SPECIFIC AIMS

The overall goal of this project is to explore the feasibility of using sublingual dosages forms to immunize against infectious diseases. For this exploratory research grant, we propose to use measles as the model. Our team has significant experience in formulating measles vaccine and testing the vaccine in relevant animal models. We hypothesize that sublingual measles vaccine is a viable alternative to the injectable vaccine.
Aim 1: Formulate measles vaccine into sublingual wafers. The focus of this aim will be on achieving the desired wafer physical properties (e.g., dissolution/disintegration rate of 15 to 30 seconds in saliva), acceptably recovering vaccine potency from the wafer, and understanding the effect of saliva on vaccine virus titer. Saliva fluid from measles naive macaques will be used in the in vitro dissolution and virus titer studies

In parallel with the work being done on Aims 2 and 3, we will continue working on formulation optimization with the goal of achieving long-term stability that is at least as good as the standard lyophilized vaccine. Additionally, the sublingual characteristics of the formulation (adhesion to sublingual mucosa, dissolution/disintegration rates) will be investigated.

Aim 2: Test sublingual measles vaccine formulations in a cotton rat immunogenicity study. Five groups of cotton rats (including positive and negative controls) will be used to test reconstituted vaccine administered as drops sublingually and dry powder wafer formulations sublingually. Positive control animals will receive the reconstituted vaccine by subcutaneous injection. Negative control animals will receive phosphate buffered saline (PBS) by subcutaneous injection. Serum and both bronchial alveolar lavage (BAL) and oral cavity lavage samples will be obtained and tested by enzyme immunoassay to detect antibodies against measles. If measles specific antibodies are detected, sera will also be tested by plaque reduction neutralization (PRN) assay and by isotype-specific enzyme immunoassay (EIA). Organ and tissue samples will be tested by RT-PCR for presence of measles virus.
Aim 3: Test the sublingual measles vaccine in a non-human primate (rhesus macaque) immunogenicity study. Three juvenile (1-2 year old) measles naïve rhesus macaques will be chemically restrained with ketamine and a measles vaccine wafer will be placed under the tongue. Heparinized blood will be collected on day 0 (prior to vaccination) and on days 14, 21, 28, 42, 60, 90 and 120 for studies of MV-specific antibody and T cell responses. Bronchoalveolar lavage (BAL), oral cavity, and nasal aspirate fluids will be collected on day 0, 28, 60, 90 and 120 for evaluation of MV RNA and for MV-specific antibody and T cells.

Assuming success, follow-on work to these studies might include:

1) Conduct a challenge study of the immunized macaques along with measles naïve control animals one year after vaccination to verify protective immunity.

2) A macaque study with GFP-measles sublingual vaccination to elucidate the sites of infection and replication.

3) Extension of this approach to mumps and rubella as a single trivalent sublingual vaccine.

4) Explore other live-attenuated virus vaccines such as influenza. Research in mice using sublingual influenza vaccination was recently published by Song et al. 


(1) ADDIN EN.CITE , and influenza appears to be a promising target.

BACKGROUND AND SIGNIFICANCE

Measles is a highly contagious, human disease that is spread by the respiratory route and remains among the top 10 causes of deaths due to infectious diseases and the second most common cause of death due to vaccine-preventable disease in children under the age of 5 years (2). Measles was responsible for the deaths of approximately 270,000 children in 2006, almost half of which were in sub-Saharan Africa, and continues to cause outbreaks in communities with low vaccine coverage in industrialized nations 


(3-5) ADDIN EN.CITE . In 2007 there were an estimated 197,000 measles deaths globally according to the World Health Organization. “In developing countries, 1-5% of children with measles die from complications of the disease. This death rate may be as high as 25% among people who are displaced, malnourished and have poor access to health care. The disease can also lead to severe health complications, including pneumonia, encephalitis, severe diarrhoea and blindness.” (6). Too many still die from this vaccine-preventable disease; a simple, low-cost alternative vaccination strategy may help to significantly reduce the severe, worldwide mortality and morbidity impact of measles.

A live attenuated MV vaccine (LAV), introduced in 1963, is widely used, safe, and provides long-term protection from measles. LAV was derived from Enders and Peebles’ original measles virus (MV) isolate (7) and attenuated by passage in chick cells (8). The Edmonston-Zagreb (EZ) strain has been passaged through human diploid cells, is the preferred vaccine strain in many developing countries, is being developed for aerosol administration and is the strain to be used in this application 


(9, 10) ADDIN EN.CITE . LAV is safe and effective and has saved the lives of many millions of children 


(11, 12) ADDIN EN.CITE . LAV replicates less efficiently than wild-type (WT) MV in vivo 


(13, 14) ADDIN EN.CITE , but induces both neutralizing antibody and cellular immune responses qualitatively similar to those induced by natural disease 


(15, 16) ADDIN EN.CITE . Because responses are not 100% and high levels of population immunity are required to interrupt transmission, a second dose of vaccine is necessary to prevent accumulation of susceptible individuals in the population (17).

The vast majority of vaccines are delivered by injection, including LAV, which is administered subcutaneously or intramuscularly. However, there is substantial interest in alternate formulations and routes of delivery that would not require a cold chain or use of needles and syringes (18). Vaccines delivered by sublingual administration would overcome many of the problems associated with injections, including accidental disease transmission (e.g., hepatitis, and HIV) due to needle-stick injuries or improper/unsafe use of injectables, biohazardous sharps waste disposal, pain at injection site, and need for skilled healthcare workers 


(18-20) ADDIN EN.CITE . Needle-free vaccine delivery may also increase compliance and decrease costs.

Vaccines that target pathogens that naturally infect through mucosal surfaces may be particularly suitable for sublingual administration. For example, inhaled liquid aerosol measles vaccine has been shown to provide protective immunity in children and is being taken through clinical trials by WHO for registration 


(21-25) ADDIN EN.CITE . An inhalable dry powder measles vaccine has been shown effective in animal models and is being developed by Aktiv-Dry LLC (Boulder, CO) under the Grand Challenges in Global Health initiative 


(26-28) ADDIN EN.CITE . MMR combination vaccine has been safely delivered to humans by aerosol administration with the resulting antibody titers equal to or better than that observed by injection (22). However, at present, inhaled vaccines require complicated delivery devices to generate aerosols with suitable properties required for inhalation. Simpler delivery methods using oral vaccine administration have been developed and are effective against viruses and bacteria that target the mucosal surface of the gut, such as oral polio vaccine (OPV), rotavirus, typhoid, and cholera (29). The use of the OPV is largely responsible for the near eradication of this terrible disease (350,000 cases in 1988, ~1000 cases in 2003/4). 


(19, 30, 31) ADDIN EN.CITE . OPV and the other currently registered oral vaccines are designed to survive passage through the harsh environment of the stomach and target the gut-associated lymphoid tissue to induce intestinal and humoral immunity 


(19, 29) ADDIN EN.CITE . In contrast, our sublingual vaccination strategy is to target the oral mucosal lymphoid tissue inductive sites.

Mucosal immunity can be generated not only at the site of vaccine delivery, but may also provide mucosal immunity at both proximal and distal mucosal sites and protective humoral responses 


(19, 29, 32-38) ADDIN EN.CITE . Nasal or tonsilar immunization can lead to antibody response in airway mucosa (33). Recently, sublingual immunization in a mouse model was shown to induce broad-based systemic and mucosal immunity, and sublingual administration of influenza vaccine protected mice against lethal virus challenge 


(1, 39) ADDIN EN.CITE . Dendritic cells in the sublingual mucosa of mice appear to be responsible for the effectiveness of the sublingual vaccination 


(40) ADDIN EN.CITE .

In summary, sublingual administration of vaccines may be broadly applicable to a number of infectious diseases, including measles, mumps, rubella, influenza, human papillomavirus, yellow fever, anthrax, and others. Despite the potential of sublingual delivery there have been very few reports in the literature of utilizing this approach, and no commercial products for infectious diseases have yet been developed.

PRELIMINARY STUDIES

Aktiv-Dry is developing a dry powder inhaled measles vaccine and simple, inexpensive dry powder inhaler as part of the Grand Challenges in Global Health initiative (41). The dry powder vaccine formulation that is currently in pre-clinical testing (and soon to be in a Phase I clinical study) was developed at the University of Colorado (CU) under a formulation development subcontract from Aktiv-Dry to CU. More than 75 distinct formulations were investigated and more than 200 live-attenuated measles vaccine virus powder batch experiments were conducted using CO2-Assisted Nebulization with a Bubble Dryer® (CAN-BD) during the development of the myo-inositol based formulation that is being taken forward into pre-clinical and clinical trials 


(26-28, 42, 43) ADDIN EN.CITE . Excipients investigated for the inhalable dry powder measles vaccine formulation included sugars (myo-inositol, trehalose, mannitol, sorbitol, sucrose, and lactose), buffers (tricine and sodium phosphate), amino acids (arginine-HCl, histidine, alanine, and leucine), and other excipients (hydrolyzed gelatin, lactalbumin hydrolysate, hydroxyelthylstarch, maltodextrin, Tween 80 surfactant, and sodium citrate). The formulation selected has the following composition: 50 g/L myo-inositol, 25 g/L gelatin (partially hydrolyzed), 16 g/L arginine-HCl, 1.0 g/L alanine, 2.1 g/L histidine, 3.5 g/L lactalbumin hydrolysate, 3.0 g/L tricine, 8.3 g/L minimum essential medium components, pH 6.5 - 7.0.

CAN-BD processing parameters were also investigated: liquid flow rate of vaccine fluid (0.3 to 0.5 mL/min), pressure of the CO2 nebulization fluid (1200 to 1500 psi), volume of vaccine fluids processed per batch (15 to 220 mL), length of additional drying time, if any, (30 to 60 minutes), and use of supplemental N2 to keep the collected powder dry during processing (15 L/min continuously passed through powder bed on the collection filter). The processing temperatures were 50 °C to 60 °C (at the exit of the drying chamber). Powder process yields and fine particle fractions (FPF < 5.8 µm and FPF < 3.3 µm) were significantly affected by variations of some of the processing parameters within the ranges above. From this investigation, the following parameters were selected for the pilot scale preparation of dry powders (100 to 250 mL of vaccine fluid processed): 0.5 mL/min vaccine fluid flow rate, 1200 psi CO2 nebulization fluid, 30 L/min N2 drying gas flow rate, 15 L/min supplemental N2 through the in-process powder bed collection filter, and 30 minutes of additional drying at the end of vaccine fluid processing.

[image: image1.wmf]




Microparticles formed using the myo-inositol based formulation and processing parameters above were spherical, with sizes appropriate for delivery throughout the respiratory tract. The moisture content of the resulting powders was less than 1% (typically ~0.5%), as long as the powders underwent at least 30 minutes of additional drying. Powder process yields were typically 50% to 70%. Fine particles fractions by Andersen Cascade Impaction (ACI) of 10 mg of the powders dispersed using an Aerolizer dry powder inhaler were typically ~47% <5.8 μm and ∼18% <3.3 μm. Vaccine virus potency losses through CAN-BD processing were only about 0.3 log CCID50, which is equivalent to the process potency loss (~0.4 log loss) typical of the commercial lyophilized measles vaccine formulation. The dry powder measles vaccine passes the FDA and WHO accelerated potency stability requirement (less than one log loss after 7 days incubation at 37 °C); the average accelerated stability loss observed for our CAN-BD powders was 0.7 log. Figure 1 shows the real-time storage stability at 5 °C out to 58 weeks and the accelerated storage stability at 37 °C out to 4 weeks for dry powder measles vaccine packaged in PuffHaler® foil laminate blisters (the primary packaging intended for the 10 mg vaccine dose). About 0.5 log of potency was lost after more than one year (~13.5 months) at 5 °C, and about 0.68 log of potency was lost after 1 week at 37 °C.

In summary, we have defined the formulation and processing parameters necessary to manufacture a measles dry powder vaccine that retains viral activity during manufacture, is stable, and has optimal fine particle size for inhalation. This dry powder measles vaccine formulation will serve as the basis for the development of a sublingual dosage form of measles vaccine.

Cotton rat model for measles

Cotton rats have been used successfully as a model for measles virus infection and characterization of measles virus vaccines 


(44, 45) ADDIN EN.CITE . Cotton rats allow limited measles virus replication in their lungs following intranasal inoculation, and develop antibody responses following subcutaneous injection. Therefore, the cotton rat is a potential model for evaluating particle deposition from various types of dry powder inhalers, and correlation of the deposition of measles virus containing particles with viral replication and immune response. The results of studies immunizing cotton rats with dry powder measles vaccine were conducted by Dr. Kevin Kisich at the National Jewish Hospital in Denver, Colorado and the results are reported below.

A measles vaccine clarified virus pool (MCVP-3) consisting of Edmonston-Zagreb live attenuated measles virus, myo-inositol and other stabilizing excipients was prepared at SII and [image: image2..pict]vaccine powders were prepared at the U. of Colorado using the CAN-BD process. To administer the drug substance by inhalation, the rats were gently restrained in conical, flexible devices allowing access to the nose. Powder (10mg in each blister) was then dispensed into the reservoir of PuffHaler, a dry powder inhalation device, filling it with aerosolized powder. The animal’s nose was placed into a small opening in the reservoir. The rats were allowed to breathe particle-containing air for 30 seconds from 1, 2, or 3 aerosolized blisters. Animals were sacrificed immediately for assessment of particle deposition, and additional animals were [image: image3..pict]sacrificed after 24 hours, 3, 7, 21, and 28 days for assessment of measles virus replication. Blood was collected from all surviving animals beginning at 7 days for assessment of antibody titer.

Viral replication was determined by measuring by RT-PCR the amount of nucleoprotein mRNA in lung samples (46). Following administration of dry powder measles vaccine with PuffHaler an increase in the amount of virus present in the lungs was seen which correlated with an increase in the dose given to the rats (Figure 2). The amount of virus peaked seven days after vaccination and decreased to nearly zero by day 28.

The immune response of the rats after exposure to the powder from the two devices was also evaluated using serum samples taken 30 days after exposure. Samples were tested for presence of neutralizing antibodies to measles virus by plaque reduction neutralization assay (47). An increase in virus neutralization by serum correlated with increasing dosage (Figure 3) These preliminary results were confirmed in a second study immunizing cotton rats with dry powders administered with PuffHaler (data not shown).

In summary, cotton rats are a useful animal model in measuring viral replication and immune response following inhalation of a dry powder measles vaccine. In our studies, the higher the dose the more initial modified-live virus replication occurred, resulting in increased levels of neutralizing antibodies.
Non-human primate (NHP) model for measles

Non-human primates (NHP) are considered the best experimental model for studying human measles disease and are often used to test novel measles vaccines prior to clinical studies (45). Following either natural exposure or challenge with wild-type measles strains NHP can exhibit all symptoms of measles infections commonly seen in humans, including viremia, immune response, coughing, nasal discharge, macular rash, and even death (48).

· The primary purpose of the study was to characterize the immune response of Rhesus macaques to measles vaccine dry powder delivered by inhalation using either PuffHaler™ or Solovent™ dry powder inhalers. Secondary endpoints included general safety and tolerability of the measles vaccine dry powder. The study was conducted at Bridge Laboratories, Gaithersburg, MD. A total of 16 mixed sex monkeys weighing between 2-5 kg were assigned to either the control groups (2/group) or treatment groups (3/group). Animals in the control groups, Group 1 and 2, received the SII measles vaccine via subcutaneous injection at doses of 1,000 PFU and 100 PFU, respectively. Animals in the treatment groups were exposed to 50 mg of measles vaccine dry powder via one of the following:

· PuffHaler™ inhalation administration with mask (Group 3)

· PuffHaler™ nasal administration (Group 4)

· Solovent™ inhalation administration with mask (Group 5)

· Solovent™ nasal administration (Group 6).

One week prior to measles powder administration the monkeys in Groups 3-6 were acclimated by a procedure that introduced them to the restraining couches and masks for successively longer periods on successive days. This acclimation eliminated the need to anesthetize the animals during vaccination by either inhalation with mask or nasal delivery with nasal prong.

Plasma samples were tested for presence of neutralizing antibodies to measles virus by plaque reduction neutralization assay (PRN) by Dr. Paul Rota at the CDC. The results are shown in Table 1 (47). Measurement of Hemagglutinin (H), Fusion (F), and Nucleoprotein (N) protein-specific interferon-gamma producing T cells was done with ELISPOT assay by Dr. Diane Griffin at Johns Hopkins University. The results are shown in Figure 4. 


(49) ADDIN EN.CITE . ELISA plates were coated with antibody to interferon g and peripheral blood mononuclear cells were added along with pooled peptides from H, F, or N proteins. Plates were developed 24 hrs later and the number of spots counted with an automatic plate reader. T-cells producing IFN- were induced by pulmonary delivery of dry powder measles vaccine and showed a biphasic time course with peaks at 2 and 8 weeks after vaccination.

Table 1: Virus neutralizing antibody levels in plasma as determined by plaque reduction neutralization endpoint titration (mIU/mL)

	Group #, ID #, and Sex
	Route of Administration
	 Day 1
	Day 28
	Day 56
	Day 70
	Day 98

	1-16260 M
	SC 1,000 PFU
	32
	2,004
	10,913
	1135
	706

	1-16261-F
	SC 1,000 PFU
	<8
	245
	1,853
	435
	316

	
	
	
	
	
	
	

	2-16262-M
	SC 100 PFU
	8
	50
	961
	100
	93

	2-16263-F
	SC 100 PFU
	<8
	359
	1,012
	373
	304

	
	
	
	
	
	
	

	3-16264-M
	PuffHaler™ inhalation
	<8
	892
	7,074
	8865
	8440

	3-16265-M
	PuffHaler™ inhalation
	<8
	155
	683
	956
	825

	3-16266-F
	PuffHaler™ inhalation
	8
	1,430
	6,891
	1575
	1549

	
	
	
	
	
	
	

	4-16267-M
	PuffHaler™ nasal
	<8
	191
	1,110
	273
	189

	4-16268-F
	PuffHaler™ nasal
	8
	62
	948
	93
	105

	4-16269-F
	PuffHaler™ nasal
	8
	416
	1,443
	534
	446

	
	
	
	
	
	
	

	5-16270-M
	Solovent™ inhalation
	8
	1,209
	13,643
	2491
	1627

	5-16271-M
	Solovent™ inhalation
	8
	284
	5,440
	1117
	1063

	5-16272-F
	Solovent™ inhalation
	32
	834
	23,688
	7650
	5249

	
	
	
	
	
	
	

	6-16273-M
	Solovent™ nasal
	32
	2,267
	12,122
	1004
	772

	6-16274-M
	Solovent™ nasal
	8
	72
	5,733
	306
	256

	6-16275-F
	Solovent™ nasal
	32
	122
	12,609
	1154
	2132


14-16 months after vaccination the 16 animals, along with 3 measles sero-negative Rhesus controls were challenged with wild-type Bilthoven measles strain at Johns Hopkins University under the direction of Diane Griffin. Preliminary results from several of the groups are shown in Table 2 and Table 3. No clinical symptoms were observed in animals vaccinated with dry powder measles vaccine and these animals were negative for viral load and viremia, compared with naïve animals, which showed typical symptoms of measles infection along with viremia.

In general, animals vaccinated with measles dry powder delivered by pulmonary inhalation had the highest level of neutralizing antibodies and the most robust T-cell response. These animals, along with those immunized by direct nasal administration of dry powder vaccine were protected against challenge 14-16 months after vaccination. Delivery of measles dry powder vaccine by either inhalation with a mask or by nasal administration was also safe and well tolerated.
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Table 2. qRT-PCR of MV-N from PBMCs obtained after challenge
	 
	Pulm

Puff
	Pulm

Puff
	Pulm

Puff
	Pulm

Sol
	Pulm

Sol
	Pulm

Sol
	IN

Sol
	IN

Sol
	IN

Sol
	Naive
	Naive

	Days
	64
	65
	66
	70
	71
	72
	73
	74
	75
	40V
	43V

	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	n.a.

	3
	0
	0
	0
	0
	0
	0
	0
	0
	0
	137
	n.a.

	7
	0
	0
	0
	0
	0
	0
	0
	0
	0
	94064
	n.a.

	10
	0
	0
	0
	0
	0
	0
	0
	0
	0
	477.8
	n.a.


Viral load after MV infection was quantified by qRT-PCR. Total RNA was extracted from 2x106 PBMCs. The MV N gene was amplified with MV-specific primers and measured with an N-specific probe. Data are reported as copies of MV-N/copies of GAPDH*5000. 

Table 3. Viral shedding after challenge
	 
	Pulm

Puff
	Pulm

Puff
	Pulm

Puff
	Pulm

Sol
	Pulm

Sol
	Pulm

Sol
	IN

Sol
	IN

Sol
	IN

Sol
	Naive
	Naive

	Days
	64
	65
	66
	70
	71
	72
	73
	74
	75
	40V
	43V

	7
	-
	-
	-
	-
	-
	-
	-
	-
	-
	+
	+

	10
	-
	-
	-
	-
	-
	-
	-
	-
	-
	+++
	+++

	14
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	++


For viral shedding, MV was measured by RT-PCR with primers for the MV-N gene using RNA isolated from nasal swabs.
RESEARCH DESIGN AND METHODS

Aim 1: Formulate measles vaccine into sublingual wafers.
The focus of this aim will be on achieving the desired wafer physical properties (e.g., dissolution/disintegration rate of 15 to 30 seconds in saliva), acceptably recovering vaccine potency from the wafer, and understanding the effect of saliva on vaccine virus titer. Saliva fluid from measles naive macaques (provided by Diane Griffin at Johns Hopkins) will be used in the in vitro dissolution and virus titer studies.

The inhalable dry powder measles vaccine developed in our work at CU for Aktiv-Dry will serve as the starting point for developing the sublingual formulation. Dry powders will be processed into thin wafers by adding appropriate excipients and applying direct compression. Excipients traditionally used by the pharmaceutical industry and Generally Regarded As Safe (GRAS) in the formation of oral tablets will be investigated; examples include, magnesium stearate, calcium stearate, stearic acid, calcium phosphate, guar gum, sorbitol, dextrose, mannitol, lactose, sucrose, cellulose, methylcellulose (MC), hydroxypropyl cellulose (HPC), hydroxypropyl methylcellulose (HPMC), carboxymethylcellulose (CMC), corn starch, sodium starch glycolate, maltodextrin, sugar alcohols (xylitol, sorbitol, maltitol), polyvinylpyrrolidone (PVP), polyethylene glycol (PEG), calcium silicate, and colloidal silicon dioxide (Aerosil). These excipients will be dry blended with the myo-inositol based dry powder measles vaccine formulation to achieve the desired wafer properties: binding cohesiveness to hold the wafer ingredients together, targeted disintegration rates (to cause the wafer to break apart within the desired timeframe when rehydrated sublingually), and reduced adhesion to the mold during direct compression wafer formation. Many of the excipients listed above also have mucoadhesive properties (e.g., guar gum, starch, MC, HPC, HPMC, PVP, PEG) 


(50-52) ADDIN EN.CITE  that will likely be advantageous for a sublingual dosage form; once placed under the tongue the vaccine wafer should remain in place and not be swallowed, spit out, or otherwise prematurely removed from contact with the sublingual mucosa.

Identification of candidate wafer formulations

The development of wafer formulations with the desired physical properties will be carried out first with a placebo powder formulation that contains all the ingredients of the powder vaccine except the live-attenuated measles vaccine virus. Working with the placebo material will not require biosafety handling or containment of the materials, thereby allowing faster development and testing of different formulations. Wafer dissolution or disintegration rate will be assessed, with the goal of identifying formulations that dissolve rapidly (15 to 30 seconds) or a little more slowly (1 to 2 minutes). The binding cohesiveness of the wafer will be assessed qualitatively. The goal at this stage is not to development the final dosage form intended for sublingual administration to humans, but to identify wafer formulations that can be handled and administered sublingually to the test animals without prematurely breaking apart or otherwise incurring loss of material. The direct compression wafer formation process will be designed to maximize surface area (i.e., create a thin wafer) while preserving wafer physical integrity. In this stage, 5 to 10 wafer formulations with acceptable physical properties will be identified.

Design of wafer viral potency

After candidate wafer formulations have been identified with the placebo, then wafers will be prepared that contain the measles vaccine virus. For administration to cotton rats, wafers will be designed to have a mass of ~2 mg containing a virus titer of 3.0 to 3.3 log CCID50. For the macaque study, the wafers will be designed to have a mass of at least 10 mg, also containing a virus titer of 3.0 to 3.3 log CCID50. The smaller wafer size for the cotton rats is required since they have a smaller oral cavity and cannot accommodate a relatively large wafer. The myo-inositol based dry powders that we have previously prepared by CAN-BD have typically had a viral titer of 4.3 log CCID50 or greater (often 4.6 to 4.8 log) per 10 mg of powder. Therefore, much of the formulation (up to 50% for a 2 mg wafer and up to 90% for a 10 mg wafer) can consist of wafer-forming excipients added to the vaccine powder, while still achieving the target virus titer of 3.0 to 3.3 log CCID50 in the final wafer. We have selected a target wafer viral potency of 3.0 to 3.3 log CCID50 because 3.0 log of infectious units is the minimum potency requirement by FDA and WHO regulation for the commercial injected measles vaccine. We will target this standard dose specification until dose-ranging studies can be conducted to determine the appropriate sublingual dose specification.

Effect of wafer formulation on virus titer

We know well the stability profile of the measles vaccine virus in the myo-inositol based dry powder formulation (see the results presented in the Preliminary Studies section). However, any potential destabilizing effect due to the addition of excipients for wafer formation requires investigation. Candidate formulations will be subjected to accelerated stability testing in two ways: 1) dry wafers will be sealed in moisture-impermeable foil blisters, incubated at 37 °C for 7 days, and then tested for virus titer; and 2) wafers will be reconstituted with 0.5 mL of ultra-pure sterile water or diluent medium (used in preparing dilution series for the measles virus titer assay), incubated at 37 °C for 30 minutes and then tested for virus titer. The two wafer formulations that perform the best in this accelerated stability screening test will also be similarly tested using saliva from macaques. Human and animal saliva is known to exhibit antimicrobial activity, and, in particular, to contain constituents with antiviral activity (e.g., mucins, immunoglobulins, and cystatins) 


(53-55) ADDIN EN.CITE . Saliva from measles-naïve macaques will be used to assess any general innate immunity effects on virus titer as opposed to adaptive immunity effects (e.g., secretory IgA with specific anti-measles activity). Wafers will be reconstituted with 0.5 mL of saliva, and incubated at 37 °C for up to 30 minutes. The time-course of viral activity in saliva will be examined by removing samples after 1, 2, 10 and 30 minutes of 37 °C incubation and assaying for virus titer.

Wafer dissolution/disintegration time

Wafer dissolution or disintegration rate will be assessed informally by visually observing the time required for a wafer to dissolve or disintegrate in 0.5 mL water, diluent medium (used in preparing dilution series for the measles virus titer assay), or saliva (from measles-naïve macaques). This informal test in saliva will be taken as the worst-case scenario for dissolution/disintegration time.

Wafer Viral Potency Stability Study

The stability profile of the measles vaccine virus in the two wafer formulations selected for testing in cotton rats will be investigated. Dry wafers will be sealed in moisture-impermeable foil blisters. Virus titers will be measured at the start of the stability study (T=0); at 1, 2, and 4 weeks (wafers stored at 37 °C); at 1, 2, 3, and 6 months (wafers stored at room temperature, 20-25 °C); and at 1, 3, 6, 9, and 12 months (wafers stored at 2-8 °C).

Formulation optimization

In parallel with the work being done on Aim 2, we will continue working on formulation optimization with the goal of achieving long-term stability that is at least as good as the standard lyophilized vaccine. Additionally, the sublingual characteristics of the formulation (adhesion to sublingual mucosa, dissolution/disintegration rates) will be further investigated and optimized. A surface response design of experiment methodology (e.g., central composite design) will be used to optimize wafer formulations.

Measles Vaccine Virus Titer Assay

Potency assays will be conducted in two ways: Plaque Forming Units (PFU) assay, and the cell culture infectious dose (CCID50) assay. The PFU assay will be used for routine screening and testing of formulations since it has a shorter turn-around time (6 days) compared to the CCID50 assay (10 days). However, the CCID50 assay will also be conducted in parallel and will be the primary assay used to characterize wafer potency and stability. The CCID50 assay is the most common viral titer assay used by measles vaccine manufacturers and is used by the Serum Institute of India (Pune, India), which will be supplying the starting liquid bulk measles vaccine material for this project.

For the PFU assay (47), cultures of low passage Vero cells will be propagated and maintained in Dulbecco’s Modified Eagle Medium (Invitrogen Corp, Carlsbad, CA, 1X-DMEM, Cat. # 11965-092) supplemented with 100 units of penicillin, 100 µg of streptomycin, and 0.25 µg of amphotericin B (PSA) (Invitrogen Corp, Carlsbad, CA, Cat. # 15240-062) and 10% fetal bovine serum (FBS) (Hyclone, Logan, UT, Cat. # SH30070.03). One day prior to assay of the vaccine dry powders, sterile 24-well plates will be seeded with enough Vero cells to achieve a 85-95% confluent cell mono-layer after one day at 37 °C in a 5% CO2 incubator. Wafer samples will be reconstituted and serial dilutions prepared using DMEM supplemented with PSA and 2% FBS. Dilutions expected to give plaque counts of 8 to about 80 per well will be assayed, along with positive and negative control samples. Each sample will be tested in triplicate. After completion of sample transfer (200 µL/well), each plate will be incubated for 1 hour at 37 °C in a 5% CO2 incubator to allow cell infection to occur. Then, 1 mL of overlay solution (1X Modified Eagle Medium (prepared from Invitrogen, 2X-MEM, Cat. # 11935-046) supplemented with PSA, 2% FBS, and 2% carboxymethylcellulose (Sigma-Aldrich, St. Louis, MO, Cat. # C5678)) will be placed in each well and incubated for six days to allow plaque growth. On day six, the liquid in each well will be removed and the cells stained with a crystal violet (Fisher Scientific, Pittsburgh, PA, Cat. # S93213) solution to visualize and count plaques. Potency in terms of PFU/wafer will be calculated for each sample using the raw plaque counts per well that were greater than 7 but less than "too numerous to count" (typically about 80), the known wafer mass, reconstitution volume, well inoculation volume, and dilution levels.


For the cell culture infectious dose assay (CCID50) cultures of low passage Vero cells will be propagated and maintained as described above. Sterile 96-well plates will be seeded with 100 µL/well of Vero cell suspension (cell count of 17,000 to 20,000 cells/ 100 µL) and incubated for 2 to 6 hours to allow the cells to adhere. Wafer samples will be reconstituted and serial dilutions in 0.5 log steps prepared using DMEM supplemented with PSA and 2% FBS. The dilutions expected to produce cytopathic effects (CPE) in 90% to 10% of the wells will be selected. A 100 µL aliquot from each dilution sample will be transferred into each well of a set of 8 wells. Positive and negative control samples will also be tested in a set of 8 wells in each 96-well plate. Samples will be tested in triplicate. The assay plates will be incubated for a period of 10 days at 37 °C in a 5% CO2 incubator to allow cell infection and the development of CPE. On day ten, the cell monolayer in each well will be observed using a light microscope, and each well scored for the presence or absence of CPE. The Spearman-Karber method (56) will be used to calculate the potency in terms of log CCID50/10 mg from the CPE scoring and the known wafer mass, reconstitution volume, well inoculation volume, and log dilution levels.

Aim 2: Test sublingual measles vaccine formulations in a cotton rat immunogenicity study.
Immunogenicity and detection of viral replication following sublingual administration of measles vaccine will be tested in 40 cotton rats in a study with an in-life phase of 28-30 days. All rats will be anesthetized during vaccine administration to minimize the possibility of swallowing or otherwise removing the vaccine material from the sublingual mucosa, and to enhance the safety of the personnel administering the vaccines. Five groups of cotton rats (including positive and negative controls) will be used to test reconstituted vaccine administered as drops sublingually and dry powder wafer formulations sublingually. Positive control animals will receive the reconstituted vaccine by subcutaneous injection. Negative control animals will receive phosphate buffered saline (PBS) by subcutaneous injection. Serum, oral cavity lavage and bronchial alveolar lavage (BAL) samples will be obtained and tested using enzyme immunoassay to detect antibodies against measles virus (MV). If MV-specific antibodies are detected, sera will also be tested by plaque reduction neutralization (PRN) assay and by isotype enzyme immunoassay (EIA), primarily looking at measles-specific IgG and IgA. Samples of lung, brain, spleen, liver, and oral cavity will be tested by RT-PCR for the presence of measles virus. Cotton rat handling, housing, and testing will be conducted at High Quality Research, LLC (Fort Collins, CO). Sera and lavage samples will be analyzed at the University of Colorado at Boulder. Virus shedding and infection of other rats is a potential issue; therefore each rat will be housed individually to minimize impact of possible virus shedding. The negative control animals will be quarantined from the others during the course of the study.
Study title: Immunogenicity and detection of viral replication following sublingual administration of measles vaccine in cotton rats.

Study groups:

· Group 1 (5 rats): Reconstituted vaccine administered by subcutaneous injection (positive control).

· Group 2 (10 rats): Reconstituted vaccine administered as liquid drop sublingually.

· Group 3 (10 rats): Vaccine wafer (1 to 2 mg) formulation administered sublingually.

· Group 4 (10 rats): Vaccine wafer (1 to 2 mg) formulation #2 administered sublingually.

· Group 5 (5 rats): phosphate buffered saline (PBS) subcutaneous injection (negative control)

Note: all groups (except optional negative control) will receive equivalent dose potency to allow comparison.

Study progression:

· Day 1: All rats anesthetized and administered test articles; tail vein bleed samples (~50 µL each) obtained from each rat before administration of test articles.

· Day 7: 5 rats in each of Groups 2 and 3 (and 4 if included in study) euthanized; serum, lavage samples, and tissues obtained.

· Day 28: All remaining animals (25 rats) euthanized; serum, lavage samples, and tissues obtained.

Samples (provided by HQR to CU):

· Serum: at least 1 mL from euthanized animals (cardiac method prior to euthanasia);

· ~50 µL from live animals (tail vein bleed).

· Oral cavity lavage (obtained immediately after euthanasia).

· Bronchial alveolar lung lavage (BAL); obtained immediately after euthanasia.

· Oral cavity tissue.

· Lung tissue.

· Brain tissue, and liver and spleen organs should also be harvested immediately after euthanasia.

Notes: 

· Organ and tissue samples will be collected and placed in DNAase and RNAase free containers, frozen immediately using dry ice and stored frozen.

· Saline will be used for the lavage. Lavage samples will be centrifuged, and cell pellets and supernatants frozen separately.

· Samples will not be fixed as we intend to extract nucleic acids from them. We're not collecting them for histopathology, rather for RT-PCR analysis.

Analyses:

· IgG/IgA enzyme immunoassay (EIA)

· RT-PCR for measles specific mRNA

· Plaque Reduction Neutralization (PRN) assay (on Day 28 samples)

These analyses will be conducted as described below in Aim 3 (with the appropriate modifications to detect rat antibodies in the EIA).

Aim 3: Test the sublingual measles vaccine in a non-human primate (rhesus macaque) immunogenicity study.
Three juvenile (1-2 year old) measles naïve rhesus macaques will be chemically restrained with ketamine and a measles vaccine wafer will be placed under the tongue. Heparinized blood will be collected on day 0 (prior to vaccination) and on days 14, 21, 28, 42, 60, 90 and 120 for studies of MV-specific antibody and T cell responses. Bronchoalveolar lavage (BAL) fluid will be collected on day 0, 28, 60, 90 and 120 for evaluation of MV RNA and for MV-specific antibody and T cells.

Background – 

Measles virus (MV) is a human virus, but many species of monkeys are also susceptible to infection 


(57, 58) ADDIN EN.CITE . Rhesus macaques (Macaca mulatta) develop a rash disease similar to humans after exposure to wild type MV and are generally considered the best animal model for studies of measles and measles vaccination 


(14, 57, 59-61) ADDIN EN.CITE . MV-specific antibody, as measured by enzyme immunoassay (EIA) or plaque reduction neutralization (PRN), appears 10-14 days after parenteral vaccination with LAV and titers peak at 2-4 months with progressive avidity maturation. 

Both MV-specific antibody and T cells contribute to protective immunity and will be evaluated in rhesus macaques receiving sublingual vaccine. Antibody is sufficient for protection because infants are protected by maternal antibody (62) and passive transfer of immune serum can modify or interfere with measles vaccination and can partially protect children from measles after exposure (63). Vaccine-induced protection from measles in both humans and monkeys correlates best with the quality and quantity of the neutralizing antibody induced 


(60, 64) ADDIN EN.CITE . The “gold standard” PRN assay uses Vero cells in combination with tissue culture-adapted strains of MV 


(47, 65) ADDIN EN.CITE . Vaccine-induced protection from disease (rash, fever, etc) correlates with a PRN titer of >120 mIU/mL, while protection from infection (defined by a 4-fold increase in MV-specific antibody) correlates with a titer of > 800 mIU/mL 


(60, 64) ADDIN EN.CITE . 

CD4+ T cells provide help for B cells that is essential for development of an antibody response that is mature with respect to avidity, isotype and durability (66). CD8+ T cells are important for the early control of virus replication 


(67) ADDIN EN.CITE  and therefore, are likely to contribute to protective immunity. Therefore, we will evaluate both the cellular and humoral responses to the sublingual measles vaccine developed in aims 1 and 2.

Experimental plan -

Saliva collection – Measles naïve rhesus macaques (3) will be chemically restrained with ketamine and then given 1 mg pilocarpine to induce salivation. Saliva will be collected in sterile tubes, pooled, frozen and shipped to the University of Colorado at Boulder.

Immunization – Three juvenile (1-2 year old) measles naïve rhesus macaques will be chemically restrained with ketamine and a measles vaccine wafer will be placed under the tongue. Heparinized blood will be collected on day 0 (prior to vaccination) and on days 14, 21, 28, 42, 60, 90 and 120 for studies of MV-specific antibody and T cell responses. Using saline, BAL, oral cavity, and nasal aspirate fluids will be collected on day 0, 28, 60, 90 and 120 for evaluation of MV RNA and for MV-specific antibody and T cells.

Antibody – Antibody will be measured by EIA and PRN. 

EIA and avidity – A lysate of Vero cells infected with the Edmonston strain of MV (Advanced Biotechnologies Inc, Columbia, MD) is diluted in NaHCO3 (pH 9.3) and used at a concentration of 1 (g/well to coat flat bottom, 96-well plates (Nunc Maxisorp Immunoplates). Plates are washed with phosphate-buffered saline (PBS, pH 7.2) containing 0.05% Tween-20 (PBST), blocked with 2% skim milk in PBS for 2 h at 37(C and washed. Plasma or serum samples are diluted 1:50, 1:100, 1:200 and 1:400 in blocking buffer, plated in triplicate and incubated for 1 h at 37(C followed by alkaline phosphatase-conjugated rabbit Ab to monkey IgM, IgA or IgG (Accurate Chemical and Scientific Corp). Color is developed in the dark for 30 min with p-nitrophenyl phosphate (Sigma). Absorbance at 405 nm is read and MV-specific IgG is expressed as optical density (OD) using SOFTmax PRO 3.1.1 software (Molecular Devices Corp.). 

Ab avidity measurements are based on the dissociation of MV-specific IgG using the chaotropic agent, ammonium thiocyanate (NH4SCN) 


(68-70) ADDIN EN.CITE . After incubation with serum, plates are washed and incubated with 50 l of 0 to 3M NH4SCN, in 0.5M increments at room temperature for 15 min, washed and developed as above. An avidity index (AI) is calculated as the concentration of NH4SCN required to reduce MV-specific IgG binding by 50%. Samples with absorbance readings of 0.3 or less in the absence of NH4SCN are excluded from avidity analysis.

PRN – PRN titers will be measured in the conventional Vero cell assay with the Chicago-1 (Chi, genotype D3, CDC) strain of MV. Heat-inactivated plasma diluted in DMEM/1% FBS from 1:30 to 1:10,000 in ½ log increments will be mixed with an equal volume of virus (calculated to yield ~50 plaques) and incubated at 37oC for 2 h. The mixture is added to the Vero cells in 6-well plates, incubated for 1 h and then covered with an agar overlay and incubated for 5-7 days. Plaques are visualized with neutral red or crystal violet. Controls include virus diluted with media to calculate the average number of plaques and media without virus or serum.

T cells – PBMCs will be isolated from heparinized blood T cell responses to MV will be studied by ELISPOT assays and by multicolor flow cytometry.

ELISPOT assays - ELISPOT assays for IFN- have been the primary means for quantitation of MV-specific CD4+ and CD8+T cells in previous studies and thus provide a means for comparison 


(49, 71, 72) ADDIN EN.CITE . Multiscreen plates (Millipore) are coated with antibody to the cytokine and then blocked with culture medium. 1-5 x105 cells are added in the presence of H, F or N peptide pools (10 ug/ml), MV lysate, SEB (positive control), or medium alone (negative control). After 18-40 h at 37°C, plates are washed and incubated with biotinylated anti-cytokine antibody, followed by avidin-conjugated horseradish peroxidase and diaminobenzidine. Wells are scanned in an ImmunoSpot( reader and analyzed using ImmunoSpot 2.0.5 software (C.T.L.). Data are presented as spot-forming cells (SFCs)/million PBMCs. This assay can differentiate IFN- produced by CD4+ and CD8+ T cells (prior separation on magnetic bead columns) and can be compared between studies, but provides information on production of only one cytokine. A general assessment of the amount of cytokine produced by an individual cell can be obtained by measuring the size of the spots.

Multicolor flow cytometry – This technique can assess the production of multiple effector molecules by a single cell. PBMCs will be stimulated for 12 h with H, F or N peptide pools before addition of brefeldin A and GolgiStop. We are currently using 8-10 color panels that exclude dead cells, identify T cell type (CD4/CD8), activation state (e.g. CD25, CD45RA CCR7, CD107a), production of cytokines (e.g. TNF, IL-2, IL-10, IFN-), and chemokines (e.g. CCL3, CCL4). Data are collected on a LSRII with 200,000-300,000 events/sample. CompBeads (BD) are used with each round and the compensation matrix (Flow-Jo) is applied to each group of samples collected on the same day. A time gate is used to exclude unstable samples. Forward scatter area versus height is used to remove doublets. Boolean gating (FlowJo) is performed to measure the frequency of response in all possible combinations. SPICE is used for further data analysis, graphing and correlations with changes in virus replication 


(73, 74) ADDIN EN.CITE .

These studies will provide a comprehensive evaluation of the immune response to sublingual measles vaccine and can be compared to previous studies with other routes of EZ vaccination and with other types of measles vaccines.

Quantitative RT-PCR - In brief, the following conditions for qRT-PCR will be used: Total RNA will be isolated (RNeasy mini kit, Qiagen) from PBMCs and BAL cell pellets. The N gene is amplified with a TaqMan one-step RT-PCR kit using MV-specific primers (5-GGGTACCATCCTAGCCCAAATT-3 and 5-CGAATCAGCTGCCGTGTCT-3) and measured with a N-specific probe (FAM-CTCGCAAAGGCGGTTACGGCC-TAMRA) in an Applied Biosystems Prism 7700. Controls include GAPDH amplification (Applied Biosystems) and RNA isolated from PBMCs from naive monkeys. Copy number is determined by construction of a standard curve from 1–106 copies diluted from known amounts of N RNA synthesized by in vitro transcription from a plasmid encoding the N gene. The sensitivity of the assay is 100 copies. Data are normalized to the GAPDH control and expressed as [(copies of MV N RNA per 106 cells)/(copies of GAPDH RNA per 106 cells)] x100,000.
Timeline / Gantt Chart
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Potential Problems and Alternative Approaches
Complete or severe rapid reduction of the measles vaccine virus titer in wafer formulations upon rehydration with saliva is a possibility. Based on the successful results of Song et al. 


(1) ADDIN EN.CITE  with sublingual influenza vaccination of mice, we do not expect such a problematic outcome during formulation wafer development and testing with macaque saliva, especially with saliva from animals that are measles naïve. However, if this problem is encountered, we will pursue a more complex approach to wafer formulation design that involves coating all surfaces of the wafer (except the one intended to be in contact with the sublingual mucosal surface) with a saliva resistant polymer (e.g., Eudragit polymers designed to be insoluble at neutral or near-neutral pHs, but that breakdown in acidic pHs such as those in the stomach). In addition, before administration of sublingual wafers to test animals, the sublingual site of application will be swabbed dry from saliva.

REFERENCES CITED

1.
Song, J. H., H. H. Nguyen, N. Cuburu, T. Horimoto, S. Y. Ko, S. H. Park, C. Czerkinsky, and M. N. Kweon. 2008. Sublingual vaccination with influenza virus protects mice against lethal viral infection. Proc Natl Acad Sci U S A 105:1644-1649.

2.
Henao-Restrepo, A. M., P. Strebel, E. John Hoekstra, M. Birmingham, and J. Bilous. 2003. Experience in global measles control, 1990-2001. J Infect Dis 187 Suppl 1:S15-21.

3.
Centers for Disease Control and Prevention. 2007. Progress in global measles control and mortality reduction, 2000-2006. Morb Mortal Wkly Rep 56:1237-1241.

4.
Muscat, M., H. Bang, J. Wohlfahrt, S. Glismann, and K. Molbak. 2009. Measles in Europe: an epidemiological assessment. Lancet 373:383-389.

5.
Centers for Disease Control and Prevention. 2005. Progress in reducing measles mortality--worldwide, 1999-2003. Morb Mortal Wkly Rep 54:200-203.

6.
http://www.who.int/immunization_monitoring/diseases/measles/en/, accessed 27 September 2009.

7.
Enders, J. F., and T. C. Peebles. 1954. Propagation in tissue cultures of cytopathogenic agents from patients with measles. Proc Soc Exp Biol Med 86:277-286.

8.
Enders, J. F., S. L. Katz, M. V. Milovanovic, and A. Holloway. 1960. Studies on an attenuated measles-virus vaccine. I. Development and preparations of the vaccine: technics for assay of effects of vaccination. N Engl J Med 263:153-159.

9.
Wong-Chew, R. M., R. Islas-Romero, L. Garcia-Garcia Mde, J. A. Beeler, S. Audet, J. I. Santos-Preciado, H. Gans, L. Lew-Yasukawa, Y. A. Maldonado, A. M. Arvin, and J. L. Valdespino-Gomez. 2004. Induction of cellular and humoral immunity after aerosol or subcutaneous administration of Edmonston-Zagreb measles vaccine as a primary dose to 12-month-old children. J Infect Dis 189:254-257.

10.
Cutts, F. T., C. J. Clements, and J. V. Bennett. 1997. Alternative routes of measles immunization: a review. Biologicals 25:323-338.

11.
Wolfson, L. J., P. M. Strebel, M. Gacic-Dobo, E. J. Hoekstra, J. W. McFarland, and B. S. Hersh. 2007. Has the 2005 measles mortality reduction goal been achieved? A natural history modelling study. Lancet 369:191-200.

12.
Bellini, W. J., J. S. Rota, and P. A. Rota. 1994. Virology of measles virus. J Infect Dis 170 Suppl 1:S15-23.

13.
van Binnendijk, R. S., R. W. van der Heijden, G. van Amerongen, F. G. UytdeHaag, and A. D. Osterhaus. 1994. Viral replication and development of specific immunity in macaques after infection with different measles virus strains. J Infect Dis 170:443-448.

14.
Auwaerter, P. G., P. A. Rota, W. R. Elkins, R. J. Adams, T. DeLozier, Y. Shi, W. J. Bellini, B. R. Murphy, and D. E. Griffin. 1999. Measles virus infection in rhesus macaques: altered immune responses and comparison of the virulence of six different virus strains. J Infect Dis 180:950-958.

15.
Ovsyannikova, I. G., N. Dhiman, R. M. Jacobson, R. A. Vierkant, and G. A. Poland. 2003. Frequency of measles virus-specific CD4+ and CD8+ T cells in subjects seronegative or highly seropositive for measles vaccine. Clin Diagn Lab Immunol 10:411-416.

16.
Krugman, S. 1971. Present status of measles and rubella immunization in the United States: a medical progress report. J Pediatr 78:1-16.

17.
Moss, W. J., and D. E. Griffin. 2006. Global measles elimination. Nat Rev Microbiol 4:900-908.

18.
Mitragotri, S. 2005. Immunization without needles. Nat Rev Immunol 5:905-916.

19.
Giudice, E. L., and J. D. Campbell. 2006. Needle-free vaccine delivery. Adv Drug Deliv Rev 58:68-89.

20.
Slade, B. A., L. Leidel, C. Vellozzi, E. J. Woo, W. Hua, A. Sutherland, H. S. Izurieta, R. Ball, N. Miller, M. M. Braun, L. E. Markowitz, and J. Iskander. 2009. Postlicensure safety surveillance for quadrivalent human papillomavirus recombinant vaccine. JAMA 302:750-757.

21.
Bennett, J. V., J. F. de Castro, J. L. Valdespino-Gomez, M. D. Garcia-Garcia, R. Islas-Romero, G. Echaniz-Aviles, A. Jimenez-Corona, and J. Sepulveda-Amor. World Health Organization. 2002. Aerosolized measles and measles-rubella vaccines induce better measles antibody booster responses than injected vaccines: randomized trials in Mexican schoolchildren. Bulletin of the World Health Organization 80:806-812.

22.
de Castro, J. F., J. V. Bennett, H. G. Rincon, M. T. A. Y. Munoz, L. A. E. P. Sanchez, and J. I. Santos. 2005. Evaluation of immunogenicity and side effects of triple viral vaccine (MMR) in adults, given by two routes: subcutaneous and respiratory (aerosol). Vaccine 23:1079-1084.

23.
Dilraj, A., R. Sukhoo, F. T. Cutts, and J. V. Bennett. 2007. Aerosol and subcutaneous measles vaccine: Measles antibody responses 6 years after re-vaccination. Vaccine 25:4170-4174.

24.
Henao-Restrepo, A. M., M. T. Aguado, and t. W. P. D. G. f. M. A. Project. 2006. Measles aerosol immunization and its potential contribution to further reduce measles mortality worldwide. In Respiratory Drug Delivery 2006, R. N. Dalby, P. R. Byron, J. Peart, J. D. Suman, and S. J. Farr, eds. Davis Healthcare International Publishing, LLC (River Grove, IL). Vol. 1: pp. 65 - 72.

25.
Valdespino-Gomez, J. L., M. D. Garcia-Garcia, J. Fernandez-de-Castro, J. Fernandez-de-Castro, A. M. Henao-Restrepo, J. Bennett, and J. Sepulveda-Amor. 2006. Measles aerosol vaccination. Mass Vaccination: Global Aspects - Progress and Obstacles 304:165-193.

26.
Burger, J. L., S. P. Cape, C. S. Braun, D. H. McAdams, J. A. Best, P. A. Bhagwat, P. Pathak, L. G. Rebits, and R. E. Sievers. 2008. Stabilizing formulations for inhalable powders of live attenuated measles virus vaccine. Journal of Aerosol Medicine and Pulmonary Drug Delivery 21:25 - 34.

27.
Cape, S. P., J. A. Villa, E. T. Huang, T.-H. Yang, J. F. Carpenter, and R. E. Sievers. 2008. Preparation of Active Proteins, Vaccines and Pharmaceuticals as Fine Powders using Supercritical or Near-critical Fluids. Pharmaceutical Research.

28.
Sievers, R. E., S. P. Cape, K. O. Kisich, D. J. Bennett, C. S. Braun, J. L. Burger, J. A. Best, D. H. McAdams, N. A. Wolters, B. P. Quinn, J. A. Searles, D. M. Krank, P. Pathak, P. A. Bhagwat, and L. G. Rebits. 2008. Challenges of Developing a Stable Dry Powder Live Viral Vaccine. In Respiratory Drug Delivery 2008, R. N. Dalby, P. R. Byron, J. Peart, and J. D. Suman, eds. Davis Healthcare International Publishing, LLC (River Grove, IL). Vol. 1: pp. 281-290.

29.
Dietrich, G., M. Griot-Wenk, I. C. Metcalfe, A. B. Lang, and J. F. Viret. 2003. Experience with registered mucosal vaccines. Vaccine 21:678-683.

30.
2004. Polio eradication: the beginning of the end. Lancet Neurol 3:383.

31.
Fine, P. E. 2004. Poliomyelitis: very small risks and very large risks. Lancet Neurol 3:703.

32.
De Magistris, M. T. 2006. Mucosal delivery of vaccine antigens and its advantages in pediatrics. Adv Drug Deliv Rev 58:52-67.

33.
Holmgren, J., and C. Czerkinsky. 2005. Mucosal immunity and vaccines. Nat Med 11:S45-53.

34.
Jertborn, M., I. Nordstrom, A. Kilander, C. Czerkinsky, and J. Holmgren. 2001. Local and systemic immune responses to rectal administration of recombinant cholera toxin B subunit in humans. Infect Immun 69:4125-4128.

35.
Kozlowski, P. A., S. Cu-Uvin, M. R. Neutra, and T. P. Flanigan. 1997. Comparison of the oral, rectal, and vaginal immunization routes for induction of antibodies in rectal and genital tract secretions of women. Infect Immun 65:1387-1394.

36.
Yuki, Y., and H. Kiyono. 2003. New generation of mucosal adjuvants for the induction of protective immunity. Rev Med Virol 13:293-310.

37.
Yuki, Y., and H. Kiyono. 2009. Mucosal vaccines: novel advances in technology and delivery. Expert Rev Vaccines 8:1083-1097.

38.
Baumann, U. 2008. Mucosal vaccination against bacterial respiratory infections. Expert Rev Vaccines 7:1257-1276.

39.
Cuburu, N., M. N. Kweon, J. H. Song, C. Hervouet, C. Luci, J. B. Sun, P. Hofman, J. Holmgren, F. Anjuere, and C. Czerkinsky. 2007. Sublingual immunization induces broad-based systemic and mucosal immune responses in mice. Vaccine 25:8598-8610.

40.
Song, J. H., J. I. Kim, H. J. Kwon, D. H. Shim, N. Parajuli, N. Cuburu, C. Czerkinsky, and M. N. Kweon. 2009. CCR7-CCL19/CCL21-regulated dendritic cells are responsible for effectiveness of sublingual vaccination. J Immunol 182:6851-6860.

41.
http://www.grandchallenges.org/ImproveVaccines/Challenges/NeedleFreeDelivery /Pages/respirablepowder.aspx, accessed 4 October 2009.

42.
Sellers, S. P., G. S. Clark, R. E. Sievers, and J. F. Carpenter. 2001. Dry powders of stable protein formulations from aqueous solutions prepared using supercritical CO2-assisted aerosolization. Journal of Pharmaceutical Sciences 90:785-797.

43.
Sievers, R. E., B. P. Quinn, S. P. Cape, J. A. Searles, C. S. Braun, P. Bhagwat, L. G. Rebits, D. H. McAdams, J. L. Burger, J. A. Best, L. Lindsay, M. T. Hernandez, K. O. Kisich, T. Iacovangelo, D. Kristensen, and D. Chen. 2007. Near-critical fluid micronization of stabilized vaccines, antibiotics and anti-virals. Journal of Supercritical Fluids 42:385-391.

44.
Wyde, P. R., M. W. Ambrose, T. G. Voss, H. L. Meyer, and B. E. Gilbert. 1992. Measles virus replication in lungs of hispid cotton rats after intranasal inoculation. Proc Soc Exp Biol Med 201:80-87.

45.
Wyde, P. R., K. J. Stittelaar, A. D. Osterhaus, E. Guzman, and B. E. Gilbert. 2000. Use of cotton rats for preclinical evaluation of measles vaccines. Vaccine 19:42-53.

46.
Hummel, K. B., L. Lowe, W. J. Bellini, and P. A. Rota. 2006. Development of quantitative gene-specific real-time RT-PCR assays for the detection of measles virus in clinical specimens. Journal of Virological Methods 132:166-173.

47.
Cohen, B. J., S. Audet, N. Andrews, and J. Beeler. 2007. Plaque reduction neutralization test for measles antibodies: Description of a standardised laboratory method for use in immunogenicity studies of aerosol vaccination. Vaccine 26:59-66.

48.
Remfry, J. 1976. A measles epizootic with 5 deaths in newly-imported rhesus monkeys (Macaca mulatta). Lab Anim 10:49-57.

49.
Pan, C. H., A. Valsamakis, T. Colella, N. Nair, R. J. Adams, F. P. Polack, C. E. Greer, S. Perri, J. M. Polo, and D. E. Griffin. 2005. Inaugural Article: Modulation of disease, T cell responses, and measles virus clearance in monkeys vaccinated with H-encoding alphavirus replicon particles. Proc Natl Acad Sci U S A 102:11581-11588.

50.
Grabovac, V., D. Guggi, and A. Bernkop-Schnurch. 2005. Comparison of the mucoadhesive properties of various polymers. Adv Drug Deliv Rev 57:1713-1723.

51.
Salamat-Miller, N., M. Chittchang, and T. P. Johnston. 2005. The use of mucoadhesive polymers in buccal drug delivery. Adv Drug Deliv Rev 57:1666-1691.

52.
Smart, J. D. 2005. The basics and underlying mechanisms of mucoadhesion. Adv Drug Deliv Rev 57:1556-1568.

53.
Helmerhorst, E. J., and F. G. Oppenheim. 2007. Saliva: a dynamic proteome. J Dent Res 86:680-693.

54.
Lamkin, M. S., and F. G. Oppenheim. 1993. Structural features of salivary function. Crit Rev Oral Biol Med 4:251-259.

55.
van Nieuw Amerongen, A., J. G. Bolscher, and E. C. Veerman. 2004. Salivary proteins: protective and diagnostic value in cariology? Caries Res 38:247-253.

56.
Finney, D. J. 1964. Statistical Method in Biological Assay. 2nd ed. Charles Griffin & Company Ltd, London. pp. 524–530.

57.
van Binnendijk, R. S., R. W. van der Heijden, and A. D. Osterhaus. 1995. Monkeys in measles research. Curr Top Microbiol Immunol 191:135-148.

58.
van Binnendijk, R. S., M. C. Poelen, G. van Amerongen, P. de Vries, and A. D. Osterhaus. 1997. Protective immunity in macaques vaccinated with live attenuated, recombinant, and subunit measles vaccines in the presence of passively acquired antibodies. J Infect Dis 175:524-532.

59.
Estripeaut, D., J. P. Torres, C. S. Somers, C. Tagliabue, S. Khokhar, V. G. Bhoj, S. M. Grube, A. Wozniakowski, A. M. Gomez, O. Ramilo, H. S. Jafri, and A. Mejias. 2008. Respiratory syncytial virus persistence in the lungs correlates with airway hyperreactivity in the mouse model. J Infect Dis 198:1435-1443.

60.
Polack, F. P., S. H. Lee, S. Permar, E. Manyara, H. G. Nousari, Y. Jeng, F. Mustafa, A. Valsamakis, R. J. Adams, H. L. Robinson, and D. E. Griffin. 2000. Successful DNA immunization against measles: neutralizing antibody against either the hemagglutinin or fusion glycoprotein protects rhesus macaques without evidence of atypical measles. Nat Med 6:776-781.

61.
El Mubarak, H. S., S. Yuksel, G. van Amerongen, P. G. Mulder, M. M. Mukhtar, A. D. Osterhaus, and R. L. de Swart. 2007. Infection of cynomolgus macaques (Macaca fascicularis) and rhesus macaques (Macaca mulatta) with different wild-type measles viruses. J Gen Virol 88:2028-2034.

62.
Albrecht, P., F. A. Ennis, E. J. Saltzman, and S. Krugman. 1977. Persistence of maternal antibody in infants beyond 12 months: mechanism of measles vaccine failure. J Pediatr 91:715-718.

63.
Reilly, C. M., J. Stokes, Jr., E. B. Buynak, H. Goldner, and M. R. Hilleman. 1961. Living attenuated measles-virus vaccine in early infancy. Studies of the role of passive antibody in immunization. N Engl J Med 265:165-169.

64.
Chen, R. T., L. E. Markowitz, P. Albrecht, J. A. Stewart, L. M. Mofenson, S. R. Preblud, and W. A. Orenstein. 1990. Measles antibody: reevaluation of protective titers. J Infect Dis 162:1036-1042.

65.
Albrecht, P., K. Herrmann, and G. R. Burns. 1981. Role of virus strain in conventional and enhanced measles plaque neutralization test. J Virol Methods 3:251-260.

66.
Fazilleau, N., L. J. McHeyzer-Williams, and M. G. McHeyzer-Williams. 2007. Local development of effector and memory T helper cells. Curr Opin Immunol 19:259-267.

67.
Permar, S. R., S. A. Klumpp, K. G. Mansfield, W. K. Kim, D. A. Gorgone, M. A. Lifton, K. C. Williams, J. E. Schmitz, K. A. Reimann, M. K. Axthelm, F. P. Polack, D. E. Griffin, and N. L. Letvin. 2003. Role of CD8(+) lymphocytes in control and clearance of measles virus infection of rhesus monkeys. J Virol 77:4396-4400.

68.
Pannuti, C. S., R. J. Morello, J. C. Moraes, S. P. Curti, A. M. Afonso, M. C. Camargo, and V. A. Souza. 2004. Identification of primary and secondary measles vaccine failures by measurement of immunoglobulin G avidity in measles cases during the 1997 Sao Paulo epidemic. Clin Diagn Lab Immunol 11:119-122.

69.
Macdonald, R. A., C. S. Hosking, and C. L. Jones. 1988. The measurement of relative antibody affinity by ELISA using thiocyanate elution. J Immunol Methods 106:191-194.

70.
Nair, N., H. Gans, L. Lew-Yasukawa, A. C. Long-Wagar, A. Arvin, and D. E. Griffin. 2007. Age-dependent differences in IgG isotype and avidity induced by measles vaccine received during the first year of life. J Infect Dis 196:1339-1345.

71.
Ota, M. O., Z. Ndhlovu, S. Oh, S. Piyasirisilp, J. A. Berzofsky, W. J. Moss, and D. E. Griffin. 2007. Hemagglutinin protein is a primary target of the measles virus-specific HLA-A2-restricted CD8+ T cell response during measles and after vaccination. J Infect Dis 195:1799-1807.

72.
Pan, C. H., N. Nair, R. J. Adams, M. C. Zink, E. Y. Lee, F. P. Polack, M. Singh, D. T. O'Hagan, and D. E. Griffin. 2008. Dose-dependent protection against or exacerbation of disease by a polylactide glycolide microparticle-adsorbed, alphavirus-based measles virus DNA vaccine in rhesus macaques. Clin Vaccine Immunol 15:697-706.

73.
Seder, R. A., P. A. Darrah, and M. Roederer. 2008. T-cell quality in memory and protection: implications for vaccine design. Nat Rev Immunol 8:247-258.

74.
Precopio, M. L., M. R. Betts, J. Parrino, D. A. Price, E. Gostick, D. R. Ambrozak, T. E. Asher, D. C. Douek, A. Harari, G. Pantaleo, R. Bailer, B. S. Graham, M. Roederer, and R. A. Koup. 2007. Immunization with vaccinia virus induces polyfunctional and phenotypically distinctive CD8(+) T cell responses. J Exp Med 204:1405-1416.



Figure 1: Virus potency during storage at 5 °C and 37 °C of the myo-inositol based powder formulation (MCVP-3) in Aktiv-Dry (AD) PuffHaler™ blisters. Error bars represent the standard error of the mean for three replicate sets of blisters incubated and assayed.





PFU





Figure 2: Replication of EZ measles virus in lungs of cotton rats following inhalation of dry powder vaccine formulation
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Figure 4: Measurement of Hemagglutinin (H), Fusion (F), and Nucleoprotein (N) protein-specific interferon-gamma producing T cells was done with ELISPOT assay





Figure 3: Virus neutralization by serum from cotton rats immunized with inhaled dry powder measles vaccine.
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