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Abstract


With the increasing potential for an avian influenza pandemic, strategies to prevent and test for avian influenza are becoming increasingly more important.  One strain of avian influenza, H5N1, has already crossed the species border into humans.  We propose a method for developing several vaccines and influenza tests using bacteria and yeast as the chassis, respectively.  These systems are easily amendable for targeting the three main antigens presented on the exterior of the influenza virus: M2, hemagglutinin, and neuraminidase.

Introduction

Influenza is one of the more disruptive infectious diseases.  While types B and C are relatively harmless, type A influenza can have far reaching effects.  In pandemic years influenza infects 10-20% of the world’s population, causing millions of people to be hospitalized and roughly a quarter to a half a million deaths (De Filette et al, 2005).  The economic costs are also significant with an estimated $12 billion being spent in pandemic years (De Filette et al, 2005).  While there were three great influenza pandemics in the 20th century, 1918 is the quintessential example of influenza’s destructive power.  The 1918 flu, or Spanish Flu, killed approximately 25 million people worldwide, more people than were killed in World War I.  The 1918 strain of influenza was particularly damaging because it was both highly transmissible and highly virulent.  For the past several decades influenza has normally only had one of these characteristics, with the common strains being highly transmissible and having a low mortality rate, while the avian strains having a high mortality rate but low reproductive rates among humans.  
The possibility that influenza might mutate, retaining the high reproductive rate of the common strains while acquiring the high mortality rate of the avian strains is a concern.  Given the several month development time necessary for current vaccines, a highly virulent and transmissible disease could spread for which there would be no effective treatment, meaning that a repeat of 1918 is possible.  With the rise of modern travel, especially air travel, increased population and population densities, a higher percent of the industrial world being elderly, and with large numbers of people with suppressed immune systems (because of AIDS and other diseases) a similar strain of influenza would certainly cause more damage than it did in 1918.  In 1997, the H5N1 strain of avian influenza crossed over into humans in Hong Kong, killing 6 people; a pandemic was only prevented by killing all of the chickens (Romanova, 2006).  In light of this, new, more effective vaccines that can be developed rapidly are needed.  

The Structure of Influenza

Influenza has three, structurally similar classifications: A, B and C.  Figure 1 is a diagram of the influenza virus with the key components labeled.  
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Figure 1: Structure of an influenza virus.  The virus contains three main antigens on its exterior: hemagglutinin, neuraminidase, and the M2 ion channel.  The virus genome is made of 8 strands of RNA (Romanova, 2006).

The outer protective coating consists of a lipid bilayer derived from host cells.  The bilayer envelops proteins and a negatively stranded RNA genome of eight segments (Bardiya and Bae, 2005).  The membrane glycoprotein hemagglutinin (HA) is highly antigenic, and it facilitates virion entry into the host cells by bonding to sialic acid receptors that have (-2,6 galactose linkages (Bardiya and Bae, 2005).  Neuraminidase (NA) is another antigenic membrane protein that prevents virion aggregation and facilitates cell-to-cell spread.  The M1 protein controls virion assembly, and it is located inside of the lipid bilayer envelope.  The M2 protein is an ion channel that bridges the inside and outside of the virus.  Within the viral envelope is the transcription complex necessary for replication of the virus.  It is composed of the RNA nucleoprotein (NP) and polymerases PB1, PB2, and PA (Bardiya and Bae, 2005). 

There are two important types of antigenic variations in the HA and NA molecules: “drift” and “shift”.  Drift results from point mutations.  Point mutations, caused by inadequate ‘proof-reading’ of the proper sequence, lead to amino acid substitutions within the HA and NA molecules.  These mutations often affect the ability of antibodies to bind with the virion.  This can lead to the virions being invisible to the host antibodies.  This drift means that vaccines have to be annually updated.  The second type of antigenic variation is “shift.”  Shift results from sharing of genes between different virions.  If a cell is doubly infected, RNA molecules can be exchanged resulting in a new genotype (Bardiya and Bae, 2005).  

Current Types of Influenza Vaccines

There are five general classes of vaccines: inactivated influenza vaccines, virosomes, live attenuated vaccines, DNA vaccines, and M2-based vaccines.

Inactivated Influenza Vaccines

An inactive vaccine is a vaccine made from a previously virulent virus that has been killed, usually by heat or chemical means.  Currently these vaccines are made by infecting a chicken embryo with a phenotype of H1N1 and an epidemic strain (Bardiya and Bae, 2005).  The result is a hybrid that has the high growth of the H1N1 phenotype but a structure similar to the epidemic strain.  This seed strain will contain the desired HA and NA components of the epidemic strain but will not be as virulent.  It is this seed strain that is then used to mass produce the vaccine in fresh chicken eggs.  After production, chemical treatments and purification of the virus is necessary to inactivate it and make the vaccine safe for clinical use.

Virosomes

A virosome is a unilamellar phospholipid bilayer vesicle with a mean diameter of 150 nm.  It retains the viral-cell binding and membrane fusion capabilities of the virus but lacks the nucleocapsid.  Therefore, it is essentially an empty influenza shell that has the same binding abilities as the virus without the genetic material, rendering it replication incompetent.  

Live attenuated vaccines

This method uses a live form of the virus that has been crippled and is therefore much less virulent.  In general this method results in a more robust immune response, but since it uses a live form of the virus it is only recommended for healthy young adults. Children and the elderly typically require a different type of vaccine.  Live vaccines induce mucosal or cytotoxic T cell-mediated immune responses in the upper respiratory tract, the location where influenza enters the body (Horimoto et al, 2004).  This is the fundamental reason why live vaccines are more effective than inactivated vaccines and why their protection is less susceptible to antigenic drift.

One type of live attenuated vaccine is derived from a cold-adapted influenza virus.  In summary, a cold-adapted strain is developed when a primary strain is passed in either chicken kidney cells or embryonated chicken eggs at progressively lower temperature (33 to 25(C).  After this procedure, the resulting strain is not virulent; however, it can transfer genes, with exception of HA and NA.  This strain is then co-infected with an epidemic strain, so that the resulting hybrid strain has the similar HA and NA character of the epidemic strain but lacks its highly virulent nature (Bardiya, et. al, 2005).  

Live attenuated vaccines have been a major success.  In 2002, Watanabe, et al developed a recombinant live attenuated vaccine that was produced by removing parts of the NS1 and M2 genes, resulting in a replication incompetent virus (Watanabe et al, 2002).  These recombinant versions of the influenza vaccine appear to be the future of live attenuated vaccines.  

DNA vaccines

Wolff, et al., showed the first example of DNA vaccines when they injected RNA and DNA expression vectors containing genes for chloramphenicol acetyltransferase, luciferase and (-galasctosidease into mouse muscles (Wolff et al, 1990).  The basic idea is to use an E. coli-derived plasmid that encodes the desired proteins but is not virulent and cannot reproduce.  Once this plasmid is injected intra-muscularly, the heterologous gene is endogenously expressed within host cells.  The resulting protein is processed in a manner similar to an actual viral infection, resulting in broad-based humoral (antibody mediated) and cell-mediated (cytotoxic T cell) immunity (Bardiya et. al, 2005). 

Some promising advances have been made in reverse genetics-based vaccines indicating that this method has great potential for producing an effective influenza vaccine.  Hoffmann, et al., created a complete vaccine with just eight plasmids, taking 6 genes from high-yield H1N1 virus and HA and NA genes from the epidemic strain.  This allowed the vaccine to be sufficiently close to the epidemic strain while still maintaining suitable growth rates in eggs.  The main advantage of this new method is the time intensive step of selection of re-assortment virus has been eliminated.  In addition, Horimoto, et al., used a chimeric virus composed of type B HA and NA with a type A virus vaccine background (Horimoto et al, 2004).  This essentially created an A/B hybrid virus that had type A and type B HA character with type B NA showing that vaccines now could be made from a single strain instead of 3 strains.   

M2-based vaccines

As discussed above, one disadvantage of most current vaccine methods is that the pandemic strain must be known in advance before the vaccine can be created.  De Filette, et al., developed a novel technique based on neither HA nor NA but on the M2e external domain of the influenza A M2 protein.  The M2 protein is a transmembrane protein rarely present on the virus but ubiquitous on cells that are infected with the virus.  Since the M2 protein is not immunogenic it does not undergo rapid mutations unlike other proteins.  The 23 amino acid M2e sequence has been invariant since 1933.  Because of this it has a high degree of sequence conservation across all human influenza A strains (De Filette et al, 2005).  If the M2e is linked to a special carrier, such as hepatitis B virus core particles, antibodies can be expressed that will be able to protect the host.  

Current Testing for Influenza


In addition to developing a vaccine, designing a test for avian influenza would aid in fighting a pandemic.  The test could be used to determine which individuals should be quarantined at airports and seaports.  If the test were specific for the various hemagglutinin or neuraminidase antigens, then the specific strain of influenza could also be determined.  For a test to be administered at ports, it would have to be accurate, fast, and cheap.  Since testing for all 16 hemagglutinin and 9 neuraminidase antigens would not be fast, a high throughput influenza test would best utilize the M2 ion channel as a target (Thontiravong et al, 2007).  This test would not be specific for avian influenza since all influenza viruses express this highly-conserved protein, but it would allow for separation of individuals infected with influenza from those not infected (De Filette et al, 2005). Tests that are specific for the various hemagglutinin and neuraminidase antigens could then be performed on individuals testing positive for M2 to determine the strain of their influenza.


Currently there are several standard methods to assay for influenza infections including microneutralization tests, hemagglutination inhibition, enzyme-linked immunosorbent assay (ELISA), neuraminidase detection, and RT-PCR (Thontiravong et al, 2007), (Nefkens et al, 2007), (Peng et al, 2007), (Shimasaki et al, 2001) & (Wu et al, 2007).  The first three of these are time-consuming and dangerous as they involve the use of tissue culture work and utilize live virus.  In addition, hemagglutination inhibition has been shown to be ineffective for use with the H5N1 avian strain (Nefkens et al, 2007), (Rowe et al, 1999).  
Neuraminidase detection is a relatively easy test that can be high throughput with the use of a modified sialic acid that dimerizes to form an insoluble blue dye; however, some of the neuraminidase antigens found in avian flu strains are also prevalent in current human influenza strains (Thontiravong et al, 2007), (Shimasaki et al, 2001).  Of the 16 known HA antigens, H1-H3 are found in humans, while H5, H7, and H9 are found in poultry; N1 and N2 are the neuraminidase antigens found in human influenza strains, while N1, N2, N3, and N7 have been found in strains crossing the species border to humans (Thontiravong et al, 2007).  Thus, testing for the specific neuraminidase antigen will not be effective for determining whether individuals have an avian strain of influenza.  Although multiplex RT-PCR reactions have recently been developed to test for several strains at once, RT-PCR still is time-consuming and expensive (Thontiravong et al, 2007).  


Developing a biosensor for avian flu would be ideal solution for decreasing the testing time required during a pandemic.  A biosensor is defined as “a device that detects, transmits and records information regarding a physiological or biochemical change (D’Souza et al, 2001).”  A schematic of an ideal biosensor is given in Figure 2.  The ideal sensor should have a bioreceptor that is specific to the target; this receptor should be coupled to the transducer that only emits a signal upon binding (Pejcic et al, 2006).  These sensors can use various types of transducers including electrochemical, optical, acoustic, electronic, or chemical.  Biosensors can utilize enzymes, antibodies, and various cells for detection, though enzymes and antibodies are typically used as they are very specific for their substrate or antigen (D’Souza et al, 2001).  Biosensors have been made for many diseases including hepatitis B, Newcastle disease, and severe acute respiratory syndrome (SARS), although most of these utilized an immunoassay for detection (Pejcic et al, 2006).  Some biosensors have already been developed to test for avian influenza infections.  One system utilized carbon nanotubes with hemagglutinin attached to them.  The change in electrical properties upon binding to anti-hemagglutinin was used as the transducer (Takeda et al, 2005).  Another method utilized pseudotyped lentivirus expressing H5 and a luciferase reporter.  Serum from patients was added to the virus and then added to Madin Darby Canine Kidney (MDCK) cells.  Serum from patients infected with H5N1 influenza inhibited lentiviral infection (Nefkens et al, 2007).  
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Figure 2: Schematic of the operation of an ideal biosensor.  The sensor is made of a receptor region specific to the target antigen/molecule that is connected to a transducer.  The transducer only gives off a signal upon target binding (Pejcic et al, 2006).


We propose the development of a novel bacteria-based influenza vaccine.  Although the idea of using bacteria expressing a heterologous antigen is not new in vaccine development, using bacteria to express influenza antigens is a new and promising idea (Garmony et al, 2003), (Garmony, Griffin et al, 2003).  We also propose the development of a series of similar avian influenza biosensors to test for the universal M2 antigen, along with tests for the various hemagglutinin and neuraminidase antigens.  Below, we summarize the ideal characteristics of a bacteria-based influenza vaccine and yeast-based biosensors including the research and development required to achieve these characteristics, the possible problems during development, and the anticipated timeframe.  

Development of a Bacteria-Based Influenza Vaccine

Long shelf-life at ambient conditions


Bacteria can survive long periods at ambient conditions with very little water, making them ideal vaccine vectors for administration throughout the third world because of their long shelf-life.  This could bring the influenza vaccine to billions of people who otherwise would not have access because of a lack of transportation and storage infrastructure.  

Experimental Plan 


These fairly straightforward experiments will involve simply packaging the bacteria as a dry powder and storing under ambient conditions for extended time periods.  At the end of the allotted time the bacteria will be reconstituted and cultured to confirm viability or administered orally to test animals to confirm immunogenicity via antibody screens and/or cytotoxic T cell assays. 

Oral delivery 


Many bacterial strains are capable of surviving the harsh environment of the gut long enough to allow uptake by resident immune surveillance cells such as macrophages.  These cells will deliver the heterologously expressed antigen to the Peyer’s patches of the gut where they will stimulate mucosal immunity throughout the whole body, including the respiratory system (Janeway et al, 2001). The mucus membranes of the respiratory system are the first lines of defense against influenza, and therefore targeting mucosal immunity will greatly improve the immunogenicity of the vaccine.

Experimental Plan  


Successful oral delivery of a bacteria-based influenza vaccine requires bacteria that can survive and express the heterologous antigen in the low pH environment of the stomach.  Many bacterial species can survive in the stomach, including E. coli, Salmonella spp., and Yersinia enterocolitica, among others (Garmony et al, 2003).  Ideally, a species that doesn’t normally cause disease should be used, so the primary focus will be on ensuring that E. coli can express the influenza antigen in culture at the low pH of the stomach (pH ~3).  If E. coli is unsuitable for this task, then a Salmonella strain attenuated by aroA gene deletion has been shown in mice to be immunogenic and easily cleared from the body without pathogenicity (Dougan et al., 1987).

pH-inducible expression of the influenza antigen


Ideally, during vaccine production growth of the vector will be rapid, reproducible despite the heterologous antigen being expressed, and easily scalable.  Towards this purpose, expression of the antigen should only be induced in the low pH environment of the stomach.  This will avoid any possible production problems associated with changing the antigen, and it will allow for high-copy antigen expression without compromising production speed.  pH-based antigen induction is accomplished by incorporating a pH biosensor that controls antigen transcription.

Experimental Plan 

The P170 promoter from Lactococcus lactis is known to induce expression at low pH.  Genes under the control of P170 are not expressed at neutral pH, but expression is induced at pH 5.5 (Madsen et al, 1999).  The lower pHs that the bacteria will experience in the stomach was not investigated in this study; however, these experiments can easily be accomplished.  Expression of the HA gene downstream of the P170 promoter in a high-copy plasmid such as SL7207 pYA:120 will increase antigen expression but only when the bacterium is exposed to the low pH environment of the stomach (Fouts et al, 1995).  The development of this system will first require in vitro testing at multiple pHs and analyzing for HA expression by Northern or Western blotting.  


If HA expression is not maximized under stomach-like conditions, then multiple strategies can be investigated.  There are many other promoters shown to induce expression under low pH-conditions (Valdivia et al, 1996).  Perhaps one of these will provide the desired expression profile.  Alternatively, we can pursue a directed evolution approach to generate a promoter with the desired characteristics.  This can be accomplished by expression a mutagenized promoter library upstream of the aroA gene in a strain with an aroA deletion.  Colonies that are capable of growing in the absence of aromatic compounds at low pH will have a desirable mutation.  Further rounds of mutation and selection can be pursued if necessary.

Readily modifiable antigen expression


Influenza is a rapidly mutating virus, and the most prevalent strain varies from year-to-year and locale-to-locale.  This is why a new vaccine is developed, marketed, and administered every year.  The bacteria-based vaccine should be a platform technology that is easily modified to express the antigen(s) of interest for that year.  This will aid in rapid process scale-up and production with minimal regulatory hurdles.  Additionally, it will provide for rapid vaccine production in case of an unexpected outbreak, such as the previously discussed avian flu.

Experimental Plan:  


This aim is easily accomplished by expressing the antigen of interest on a plasmid that can easily be transfected into bacteria in high numbers.  Many possible plasmids fit this requirement.  Ideally, this plasmid will also express a gene that complements a metabolic defect in the host.  This will circumvent the use of antibiotic resistance as a selection marker (see below).

No antibiotic resistance


Often antibiotics are used to select for bacteria that have been properly transformed/transfected with a genetic modification of interest.  This antibiotic resistance is unacceptable for a vaccine strain that will be administered to humans and essentially released into the wild.  This will only make the bacteria more difficult to control, if that should become necessary.

Experimental Plan

The antigen should be expressed on a plasmid that also expresses a metabolic gene that has been knocked out in the host bacterium.  Many different gene knock-outs have been used for this purpose, including aroA (aromatic amino acids) (Dougan et al, 1987).  Additionally, an intriguing system involving positive selection on herbicide has been developed (McNeill et al, 2000).

Can target and invade antigen presenting cells


In order to stimulate an adequate immune response, the bacteria should readily target the cells that will stimulate the immune system.  The Salmonella invasin molecule allows it to bind and invade cells expressing (1 integrin.  In the gut, the cells that most heavily express (1 integrin are the M-cells that line the intestinal epithelium above Peyer’s patches (Palumbo et al, 2006).  The ability to invade Peyer’s patches brings the vaccine into direct contact with the mediators of adaptive mucosal immunity: B-cells and T-cells.

Experimental Plan

The heterologous expression of invasin has been utilized in the development of cancer-killing bacteria (Anderson et al, 2006).  We can use a similar system here except that we will require constitutive expression of invasin, because we want most of the bacterium’s metabolic load to go towards producing antigen once it enters the stomach.  Premature invasion of antigen presenting cells before the heterologous antigen is fully expressed is a minor concern as most antigen presenting cells are found in the small intestine.  The time spent in transit from the stomach to the small intestine provides the necessary time for full antigen expression.

Optional: Can elicit both humoral (antibody response) and cell-mediated (cytotoxic T-cell) immunity

This will broaden and improve the immune response to an influenza infection, making the vaccine much more effective.  The ability to elicit humoral immunity versus cell-mediated immunity could possibly be tuned depending on whether the antigen is merely phagocytosed or is able to enter the cytoplasm of the antigen presenting cells (Mellman et al, 2001).  This could possibly be accomplished by designing a bacterium that not only displays the influenza antigen on its surface, but also secretes it.  Recent research has shown that secreted antigens have the ability to escape phagosomes and elicit both humoral and cell-mediated immunity (Burgdorf et al, 2007).

Experimental Plan  

Fusing the heterologous antigen to the tetanus toxin fragment C (TetHc), has been shown to increase immunogenicity.  In fact, only when the antigen was fused with TetHc did it elicit an antibody response from the host (Lee et al, 2000).  These results are very encouraging and indicate that a similar system could be designed by which an influenza antigen is fused to TetHc in order elicit both humoral and cell-mediated immunity.  This hypothesis can only be tested through in vivo experimentation after the vaccine system is nearly complete.  This experiment would involve administering vaccine with or without TetHc fusion to mice and monitoring the serum for antibody production and cytotoxic T-cell response to the influenza antigen.


 Development of a Series of Avian Influenza Biosensors

Chassis


The first step in developing a biosensor is determining the platform that will be used for the sensor.  As sensors have been made with many cell and non-cell based systems, there are many choices.  A cell-based system is preferable to a non-cell based system since more of the system could be made simply by growing.  One natural choice as a cell-based biosensor is Saccharomyces cerevisiae since it is well-studied, easy to work with, and relatively cheap.  Yeast are also advantageous in comparison with bacteria in that they have complex signaling mechanisms that can be utilized in a biosensor.  

Sensing 

One of the more important aspects of developing a biosensor is designing the sensing part.  As eukaryotic cells, yeast have a wide range of receptors that are exposed to the extracellular environment.  One type of receptor is the receptor tyrosine kinase (RTK) pictured in Figure 3.  This receptor dimerizes upon ligand binding and then phosphorylates itself.  The most common type of membrane-bound RTK are ephrin receptors, or Eph receptors (Alberts et al, 2002). 
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Figure 3: Receptor Tyrosine Kinase (RTK).  Upon binding of the signal molecule, the receptor dimerizes and phosphorylates itself (Alberts et al, 2002).

Experimental Plan

To develop this RTK for sensing the presence of the influenza antigens M2, HA, and NA, protein engineering will need to be completed on the binding region of this receptor.  A library of yeast with variants of the binding region of this receptor can be made using common protein engineering and directed evolution techniques such as error-prone PCR and DNA shuffling.  This library of yeast can then be screened against MDCK cells that have been infected with pseudotyped lentivirus containing the antigen of interest (M2 or a specific HA or NA) to enrich the population of clones with those that bind well to the target.    This screening will take several rounds of selection and subsequent libraries can be made with variants of the higher-binding sequences if needed.  

After developing the yeast that bind to M2 and the various forms of hemagglutinin and neuraminidase, these sensors would be tested against the sera and throat swabs of patients infected with avian and non-avian human flu strains along with patients not infected with influenza as a control.  If the sensors work as expected, patients infected with any type of influenza should be positive.  The specific hemagglutinin and neuraminidase tests should give the specific strain of influenza in agreement with other common tests such as ELISA and RT-PCR.  We anticipate possible challenges associated with the protein engineering of the binding site and attaching the fluorescent proteins to the receptor subunits.  If the techniques listed above do not produce yeast clones that bind well to the influenza antigens, other receptor tyrosine kinase receptors could be used or another receptor altogether such as a G-protein coupled receptor (GPCR).  

Transducer


The final part of the biosensor is the transducer.  Previous work has shown the versatility of using fluorescent proteins as they can easily be added onto other proteins and can be easily detected.  Fluorescent proteins have also been circularly permutated and have had random sequences up to 20 amino acids inserted into the protein sequence without loss of fluorescence (Baird et al, 1999).  Variants of GFP have also been shown to be very sensitive to the folding of the protein to which they are attached (Waldo et al, 1999).  In addition, GFP has been separated into two molecules that can fold back into the natural GFP folded state through the use of leucine zipper-directed protein reassembly (Ghosh et al, 2000).  Finally, two different variants of GFP with overlapping emission/absorption spectrum in close proximity can produce FRET.  

FRET occurs when one fluorophore absorbs light and then emits light that can be absorbed by a second fluorophore; the second fluorophore can then emit light.  The FRET refers to the transfer of light energy from the first to the second fluorphore.  Both fluorophores must be in close proximity and having overlapping emission/absorption spectra.  CFP and YFP are common FRET pairs, and have been used to determine ligand binding to a steroid receptor (Llopis et al, 2000).  A schematic of the system used is below in Figure 4.  A recent paper showed the use of a YFP reporter attached to a steroid receptor in yeast to measure ligand binding; the YFP on both subunits of the receptor become highly fluorescent upon receptor dimerization (Muddana et al, 2003).  
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Figure 4: Schematic of YFP-ligand binding to CFP-receptor.  Upon binding, FRET occurs between the CFP on the receptor in close proximity to the YFP (Llopis et al, 2000).

Experimental Plan

To produce the FRET-Eph receptor, a CFP molecule would have to be added on to one subunit and a YFP on the other.  Upon binding to the target, the receptor would dimerize and produce FRET.  The linker between the fluorophore and the receptor would have to be optimized so that it would express well in yeast, would not prevent receptor transport to the cell membrane, or decrease the fluorescent properties of the CFP or YFP.  Other systems of fluorescent reporters can be used such as the GFP present as two separate molecules.        

Timeframe for Development:

Vaccine

Development of pH-inducible promoter: 


This could possibly take several months depending on the fidelity of the promoter at the pH typically found in the stomach (pH ~2).  If the wild-type promoter can be used without modification, this goal can be achieved within 2-3 months.  However, should development be required, a proper pH-inducible promoter will take as long as 1 year to develop.

Development of bacterial chassis with metabolic knockout and constitutive expression of invasin:   
In tandem with the development of the pH-inducible promoter, a bacterial strain must be selected that is capable of surviving and expressing the influenza antigen under the harsh conditions of the stomach.  Ideally E. coli will be used, but if other strains must be tested (e.g. Salmonella), then this process could take up to 1 year.  Additionally this strain must be modified with a metabolic gene knockout (such as aroA) to use for selection instead of antibiotic resistance.  Furthermore, this strain should constitutively express invasin to target antigen presenting cells.  This process may take up to 1 year.

Development of transfection plasmid: 

 
The plasmid that will be used to transfect the influenza plasmid must be developed.  This plasmid must contain a selection marker that is not based on antibiotic resistance, the pH-inducible promoter, a site for easy cloning of the influenza antigen, and possible fusion to the TetHc protein for improved immunogenicity.  We estimate this development will take approximately 3-6 months, but development cannot begin until the pH-inducible promoter is complete and the bacterial chassis is selected.

In vivo testing and long-term storage studies: 

 
Once the system has been tested and proven in the laboratory, animal studies must be completed to demonstrate immunogenicity.  We anticipate approximately 1 year for these studies.  Upon completion of animal studies, the project could possibly progress to clinical trials, but that is beyond the scope of this proposal.

Overall time to clinical trials for the vaccine: 4 years

Biosensors

Development of RTKs binding to antigens:


There may be several difficulties with engineering the receptor to bind to influenza antigens since the binding site may not be very complimentary to the M2 or the various hemagglutinin and neuraminidase molecules.  With all of these anticipated difficulties, the protein engineering should take around 3 years to complete.  

Development of RTK with fluorescent proteins:

Since the addition of fluorescent proteins to receptors has been accomplished in the past, this process should be much easier than the protein engineering of the binding site.  This process can be completed in tandem with the protein engineering, though the final receptor will need to be tested with the fluorophores attached.  The timeframe for developing a receptor with CFP and YFP attached to the subunits should take approximately 6 months to complete.

Testing Sensors with patient samples:

After the development of the series of biosensors, they will need to be tested with throat swabs and serum from many patients.  This aspect of the project should take up to a year to complete because of the large number of sensors and potential problems obtaining samples from patients infected with avian influenza strains.  

Overall time to complete biosensors: 4 years

Social and Ethical Considerations


Should this project prove successful, we anticipate far-reaching social benefits.  To be more accessible to people in the third world, an influenza vaccine needs to be both easy to produce and to distribute.  Despite the improved vaccine coverage, there is still the possibility of a catastrophic flu outbreak.  Should that occur, a sensitive and robust biosensor for influenza will allow rapid diagnosis of infected individuals.  This will allow the proper people to get the treatment they require and to prevent the spread of the disease and conserve the resources necessary to treat the very ill.  However, there are issues of biosecurity with the use of genetic sequences for highly virulent influenza strains.  Since the antigens for the project are only to be presented on bacteria, mammalian cells, and pseudotyped lentivirus, this project will not run the risk of producing a “super-flu” strain.         
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