), inactivated whole virus (5 μg/ml, A/New Caledonia/20/1999, 

H1N1), or recombinant HA (1 μg/ml, A/New Caledonia/20/1999, H1N1; BEI Resources) in 

0.1 M carbonate buffer (pH 9.6) at 4°C overnight. The inactivated whole virus antigen was 

prepared by purification from infected MDCK cells and inactivation with formaldehyde 

[29,30]. The synthetic peptides were M2e (24 aa), FP (38 aa), and C (29 aa) made by 

Genscript (Piscataway Township, NJ) or Peptide 2.0 (Chantilly, VA). The C peptide was 

used to measure the responses against CD. PBS-T buffer (20 mM phosphate, 150 mM NaCl, 

pH 7.4; 0.025% Tween 20) containing 3% BSA was used for blocking and sample dilution. 

The plates were blocked at RT for 2 hrs. Serum samples were serially 2-fold diluted and 

incubated at RT for 2 hrs. After washing, plates were incubated with anti-mouse IgG 

alkaline phosphatase conjugate (Sigma Chemical Co, St. Luis) at RT for 1 hr, which was 

followed by washing and incubation with PNPP substrate (Thermo Scientific Pierce) for 30 

min. The OD was measured at 405 nm. The antibody titer was determined as the highest 

dilution with an OD value 2-fold above the background.

NT was performed with MDCK cells in 96-well plates as described in the WHO manual on 

animal influenza diagnosis and surveillance [31]. Briefly, pooled serum samples from each 

group were inactivated at 56°C for 30 min and serially diluted by 2-fold before mixing with 

100 TCID50 of PR8 virus in duplicate. After incubation at 37°C for 1 hr, the mixtures were 

transferred to MDCK cells and incubated at 37°C for 1 hr. The plates were then washed 

twice with PBS after removing the mixtures, and fresh serum free media containing 2 μg/ml 

trypsin was added. The plates were incubated at 37°C for 72 hrs and then fixed in formalin 

and stained by crystal violet. The neutralization titer is the highest serum dilution with the 

intact cell monolayer.

Immunoblot

Antigen proteins were separated by SDS-PAGE and blotted onto Immobilon P 

polyvinylidene difluoride membranes (Millipore). They were mixed at 1:1 ratio with sample 

buffer (Bio-Rad) containing 2% SDS and 5% 2-mercaptoethanol and then kept in boiling 

water bath for 3 min prior to gel electrophoresis. Blotted membranes were first blocked at 

RT in PBS-T buffer containing 3% BSA for 2 hrs. They were then probed at RT for 2 hrs 

with the pooled serum sample diluted at 1:2,000 in the same buffer with BSA. After washing 

with PBS-T, they were incubated for 1 hr with the alkaline phosphatase-conjugated anti-

mouse IgG Fc (Sigma Chemical Co., St. Luis). Membranes were developed with substrate 

BCIP (5-bromo-4-chloro-3-indolylphosphate)–NBT (nitroblue tetrazolium) (Sigma 

Chemical Co.) for 30 min. The densitometry was performed using NIH ImageJ (http://

rsbweb.nih.gov/ij/) for comparing the optical densities of the positive bands on the same 

blot.

Statistics

Statistical analyses were performed using Microsoft Excel. The geometric mean titer (GMT) 

and the standard deviation were determined for each group. Means were compared using the 
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student t test. The survival results were analyzed by the log-rank test [32]. A p value ≤0.05 is 

considered significant.

Results

Generation and Characterization of Dps fusion proteins with M2e and HA2 domains

A series of Dps fusion proteins with M2e, FP and/or CD domains at either or both of N-and 

C-termini were generated and evaluated (Fig. 1). Most of them were expressed at high levels 

as soluble proteins, especially at RT. The fusion proteins consistently exhibited an increased 

MW by SDS-PAGE that correlated with the addition of individual domains by fusion. A 

series of fusion proteins with EcDps are shown in Fig. 2A. A similar set of fusion proteins 

with SsDps were also generated (data not shown). It was noted that some fusion proteins 

with different domains, e.g., EcDps-FP and M2e-EcDps-FP, did not exhibit an apparent or 

proportional difference in migration or Mw as expected based on the domain number or 

length by SDS-PAGE (Fig. 2A). This might be due to a slight difference during protein 

denaturation or interaction with SDS as has been observed with other proteins [33].

All selected fusion proteins, including dual-domain fusion proteins, appeared as 

nanoparticles of expected size (~ 9 nm) as shown by TEM (Fig. 2B) and elution positions by 

SEC which were same as or faster than the native Dps. This indicated that Dps fusion 

proteins retained the ability to form nanoparticles with addition of antigen domains at either 

or both of N-and C-termini. They are therefore single- or dual-domain nanoparticle fusion 

proteins (SDNFP and DDNFP). Evaluation by immunoblot and dot blot demonstrated the 

antigenicity and surface presentation of the fused domains (Supplementary Fig. 1). 

Thermostability evaluation showed that SDNFP and DDNFP could withstand a temperature 

of ≥60°C without forming aggregates or precipitates (Supplementary Fig. 2).

Immunogenicity and protection of Dps fusion proteins

Various SDNFPs and DDNFPs with antigen domains fused to either or both of N- and C-

termini were screened for immunogenicity in mice. Two DDNFPs (M2e-EcDps-FP and 

M2e-EcDps-CD) were identified by the screening and selected for further evaluation with 

the SAS adjuvant along with corresponding SDNFPs.

Robust immune responses—DDNFPs induced high levels of antibody responses 

against both domains (M2e and FP or M2e and CD) with a minimum titer of 5,500 as 

measured with respective domain peptide as antigens (Fig. 3). Importantly, levels of 

antibody responses against individual domains by DDNFPs were similar to those by 

SDNFPs (Fig. 3). These results indicated that the two domains in DDNFPs were 

independently presented without any apparent interference with each other. They also 

indicated that Dps was uniquely capable of inducing strong immune response with antigen 

domains fused separately at N- and C- termini. A strong antibody response to the EcDps 

carrier was also induced, which was apparently higher than those against individual domains 

(Fig. 3). This suggests that the EcDps carrier itself is highly immunogenic.
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Reaction with native antigens—Individual sera generated with SDNFPs and DDNFPs 

were tested by ELISA using inactivated whole virus antigen of H1N1 NC (A/New 

Caledonia/20/99). The results showed that each domain induced antibodies reactive with the 

inactivated whole virus antigen (Fig. 4A). The CD induced a much higher titer than M2e or 

FP (p<0.05). Correspondingly, the DDNFP with M2e and CD generated a much higher titer 

than the one with M2e and FP (p<0.05) (Fig. 4A).

The sera were also evaluated by ELISA with recombinant HA (H1N1 NC). The results 

showed that SDNFPs and DDNFPs containing the FP or CD domain generated high titers of 

antibodies reactive with recombinant HA (Fig. 4B). As with the inactivated whole virus 

antigen, the CD domain induced a much higher antibody titer than FP (p<0.05) (Fig. 4B).

Immunoblot was then performed to further confirm the reaction with specific proteins in 

inactivated whole virus antigen (H1N1 NC). The results showed that antibodies induced by 

SDNFPs and DDNFPs with M2e, FP and/or CD reacted specifically with the corresponding 

viral proteins (M2 or HA2) (Fig. 4C). The CD induced a much stronger reaction with HA2 

than FP, being consistent with the results by ELISA with inactivated virus or recombinant 

HA described above (Fig. 4A and 4B). This suggests that the CD domain is more 

immunogenic than FP. The M2e induced a much weaker reaction (Fig. 4C) as with ELISA 

against the same antigen (Fig. 4A). This however is likely due in part to the low copy 

number of M2 per virion (~40) which is about 10 fold lower than that of HA (~ 500) [9,34].

NT and IgG subclasses—Immune sera against SDNFPs and DDNFPs were tested by 

NT with PR8 (A/Puerto Rico/8/34, H1N1) virus. They did not exhibit a detectable NT titer 

(<1:20), suggesting that antibodies generated against individual domains or their 

combination (M2e/FP or M2e/CD) may not be strongly neutralizing and may rely more on 

other effector mechanisms like ADCC for protection. Analysis of IgG subclasses showed 

that IgG2a was the dominant subclass with SAS adjuvant as shown with both DDNFPs 

(Supplementary Fig. 4).

Enhanced protection by domain combination—The protective effect of DDNFPs 

was evaluated in comparison with SDNFPs. Mice immunized with DDNFPs and SDNFPs as 

in Fig. 3 were challenged with a highly lethal dose of PR8 virus (5 LD50). All control 

animals died by days 8–10. Individual domains or SDNFPs (M2e, FP or CD) were 

independently protective (Fig. 5). The CD domain appeared to be most protective, 

conferring a complete protection (100% survival), whereas FP was least protective with only 

a 20% survival (Fig. 5). The M2e provided an 80% survival. This is consistent with the fact 

that the CD induced much higher antibody titers against native antigens (p<0.05; Fig. 4A).

The two DDNFPs (M2e-EcDps-FP and M2e-EcDps-CD) provided a greatly enhanced 

protection as compared to SDNFPs (Fig. 5). They both conferred a complete protection, but 

with a much smaller body weight loss of 12–15% over only a brief period (days 1–4) and 

faster body weight recovery (p<0.05) (Fig. 5). In contrast, SDNFPs either failed to provide a 

complete protection or only generated body weight gain after day 8. Thus, the protection 

appeared to be synergistically enhanced by combination of two domains (M2e/FP and M2e/

CD). The M2e-EcDps-CD exhibited an even stronger protection than M2e-EcDps-FP by 
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reaching significantly higher body weight at some time points during recovery (p<0.05; Fig. 

4).

These results were further confirmed in another challenge experiment under the same 

conditions, but with a higher challenge dose (10 LD50). Only DDNFPs provided a complete 

protection for survival (p<0.05 by the log-rank test) although with a larger loss of body 

weight as compared to challenge at 5 LD50 (Fig. 6). In contrast, the survival by SDNFPs 

was ≤20% (Fig. 6). The M2e-EcDps-CD again provided a better protection than M2e-

EcDps-FP based on body weight although the differences were not statistically significant 

under the conditions used (p>0.05; Fig. 6). These results therefore further demonstrated 

enhancement of protection by domain combination and the superior protection with the 

M2e/CD combination.

Discussion

A potentially highly effective antigen construct (DDNFP) for universal influenza vaccine 

was generated in the present studies. It is characterized by independent presentation of two 

conserved domains, synergistically enhanced protection, high-level expression as self-

assembled nanoparticles in E. coli, and being thermostable. The DDNFP with M2e and CD 

domains appeared to be the optimal candidate among different fusion proteins and domains 

evaluated based on immunogenicity of individual domains as well as protection. To our 

knowledge, such a DDNFP construct capable of presenting two domains independently and 

simultaneously has not been previously reported.

The protection by DDNFPs was demonstrated at two different challenge doses (5 and 10 

LD50) after a simple two-dose immunization schedule at a moderate antigen dose (two IM 

injections at 10 μg/mouse with SAS adjuvant). There was only a minimal body weight loss 

along with full survival when mice were challenged with PR8 at 5 LD50, a challenge dose 

commonly used with this well-established challenge virus in studies on various universal 

influenza vaccine candidates. The protection by DDNFPs was clearly synergistically 

enhanced as compared to the SDNFPs. This is likely due in part to the more efficient killing 

of viruses by simultaneous binding of antibodies to different viral surface proteins. The 

DDNFPs did not induce detectable neutralizing antibodies (<1:20) as measured by the 

standard neutralization assay. This suggests that antibodies induced by DDNFPs against the 

specific domains (M2e, CD, or FP) may not be strongly neutralizing. These observations are 

consistent with previous studies with M2e [8,35], while neutralization activity with FP or 

CD domain did not appear to have been evaluated previously [14–17]. The more sensitive 

pseudotype neutralization test could be used in future studies to examine the extent of 

neutralizing activity [5]. On the other hand, strong protection can be mediated by ADCC as 

shown with M2e [8,35]. Recent studies further showed that ADCC is essential to protection 

by non-neutralizing as well as neutralizing antibodies [36–37]. Certain IgG subclasses are 

more effective in mediating ADCC, such as IgG2a in mice [37] which was the dominant 

subclass induced by DDNFP in combination with SAS adjuvant (Supplementary Fig. 4). 

Furthermore, a highly protective monoclonal antibody recognizing the stem region of HA 

was found to be non-neutralizing, but capable of inhibiting virus release [38]. Thus, the 
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ADCC and inhibition of virus release could play a key role in the protection mediated by 

DDNFPs with these domains.

The conserved domains are usually cryptic or not highly immunogenic as a part of whole 

protein or antigen [39–40]. The goal of the universal influenza vaccine is therefore to induce 

high-level immune responses against such domains so that they can be cross-reactive and -

protective. The M2e and CD appear to be optimal domains for the DDNFP. Each is from a 

separate viral surface protein and independently protective and their combination leads to 

synergistically enhanced protection. It might be even possible to engineer a trimer structure 

with the CD domain as it is the central part of trimeric stem of HA and the Dps carrier has a 

3-fold axis [27–28]. However, even with these conserved domains there could still be 

variations between groups, clades, and/or species of origin. Thus, M2e is known to vary 

among different animal species [8]. HA2, while highly conserved within a subtype or 

closely related subtypes, can vary between clades or groups based on published studies 

[11,41] as well as those by us (data not shown). Thus, antigen constructs covering different 

clades or groups may need to be incorporated into the final vaccine composition to achieve a 

broad-spectrum or universal vaccine. The M2e/CD DDNFP is highly suited for such a multi-

component universal influenza vaccine as it is not only highly protective, but can also be 

produced readily with the bacterial expression system. It thus is suitable for the plug-and-

play strategy in developing broadly protective influenza vaccines. We have generated 

M2e/CD DDNFPs representing other clades or groups, including H3 (group 2), with the goal 

of establishing the core vaccine composition as the final vaccine product candidate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
A schematic representation of Dps fusion proteins with influenza virus antigen domains. A 

and B, single-domain fusion proteins; C, dual-domain fusion protein. D1 and D2 represents 

two different domains which can be M2e, FP or CD.

Ni et al. Page 11

Vaccine. Author manuscript; available in PMC 2018 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Analysis of purified fusion proteins by SDS-PAGE and electron microscopy (EM). A. SDS-

PAGE; B, Electron micrograph of the DDNFP (M2e-EcDps-CD). Bar=20 nm.
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Fig. 3. 
Immunogenicity of SDNFPs and DDNFPs. SDNFPs and DDNSPs were administered to 

mice (n=5) at 10 μg/dose in combination with SAS twice, 4 weeks apart. Immune sera were 

tested for specific IgG by ELISA to respective antigen domains at week 2 after the second 

immunization. The pooled serum sample from each group was used with the carrier protein 

antigen (EcDps).
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Fig. 4. 
Reaction of specific antibodies induced by the SDNFPs and DDNFPs in mice (n=5) with 

inactivated whole virus antigen (H1N1 NC) (A) and recombinant HA (H1N1 NC) (B) by 

ELISA or with inactivated whole virus antigen (H1N1 NC) by immunoblot (C). The open 

and closed arrows indicate HA2 and M2 proteins, respectively.
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Fig. 5. 
Protective effect of SDNFPs and DDNFPs. Mice (n=5) were challenged with 5 LD50 of 

H1N1 PR8 at week 3 after the 2nd immunization and monitored for body weight (A and B) 

and survival (C and D). The data are presented as two separate groups (A and C; B and D) 

for easy comparison of each DDNFP with its respective SDNFPs. Symbols * indicate 

significant differences (p<0.05) between DDNFP and either SDNFPs in body weight. 

Symbols ǂ indicate significant differences (p<0.05) between M2e/CD and M2e/FP DDNFPs 

in body weight.
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Fig. 6. 
Protective effect of SDNFPs and DDNFPs. Mice (n=5) were challenged with 10 LD50 of 

H1N1 PR8 at week 3 after the 2nd immunization and monitored for body weight (A and B) 

and survival (C and D). The data are presented as two separate groups (A and C; B and D) 

for easy comparison of each DDNFP with its respective SDNFPs. Symbols * indicate 

significant differences (p<0.05) between DDNFP and either SDNFPs in body weight. 

Symbols ** indicate significant differences (p<0.05) between DDNFP and either SDNFPs in 

survival.
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