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Delivery of Vaccines by Biodegradable Polymeric Microcapsules
with Bioadhesion Properties

Cambridge Scientific, Inc.
Executive Offices

195 Common Street
Belmont, MA 02178

Executive Summary

Vaccine research has traditionally focused on the induction of systemic immunity
through parenteral immunization. However, parenteral vaccines do not induce mucosal
immunity. The presence of a common mucosal immune system which may be stimulated
by oral immunization has been established. Oral immunization has been shown to result
in the induction of sIgA and T cell responses at mucosal sites. Thus, oral immunization
may be used for the induction of protective immunity against not only pathogens of the
GI tract, but also of pathogens that infect at other mucosal sites. One of the most crucial
factors in the success of oral immunization is the selection of the antigen delivery system.

The objective of this Phase II SBIR proposal is to develop a PLGA-based delivery
system for oral vaccines: one of military interest and one of private sector interest. The
first year of this project has focused in two areas: (1) development of the necessary
technology to obtain the correct particle size of the polymer matrices; and (2) in vitro
bioadhesion studies. A combination of impeller milling, air milling, and microfluidizer
technology has returned particles of less than 10 microns which will help accelerate the
uptake of antigens. The use of 10% gelatin in the formulations has increased bioadhesion
considerably.



1 INTRODUCTION

1.1 Background and Rationale

Traditionally, vaccine research has been mainly concerned with the induction of
systemic immunity through parenteral immunization, usually involving intramuscular or
subcutaneous routes of administration. While this approach may be appropriate against
diseases caused by agents which infect through punctured or damaged skin, e.g., as with
malaria, it is widely known that the majority of pathogens infect through mucosal routes,
such as oral, nasal, or genital (O'Hagan, 1994). Parenteral vaccines do not induce
mucosal immunity, which is primarily mediated through the production of secretory
immunoglobulin A (sIgA).

Despite recent advances in the understanding of the initiation, control, and
maintenance of the secretory immune response, success with oral immunization has not
been realized. Degradation of antigens in the gastrointestinal (GI) tract, limited
absorption, interaction with nonspecific host factors, inadequate delivery systems, and
pre-existing immunity have all negatively influenced the outcome of oral immunization.
However, recent research has highlighted strategies which may be useful in the
development of novel delivery systems for oral administration. These novel systems
include live vectors, such as adenovirus, salmonella, and poliovirus, and nonreplicating
antigen carriers, such as liposomes, lectins, and microparticles (the subject of this work).
There are two general approaches for the development of oral vaccines: (1) genetic
modification of live viral and bacterial vectors for expression of antigens from non-target
microorganisms (or genetic modification of the microorganism itself rendering it non-
pathogenic), and (2) formulation of antigens into nonliving carrier systems which protect
against antigen degradation and target delivery to the gut-associated lymphoid tissue
(GALT) itself. It is this latter area of delivery system formulation to which this Phase II
SBIR project has been directed.

Accumulated experimental evidence from animal models establishes the presence
of a common mucosal immune system which may be stimulated by oral immunization.
Oral immunization has been shown to result in the induction of secretary IgA and T cell
responses at mucosal sites. Thus, oral immunization may be used for the induction of
protective immunity against pathogens of the GI tract, as well as pathogens that infect at
alternative mucosal sites. However, the induction of mucosal immunity following oral
immunization has been shown to depend on a number of variables, including the dose and
the nature of the antigen, and the frequency of the administration. One of the most crucial
factors, then, in the success of oral immunization is the selection of the antigen delivery
system. The project reported on herein addresses the optimization of a microparticle
delivery system for oral immunization.

The objective of this Phase II project is to expand on the Phase I results and
develop a PLGA-based delivery system for induction of mucosal immunity following oral
administration. The subject system has as its basis our patented matrix formulation
technology which, based on its previous performance in applications to systemic delivery,
may accommodate the needs of an oral delivery system. The technology relies on matrix
formulation methods, rather than encapsulation methods, to produce a biocompatible,
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degradable micron-sized particulate with the encompassing features of adjuvancy and
bioadhesion. Encapsulated PLGA-based vaccines have been investigated for their
adjuvant properties (e.g., Alonso et al., 1993; Eldridge et al., 1991a; O'Hagan et al.,
1991), their size requirements (e.g., Eldridge et al., 1991b; O'Hagan et al., 1993), and
their controlled release characteristics (e.g., Gilley et al., 1992; O'Hagan et al., 1993), all
of which highlight the potential of a PLGA-based system. The proposed delivery system,
however, differs on its basis as a matrix formulation which should maintain the
advantages of the cited systems while offering other advantages. Using integrated data
derived from the Phase I SBIR project as well as other applied projects, it is the
expectation that the proposed system will more likely preserve protein antigenicity during
formulation (biologicals are dispersed within the polymer matrix using aqueous or other
stabilizing media) and more easily adapt to incorporation of bioadhesives (in systems
where enhanced adhesion may augment the immune response). In addition, our
methodology (1) yields dose forms with high batch-to-batch reproducibility, a factor
which favors regulatory approvals, and (2) has been patented by Cambridge Scientific,
Inc., a factor which should contribute to the commercial potential of an SBIR project
undertaken.

1.2 Project Objectives

During Phase I of this SBIR, an improved method for the delivery of antigens to
the mucosal associated lymphoid tissue (MALT) was developed. Uptake of antigen is a
critical initial step in the generation of mucosal immunity, based on the stimulation of
IgA antibody secreting cells and helper T cell subsets in the lymphoid follicles of the gut
and other mucosal tissues [Owen and Ermak, 1990; Neutra and Kraehenbuhl, 1992]. IgA
antibodies secreted at mucosal surfaces represent the principal barrier to colonization and
invasion of the host by a wide variety of microorganisms and viruses, and a mechanism
for neutralization of toxins produced by microorganisms or administered by artificial
means. For efficient induction of mucosal immunity it is necessary to present antigens in
particulate form to specialized microfold (M) cells, which are present at highest density in
follicular domes of the MALT, and are known to bind the transport particles in the size
range of 10 nm to 10ýtm in size [Owen and Ermak, 1990; Neutra and Kraehenbuhl, 1992;
Lefevre et al., 1985; and Pappo and Ermak, 1989]. Many mucosal antigens, by
themselves, are not of a size which is optimal for uptake by M cells. For example, H.
pylori urease, (an antigen used extensively by our collaborators at OraVax, Inc.) one of
the subject antigens, is a multimeric structure composed of 6 copies of the individual
structural proteins and has a particle size of about 12 nm [Goodwin et al., 1989]. In
addition, it is uncertain whether these types of biological antigens will be degraded by
intestinal enzymes, or whether protection of the antigen by a polymer until it is delivered
to Peyer's patch lymphocytes may enhance antigen preservation and presentation to the
immune system. Thus, for induction of IgA immunity, we have set out to "package"
antigens in particulate formulations that optimize their association with M cells. Once
bound and internalized by M cells, a variety of other parameters of the antigen
formulation may determine the anatomical fate of the antigen, its processing by antigen
presenting cells, and the rate at which antigen is released. In general, preservation of the
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particulate nature of antigens after uptake/internalization and the slow release of antigen
from biodegradable particles have been associated with significant adjuvant effects
[Eldridge et al., 1991 ].

Despite the fact that the MALT is the predominant immunological system of the
body, the process whereby particulate antigens are bound and transported by M cells is
relatively inefficient, and it is estimated that only 0.01-1.0% of particles presented to the
MALT are taken up [Owen and Ermak, 1990; Neutra and Kraehenbuhl, 1992; and
Lefevre et al., 1985]. Various properties of particles affect binding and uptake by M
cells, including charge and hydrophobicity. The rate and process whereby particulates
transit the mucosal surface may also affect M cell binding and uptake. An important
objective of the Phase I project was to develop particulate formulations with bioadherent
surface characteristics that will increase the efficiency of uptake by M cells and result in
enhanced IgA responses at mucosal surfaces.

2. PHASE II TECHNICAL OBJECTIVES AND APPROACH

Traditionally, vaccine research has been mainly concerned with the induction of
systemic immunity through parenteral immunization, usually involving intramuscular or
subcutaneous routes of administration. While this approach may be appropriate against
diseases caused by agents which infect through punctured or damaged skin, e.g., as with
malaria, it is widely known that the majority of pathogens infect through mucosal routes,
such as oral, nasal, or genital (O'Hagan, 1994). Parenteral vaccines do not induce
mucosal immunity, which is primarily mediated through the production of secretory
immunoglobulin A (sIgA).

Despite recent advances in the understanding of the initiation, control, and
maintenance of the secretory immune response, success with oral immunization has not
been realized. Degradation of antigens in the gastrointestinal (GI) tract, limited
absorption, interaction with nonspecific host factors, inadequate delivery systems, and
pre-existing immunity have all negatively influenced the outcome of oral immunization.
However, recent research has highlighted strategies which may be useful in the
development of novel delivery systems for oral administration. These novel systems
include live vectors, such as adenovirus, salmonella, and poliovirus, and nonreplicating
antigen carriers, such as liposomes, lectins, and microparticles (the subject of the
proposed). There are two general approaches for the development of oral vaccines:
(1) genetic modification of live viral and bacterial vectors for expression of antigens from
non-target microorganisms (or genetic modification of the microorganism itself rendering
it non-pathogenic), and (2) formulation of antigens into nonliving carrier systems which
protect against antigen degradation and target delivery to the gut-associated lymphoid
tissue (GALT) itself. It is this latter area of delivery system formulation to which this
SBIR project is directed.

Accumulated experimental evidence from animal models establishes the presence
of a common mucosal immune system which may be stimulated by oral immunization.
Oral immunization has been shown to result in the induction of secretary IgA and T cell
responses at mucosal sites. Thus, oral immunization may be used for the induction of
protective immunity against pathogens of the GI tract, as well as pathogens that infect at
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alternative mucosal sites. However, the induction of mucosal immunity following oral
immunization has been shown to depend on a number of variables, including the dose and
the nature of the antigen, and the frequency of the administration. One of the most crucial
factors, then, in the success of oral immunization is the selection of the antigen delivery
system. This SBIR project addresses the optimization of a microparticle delivery system
for oral immunization.

The objective of this project is to develop a PLGA-based delivery system for
induction of mucosal immunity following oral administration. The subject system has as
its basis our patented matrix formulation technology which, based on its previous
performance in applications to systemic delivery, may accommodate the needs of an oral
delivery system. The technology relies on matrix formulation methods, rather than
encapsulation methods, to produce a biocompatible, degradable micron-sized particulate
with the encompassing features of adjuvancy and bioadhesion. Encapsulated PLGA-
based vaccines have been investigated for their adjuvant properties (e.g., Alonso et al.,
1993; Eldridge et al., 1991a; O'Hagan et al., 1991), their size requirements (e.g., Eldridge
et al., 1991b; O'Hagan et al., 1993), and their controlled release characteristics (e.g.,
Gilley et al., 1992; O'Hagan et al., 1993), all of which highlight the potential of a PLGA-
based system. Our delivery system, however, differs on its basis as a matrix formulation
which should maintain the advantages of the cited systems, while offering other
advantages. Using integrated data derived from Phase I of this project as well as other
applied projects, it is the expectation that the proposed system will more likely preserve
protein antigenicity during formulation (biologicals are dispersed within the polymer
matrix using aqueous or other stabilizing media) and more easily adapt to incorporation
of bioadhesives (in systems where enhanced adhesion may augment the immune
response).

The project focuses on developing two oral vaccines- one of commercial interest
and one of military interest. One potential commercial candidate is an oral vaccine
designed to deliver Helicobacter pylori urease. Helicobacter pylori, a gram-negative
bacterium is one of the most prevalent infections worldwide, causing infection of over
50% of adult populations in developed countries and nearly 100% in developing
countries. There is now general agreement that H. pylori is the cause of chronic
superficial (type B) gastritis and is strongly associated with the majority of cases of peptic
ulceration. An increasing body of evidence also exists for an etiologic role of H. pylori
infection in atrophy of the gastric mucosa, adenocarcinoma, and non-Hodgkin's
lymphoma of the stomach. For these reasons, there has been considerable interest in the
development of vaccines as a potentially cost-effective approach to the prevention of
Helicobacter-induced chronic diseases. OraVax, Inc., our collaborator in the Phase I
aspects of this SBIR, as well as in other pilot studies, has as one of its development
objectives the development of an oral vaccine for prevention and treatment of H. pylori
infection. The collaboration has continued in Phase II, and H. pylori urease continues to
be a commercial candidate for oral vaccine development. This first choice system
addresses private sector SBIR commercial development objectives.

The second oral vaccine will be based on a candidate vaccine antigen as supplied
by the USAMRIUD. In initial discussions, Venezuelan Equine Encephalitis (VEE) is
projected to be this candidate (and will be used in the text of this report in reference to the
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Army-selected candidate). Final selection will be made at contract negotiation following
consultation with Army technical staff. This second candidate system will address
commercial development objectives relating to Government use.

Each of the candidate antigens will be incorporated into a PLGA-based
biodegradable carrier. Based on Phase I results, two types of PLGA matrices will be
prepared, one combining antigen with PLGA exclusively, the other combining antigen
with PLGA and gelatin. The former will exploit those considerations of particulate size
and antigen controlled release; the latter will address the additional potential of matrix
bioadhesion. Initial formulations continue with the 75:25 PLGA copolymer used in the
feasibility studies with antigen loadings in the range of 1%, also as used in Phase I.
Potencially, if immunogenicity studies indicate a need to alter the antigen release
characteristics, other copolymer ratios (higher glycolide ratios increase polymer
degradation thereby increasing antigen release) and other antigen loadings (higher antigen
loadings generally increase the rate of antigen release) will be considered.

Having demonstrated in Phase I that antigenicity is retained in the particulate
formulations and that gelatin enhances bioadhesion and particle uptake in a model poly-
lysine/PLGA matrix, the first year of the Phase II workplan has focused on confirmatory
development by establishing the actual optimization of in vivo particle uptake by the
bioadhesive-added and bioadhesive-free PLGA/antigen. These studies will utilize the
ligated intestinal loop protocols developed at OraVax, Inc. for the Phase I uptake studies
(see also Ermak et al., 1995, for reference). These studies will establish the desired
particle sizing characteristics of the PLGA-only system vs. the PLGA/bioadhesive
system, thus focusing on the relative merits of each in further evaluations.

The second year of the proposed development plan will then establish the
dose/response characteristics for the development of an immune response. Matrices
corresponding the commercial interest will be evaluated at Cambridge Scientific, Inc.
using mice as the in vivo tool (corresponding to the test system in place at OraVax, Inc.
for urease testing). Analyses of the immune response will be based upon serum and
secretory antibody responses to antigen by enzyme immunoassay (ELISA). VEE matrices
will be evaluated at the USAMRIID using Army-developed protocols.

The final facet of the Phase 11 development will be the optimization of protective
immunity in response to administration of the oral vaccine using challenge testing
conditions. Commercial matrices again will be evaluated at Cambridge Scientific, Inc.
using mice protocols developed by OraVax, Inc. Fourteen days after completion of the
immunization phase, mice are challenged by intragastric administration of virulent
organisms. Two weeks later, mice are euthanized and autopsied; testing for antigen
follows spectrophotometric methods, as well as tissue visualization protocols. VEE
matrices will be evaluated at USAMRIID, again using Army-developed procedures most
likely involving aerosol challenge tests.

It is anticipated that the outcome of the Phase II project will be the definition of a
viable PLGA oral vaccine delivery system for both a private sector and a government
interest. Phase I11 plans will address the regulatory development of the defined systems
within the context of a final FDA-approved dose form.
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3. PHASE II WORK PLAN

3.1 Introduction
Microspheres and microcapsules made of poly (D,L-lactic-co-glycolic acid)

(PLGA) have been investigated as vaccine delivery systems [Eldridge et al., 1991;
Eldridge et al., 1991; and Singh et al., 1991]. Vaccine-loaded PLGA microparticles have
provided continuous antibody titer against infectious agents for up to 120 days,
eliminating the need for repeated administration [Eldridge et al., 1991]. In addition,
vaccine-loaded microparticles can be administered either as an injectable or as an oral
formulation for systemic or mucosal immunity.

Most formulations of vaccine-loaded PLGA microspheres and microcapsules are
prepared using organic solvents such as methylene chloride [Eldridge et al., 1991; Singh
et al., 1991]. When Cambridge Scientific, Inc. was founded, we focused on developing a
delivery system which does not require organic solvents for incorporation of biologicals.
While initially provoked by client concerns, there are several reasons favoring our
progress in establishing this proprietary area. First, methylene chloride, an organic
solvent commonly used in microencapsulation protocols, is a known carcinogen.
Additionally, residual solvents have plasticizing effects which effect the reproducibility
of release. Moreover, organic solvents used for microsphere preparation can denature the
antigen and render it biologically inactive. PLGA microcapsules prepared by solvent
evaporation methods are not very effective for controlled delivery of vaccine [Singh et al.,
1991]. The encapsulated vaccine is released rapidly upon hydrolysis of the wall polymer.
Our patented procedure may obviate some of these concerns while accommodating the
attractive features of PLGA microcapsules. Since the delivery system uses aqueous
solutions for incorporation of biologicals, it is expected to release the antigen
continuously, have no stability problems, and be inherently safe for human use.

The design of an oral vaccine system should enable an increase of the fraction of
antigen absorbed by the Peyer's patch, estimated to be in the neighborhood of 1%. Ideally
the properties of such a system should be as follows:

1. It should pass through the stomach and to the ileum without significant loss of active
agent.

2. It should develop bioadhesive properties at the pH of the ileum, and
3. It should have a particle size of < 10gm.

In the first year of the Phase II project, microparticles were prepared at 1% (w/w)
loading of antigen. One set of particles will contained PLGA and antigen only; another
set of particles will additionally contained gelatin. Initial studies weighed controlled
release behaviors of the preparations against the bioadhesive characteristics, and thus
varied gelatin content in the first round of optimization. Based on Phase I results, gelatin
loadings covered the 1-10% range with in vitro release and bioadhesion studies used to
identify likely in vivo formulation candidates.
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3.2 PHASE II TASK OUTLINE

Task 1: Selection and Preparation of Poly(Lactide-co-Glycolide) Excipient
The poly(lactide-co-glycolide), PLGA, initially proposed for Phase II is based on

Phase I results. Degradation rates depend on the ratio of monomers, being most rapid for
a PLGA's having mole ratios of lactide to glycolide between 1:3 and 1:1 [Cutright et al.,
1974]. This aspect of formulation can later be modified based on test results.

The polymer for this study is a 75:25 PLGA. This is commercially available (e.g.,
from Boehringer Ingelheim through Henley Chemicals, Inc.). Upon receipt, the polymer
is characterized with respect to molecular weight and molecular weight distribution using
gel permeation chromatography (GPC) using a Waters Associates GPC equipped with a
600E System Controller, a 410 Differential Refractometer, a 710 WISP autosampler, and
an 825 Maxima software package for data handling. Separations are accomplished on
two columns placed in series, an "Ultrastyragel 100 Angstrom" (Waters) for high MW
polymer and an "Ultrastyragel Linear" (Waters) for low MW polymer.

A low density polymer foam is then prepared by lyophilization of a polymer
solution. The polymer foam is cryogenically ground in a Tekmar Model A-10 Analytical
Mill equipped with a cryogenic well enabling particle size reduction at liquid nitrogen
temperatures (-1960C). Grinding for 8-10 minutes at 20,000 rpm following by sieving in
a mechanical shaker equipped with Taylor sieves allows the porous foam polymer to be
distributed among discrete particle size ranges (e.g., < 45 pm, 45-90p,m, 90-125/um, 125-
180pm, and >180/an). In our formulation process, the particle size of the polymer with
which the active agent is blended (as opposed to the particle size to which the extruded
matrix is later reduced) has a controlling effect on release rates. Starting polymer foam
particle size ranges are 125-1801um for this study. Final matrix particle sizes is < 10aum.
Particle size distribution will be confirmed with a Micromaster Model CK microscope
equipped with a size calibration grid.

Task 2: Preparation of PLGA Matrices
To insure homogeneous blending of the PLGA and the protein antigen, an

aqueous solution of the antigen is absorbed into the polymer in a concentration to permit
a final antigen loading in the PLGA matrix of 1%. Bioadhesive matrices contain 1, 5, and
10% gelatin. To prevent migration of the protein to the surface, subsequent removal of
the water is accomplished by freeze drying. The matrix is compressed and extruded at a
pressure of about 15-20,000 psi which permits the process to occur at temperatures of
about 45-550C. High pressure extrusions insure that the protein is fully incorporated
within the polymer lattice with a concomitant reduction in particle porosity; this
minimizes premature release of the active agent. The sized PLGA/protein blend is loaded
into a mold and extruded under pressure through a 2.4 mm diameter die using a Compac
Type MPC 40-1 hydraulic press (Stenhoj Co., Denmark). This press allows extrusions to
be carried out at constant pressures and temperatures. Temperature is monitored by
thermocouples attached to an Omega Type DP 460 Digital Thermometer. Following
extrusion the matrix is again cryogenically ground first in a Tekmar hammer mill, then in
a Trost air mill to particle sizes of less than lO1 m. To determine whether the formulation
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process perturbs the physicochemical and antigenic properties of the antigen, antigen
recovered from particles after hydrolysis in PBS will be characterized by ELISA.

Task 3: Determination of In vitro Bioadhesion
The experimental design is an adaptation of the method described by Chickering

and Mathiowitz (1995). These workers used an electrobalance to investigate bioadhesion
of spherical polymeric microspheres to rat intestinal mucosa. We have used small
pressed cylindrical tablets of our PLGA/bioadhesive formulations (2.0 mm diameter).
These are suspended from one surface by a fine wire into a temperature controlled cell
containing a section of rat intestine cut longitudinally to expose the lumen. The section is
attached to the bottom of the cell and bathed in phosphate buffered saline (PBS). The
wire, in turn, is suspended from the weighing arm of a Roller-Smith Precision Balance
(Rosano Surface Tensiometer, Biolar Corp., North Grafton, MA). This configuration
allows the opposite end of the cylinder to be pressed into the mucosa with a force which
can be varied up to the weight of the tablet less the buoyant force exerted by the medium
on the tablet. After contact between the tablet face and mucosa for a predetermined time
(1 minute), the tablet is slowly raised and the force required to break the contact is
registered on the tensiometer scale.

The adhesive force is determined by the area of contact as defined by the cross-
sectional area of the tablet. Thus, the adhesive force per unit area is given by

F = (Aw)g / inR2  dyne / cm

where

Aw = difference between the tensiometer reading at rupture of the adhesive bond and the
contact force, grams

g = gravitational constant, cm/sec2

R = tablet radius, cm

The goal of this task was to determine the minimum gelatin requirements for
statistically significant enhancement of bioadhesive characteristics of the formulations.

Task 4: Determination of In vivo Uptake of Particles
Particle uptake experiments were conducted using ligated mouse intestinal loops.

Mice (Swiss-Webster, Female, 7-9 weeks) were fasted overnight prior to surgery, with
H20 provided ad libitum. Sodium pentobarbital (50 mg/kg) will be administered IP using
a 27 gauge needle to anesthetize animals. Abdomens will be swabbed with 70% ethanol
and the abdominal cavity will be opened by a ventral midline incision. A Peyer's patch
free of obvious fecal matter will be located, and one end ligated, allowing blood
circulation to remain intact. Another ligature was prepared opposite the Peyer's path, but
it will not be tied off. Microparticle formulations (108-109/loop) in 100l1' of PBS (pH
7.2) were instilled in each loop through the loose ligature of the loop, immediately
followed by tightening of the ligature. The total intestinal loop length is 3-4 cm. The
loop was placed back into the abdominal cavity and the incision sutured. After 1-2 hours,
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the animals will be euthanized and the ligated loops removed, washed and processed for
electron microscopy by fixation in a solution of 2.5% glutaraldehyde, 2% formaldehyde,
and O.1M cacodylate buffer (pH 7.4). Tissues were post-fixed in 1% OS04 in 0.1M
cacodylate buffer (pH 7.4), stained en block in uranyl acetate, and embedded in
Epon/Araldite. Thin sections were examined using an AMR-100 scanning electron
microscope (Amray, Inc.)

Task 5: Evaluation of Immunogenicity of Urease Matrices
The efficiency of oral immunization with different particulate formulations will be

assessed in outbred (Swiss) SPF mice. The identified formulations, standardized with
respect to antigen content, will be delivered by intragastric gavage to groups of five 4-5
week old mice over an antigen dose range of 5, 25, and 125 pg. (In previous dose
response studies employing free urease, OraVax has demonstrated significant protection
at doses of 30 pig). Antigens will be administered on days 0, 7, 14, and 28. Each
formulation will be co-administered with E. coli heat-labile toxin adjuvant (LT,
5yg/mouse) or without LT. Control groups will receive (1) a dose (125tg) of soluble
urease with LT; and (2) placebo PLGA particles with LT. Mice will be tested for serum
and secretory antibody responses to urease by enzyme immunoassay (ELISA). Sera,
saliva and feces will be collected prior to immunization and 7 days after the last
immunization; samples from individual mice will be tested. Salivary samples are
obtained from mice after subcutaneous administration of pilocarpine (5 mg/kg) and sorted
at -20oC. Fecal pellets are frozen at -20oC until tested, and IgA extracted by addition of
phosphate buffered saline (pH 7.2) with 5% nonfat dry milk and a cocktail of protease
inhibitors (AEBSF, leupeptin, aprotinin and betatin). All samples from an individual
animal are tested in batch mode to avoid interest variation.

Feces and saliva will be tested at starting dilutions of 1:4, and plasma at 1:100.
Samples are diluted in PBS containing 1% bovine serum albumin (BSA) and 0.05%
Tween 20 (PBS-BT). Tests for antibodies of the IgG and IgA classes in sera, feces and
saliva will employ a direct ELISA, in which antigen is bound to microtiter plates, blocked
with PBS containing 1% BSA, incubated with duplicate 2-fold dilutions of antibody
sample followed by biotinylated goat antibody against the respective immunoglobulin,
and then by streptavidin-peroxidase and ABTS substrate. Specific antibody
concentrations in samples are determined by interpolation from standard curves using
control sera with known antibody concentrations. Since immunoglobulin concentrations
in feces and saliva samples are variable, specific antibody activity in these samples will
be adjusted with reference to total immunoglobulin content and expressed as specific Ig/ýt
g total Ig. Differences in dose response between formulation groups will be analyzed by
multiple regression.

Task 6: Evaluation of Immunogenicity of VEE Matrices
Samples of the VEE/PLGA and VEE/gelatin/PLGA matrices will be submitted to

USAMRIID for evaluation of immunogenicity using Army-developed protocols. It is
anticipated that these studies will also be done using mice as the in vivo model.
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Task 7. Evaluation of Protective Efficacy of Urease Matrices (Oral Challenge)
Fourteen days after completion of the immunization phase, mice will be

challenged by intragastric administration of 107 pylori organisms. Two weeks later, mice
are euthanized and autopsied. A longitudinal section of 1/3 of the stomach is tested for
antigen by spectrophotometric assay [Hamilton-Miller and Gargan, 1979]. One-third of
the stomach is fixed in 10% formalin, embedded in paraplast and sections examined after
staining with Warthin-Starry silver stain and hematoxylin-eosin. The remaining third of
the stomach is frozen for other studies (e.g. PCR). [Culturing for H. pylori is not a useful
method in non-germfree mice.] The proportion of mice infected (as defined by Warthin-
Starry stain and antigen) is determined in each group, and differences compared by
Fisher's exact test.

The experimental plan for immunization and challenge is presented in Figure 4.

Schedule

Week 0 1 2 3 4 5 6 7 8
I I I I

I I
Day 0 7 14 21 28 30 34 47 48

S 1 1 1 B/F sal t sal Sac
Challenge
(I x 10 )

I Immunize S/web mice with rURease (lot 94J03)/PLGA reconstituted in RO/DI water, by
the oral route with or without 5ug LT.

B Blood to be collected for anti-urease antibodies.
sal Saliva collected for anti-urease IgA
C Challenge with 1 x 107 H. pylori intragastrically. Animals should be fasted throughout

the day and given 1 00,l 2% NaHCO 3 prior to challenge in the afternoon.
Sac Sacrifice 2 weeks (day 48) after challenge. Blood and feces collected. All stomachs

harvested for formalin fixation for histology (1/4), urease activity in intact tissue (1/8,
antrum; 1/8, corpus), homogenized in 1.5 ml brucella broth for quantitative
culture/capture ELISA/PCR (1/4) and frozen for immunohistochemical staining (1/4).

Figure 1 Immunization with H. pylori rUrease/PLGA as a dose response and
protection from an H. pylori challenge in the mouse model.

Task 8: Evaluation of Protective Efficacy of VEE Matrices (Aerosol Challenge)
Samples of the VEE/PLGA and VEE/gelatin/PLGA matrices will be submitted to

USAMRIID for evaluation of protective efficacy upon aerosol challenge. It is anticipated
that these Army protocols will continue to use mice as the in vivo model.
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4. PHASE II MATERIALS AND METHODS

4.1 Reagents

Protein Model (for uptake studies)
Poly(L-lysine) FITC labeled. (Sigma Chem. Co. Cat. No. P3069, lot 63H5003).

The fluorescent label, FITC, fluorescein isothiocyanate, is present in a ratio of 0.004
moles F1TC per mole L-lysine monomer. The reported degree of polymerization if 219
(LALLS), the molecular weight is 45,700 (LALLS).

* Bioadhesive
Gelatin, type A, from porcine skin, approximately 300 bloom (Sigma Chem. Co.,

Cat. No. G2500, lot 54H0724

* Polymers
Poly(lactide-co-glycolide)-75:25 (PLGA-75:25), Resomer RG 756, Boehringer-

Ingelheim, Article 640670, lot 241031.

Poly(lactide-co-glycolide)-50:50 (PLGA-50:50), Resomer RG 506, Boehringer-
Ingelheim, Article 640664, lot 34034.

Poly(lactide-co-glycolide)-50:50 (PLGA-50:50), Resomer RG 502, Boehringer-
Ingelheim, Article 640667, lot 241846.

Poly(lactide-co-glycolide)-50:50 (PLGA-50:50), Resomer RG 503, Boehringer-
Ingelheim, Article 640661, lot 34033.

* Solvents and Chemical Reagents
All standard solvents and reagents were obtained from reliable suppliers and were

used as received.

4.2 Polymer purification and characterization

PLGA-75:25 was purified as follows. Fifteen (15) grams were dissolved in 200 ml
acetone and slowly precipitated by pouring into a large excess of isopropanol (IPA). Fresh
IPA was used when the IPA became cloudy. The fibrous precipitate was drained, air
dried, and then vacuum dried at <1 mm Hg. The yield of purified polymer is generally in
the range of 70-75%. Polymer molecular weight is currently being verified by gel
permeation chromatography (GPC).

The various 50:50 PLGA polymers are not soluble in common purification solvents (e.g.,
acetone). The polymers were obtained as GMP pharmaceutical grade and used as
received.

12



All polymers are presently being characterized by gel permeation chromatography (GPC)
for molecular weight and molecular weight distribution. The GPC system uses Waters
instrumentation and is equipped with a 600E system controller, a 410 Differential
Refractometer, a 710 WISP autosampler, and an 825 software package for data handling.
Separations utilize two columns placed in series, an "Ultrastyragel 100 Angstrom"
(Waters) for high molecular weight (MW) polymer and an "Ultrastyragel Linear"
(Waters) for low MW polymer. Analyses typically use THF as the mobile phase. The
50:50 PLGA polymers, however, are only sparingly soluble in THF. We presently have a
new column on order to allow analyses of the 50:50 polymers in another solvent, e.g.,
methylene chloride.

GPC analyses of polymers uses polystyrene standards. The reported average molecular
weight of Resomer 502 is (nominally) 10,000; that of Resomer 503 is 40,000; that of
Resomer 506 is 100,000; and that of Resomer 756 is --100,000.

4.3 Poly(L-lysine)-FITC, (PLL-FTIC), Spectral Characterization

The spectrum of PLL-FITC was taken in phosphate buffered saline (PBS) on a Varian
Assoc. Cary-1 UV/vis spectrophotometer. A calibration curve was established in the
concentration range 0-48.5 mg/ml. The absorbance data is presented in Table 1. The
calibration curve gives an intercept of -0.00058 and a slope (extinction coefficient) of

3.4067 absorbance units per unit concentration of 1 mg/ml (i.e., 3.4067 AU/mg.ml).
The correlation coefficient is 0.99987.

conc(%) Vs abs
Poly-I-Lyslne FITC In PBS(p)1=

7
.0)

1.80

1.6 -ot#6310003 Sig ma
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Figure 2 Poly(L-Lysine) FITC Calibration Curve

4.4 Preparation of Polymer Foams

A solution of the purified PLGA-75:25 (7.5 grams/150 ml = 50 mg/ml) was frozen and
lyophilized to form an open-celled capillary-structured foam. The density of this foam
was determined by measuring the dimensions of foam parallelopipeds cut from the
original block.
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The lower molecular weight 50:50-PLGA's can be more brittle and thus initially appeared
to be viable candidates for matrix preparation because their brittleness would enhance
micronization. These lower MW polymers, though, do not as easily support the foam
morphology so important to the formulation protocols. The higher molecular polymer,
Resomer 506, easily dissolves in glacial HAc, and maintains a rigid foam upon
lyophilization. Foams formed from Resomers 502 and 503, both of which dissolve easily
in HAc, collapse or flake. While there is ongoing work in this area, results-to-date suggest
that we continue with Resomer 756, the 75:25 PLGA, to take advantage of Phase I
results.

We are now continuing with the formulation of protein-loaded samples for in vitro
release and adhesion studies using Resomer 756.

The foam is loaded with the active agent. In the release and adhesion studies, the foam
will be loaded simultaneously with the FITC-PLL and with the type A gelatin. The foam
is immersed in a co-solution containing both materials at appropriate concentrations and
forced into the pores of the foam by a series of brief degassings and repressurizations.
The excess solution is decanted and the solvent (water) removed by a second
lyophilization. The solids content is calculated from the weight of foam before and after
the second lyophilization. The appropriate solution concentrations are determined by the
following equation:

f = [1 + dpdf/{C(dp - df)}I1

where f = weight fraction (loading)
dp = absolute density of polymer, mg/cm3

df = density of polymer foam, mg/cm 3

C = concentration of agent in solution, mg/cm3

4.5 Particle Size Reduction

Efficient absorption of the particulate matter which comprise the oral vaccine formulation
depends on particle size distribution. The Peyer's patches of the ileum are capable of
engulfing by pinocytosis particles of 10 tm or less.

The final steps in production of the oral dose form involve grinding the compact extruded
matrix. Particle size reduction of PLGA composites to micron level sizes represents a
significant unit operation in the manufacture of a matrix-based oral vaccine. We have
arbitrarily established an immediate goal of 100% of the particles to be <45 ltm (325
mesh) or less. If the distribution is calculated assuming all particles to be spherical and
either 10 or 45 ýtm in diameter, the yields calculated on a weight basis are as follows:
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Number Distribution Weight Percent at 10 jim

90% at 10 jim; 10% at 45 jtm 8.99
95% at 10 ljm; 5% at 45 jim 17.25
99% at 10 l m; 1% at 45 [tm 52.07
99.9% at 10 jtm; 0.1% at45 [m 91.64

Assuming distributions such that the mean particle size in the 10 jtm in the <10
jim range is 5 jtm, and that the mean diameter of the 10-45 jim range is 27.5 jim, the
calculated yields on a weigh basis are even poorer:

Number Distribution Weight Percent at 10 jtm

90% at 5 jtm; 10% at 27.5 [m 5.13
95% at 5 jim; 5% at 27.5 jim 10.25
99% at 5 jim; 1% at 27.5 jtm 37.31
99.9% at 5 jtm; 0.1% at 27.5 jtm 85.72

This demonstration defines the problem of particle size reduction, as well as our
immediate goal; we anticipate improving microparticulate yields by adjusting values of
the milling parameters.

The particle size distribution is determined by two sequential measurements. First,
the ground material is sieved through a set of standard Tyler mesh screens (80, 120, 170,
and 325 mesh corresponding to 180, 125, 90, and 45 um). Sieving is standardized by
shaking for 30 minutes on an electric vibrator (Syntron Electric Vibrator, Type TSS-15,
Syntron, Inc., Homer City, PA). Weights of the corresponding fractions are recorded. The
fines (<45 um) are examined microscopically with calibrated optics to determine the
number fraction of particles <10 jim. Scanning electron microscopy is also utilized in
determining the dimensions of the particles.

Our approach to particle size reduction is a three-step process. These steps are
described below.

* Impeller Milling

First, the compact extruded matrix is cryogenically ground in a Tekmar A-10
analytical mill (Glen Mills, Inc., Clifton, NJ). This mill, cooled with liquid nitrogen,
operates at 20,000 rpm and produces a grind of, according to product literature, of about
200 jim. We have routinely used this mill to produce PLGA fractions of 45-90, 90-125,
and 125-180 jtm. The major portion of the grind is, of course, >90 um. The fines, <45
jim, usually are a small fraction of the total. Repeated grinding with circulating coolant
will maximize the 90-180 jim yield, a feed suitable for the second step.

15



Air Milling

The yield from the first grinding step is the feed supplied to a fluid energy Trost
jet mill (Model Gem-T, Garlock Plastomer Products, Inc., Newtown, PA). A schematic
diagram of this mill is shown in Figure 1. Product literature indicates an appropriate feed
size of 20 mesh or finer (<850 jtm), well within the capability of the Tekmar A-10. Air
(or jet) mill operation requires optimization of several important parameters:

1. position of the P- and O-jets;
2. pressure supplied to each jet; and
3. sample feed rate.

The position of the jets determines the vacuum at the hopper which in turn pulls the feed
into the jet stream. It also affects the region of particle impact. The pressure determines
the fluid (either compressed air or nitrogen) energy or velocity imparted to the particles as
kinetic energy, and thus the force with which particles collide. The feed rate, if too rapid,
will clog the P-tube and result in blow back (and loss) of feed. If too slow, insufficient
collisions per unit time will occur, resulting in inefficient and slow grinding.

Experiments are currently being conducted with poly(vinyl alcohol), 88% hydrolyzed,
and a molecular weight of 70,000 D (Polysciences, Inc.). It is useful to use a model
polymer to establish operating conditions, rather than the considerably more expensive
PLGA.

Veldkamp (1980) has described jetmilling theoretically in terms of plastic deformation
and fracture on collisions between spherical particles. The resulting impact contact stress
depends on the velocity, particle size, density, and stiffness of the material. He points out
that for jetmilling, material hardness and critical stress intensity factor are essential
material properties.

Cracking will start, roughly, at a threshold contact force given by

F = LK4E° 4/H3

where L = constant
K = critical stress intensity factor
H = indentation hardness
E = stiffness

Both hardness and stiffness increase with decreasing temperature. Although an increase in
the latter increases the contact force necessary for cracking, F is much less strongly
dependent on stiffness, E, than on hardness, H, which appears in the denominator as a
cubic term. Thus the equation predicts that contact force should decrease with decreasing
temperature.
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We have modified the jet mill to allow cooling. We have connected a 3-way
Claisen adapter to the feed hopper. This modification has proven to have a dual value.
First, it has also eliminated the problem of material loss due to blow-back when the P-
tube occaisionally becomes clogged. Even if blow-back occurs, the adapter is tall enough
so that expelled feed falls back into the hopper.

The second arm of the adapter is connected to a liquid nitrogen reservoir. Thus we
can cool the mill prior to as well as during operation. We have monitored the
temperatures at the P-jet inside the hopper as low as -60oC while passing liquid nitrogen
into the mill.

* Microfluidization

To insure complete reduction in particle size, Cambridge Scientific, Inc. has enlisted
the help of Microfluidics International Corporation (Newton, MA). Particles with sizes
less than 10 jim have been obtained through the use of Microfluidics patented technology.
This system couples an intensifier pump whose long slow output stroke and quick intake
stroke attain a constant pressure. The ceramic interaction chamber is devoid of moving
parts and cooled with either an ice bath or cryogenically cooled. PLGA (after undergoing
original size reduction in the mill and air mill) is placed in isopropyl alcohol and
pressure-fed through microchannels. As the process stream is propelled forward, it
separates in two, changes direction, and collides with itself into a single stream. Powerful
forces of shear, impact, and cavitation occur improving the yield for the required size. A
schematic representation of the process is presented in Figure 2.

4.6 In vitro Bioadhesion

The in vitro bioadhesion testing is based upon a modification of the method described by
Chickering and Mathiowitz (1995). The testing is accomplished by using Roller-Smith
Precision Balance (Rosano Surface Tensiometer, Biolar Corp., North Grafton, MA.). The
testing is performed using a section of the small intestine (ileum) of the rat, that portion
containing the Peyer's patches. Again, the Peyer's patches are the immune organ that is
targeted for the release of the peptide.

The experimental technique is complex due to the nature of measuring sensitive adhesive
forces. The Roller-Smith Balance is a microbalance that is able to precisely measure
surface tensions. The balance consists of a moving stage and a tension dial that can

measure up to 500 mgs of force. In the previous modification that was used in the Phase I
work, a human hair was hung on the right side of the balance; presently, a rigid wire is
being used. A glass bead is fastened to the wire using ethyl cyanoacrylate. Because of

the large weight on the right-hand side of the balance, a counterweight is needed in order
to zero the balance. The counterweight consists of a number of different metal wires.

The counterweight is not exact, but the difference in the weights of the right and left side
of the balance is made up for by turning the tension dial of the balance a certain distance.
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Figure 2. Schematic Representation of Microfluidics International Corporation
Microfludizer (Reproduced with Permission).
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The distance the dial is turned (in milligrams of force) would equal difference
experienced between the right and left side of the balance. The balance is now able to be
zeroed and can precisely measure the amount of adherence force.

A section of the rat ileum was excised and the outer portion of the intestine was fastened
to a glass slide, thus exposing the lumen to the adherent force. The intestinal sample was
rectangular and the four corners were glued to the glass slide using ethyl cyanoacrylate.
The sample/slide was then immersed into a beaker containing a solution of PBS that
mimics the microenvironment of an in vivo intestine.

After the intestine is prepared and the balance is zeroed, the bioadhesion measurements
were done. The test matrix was placed onto the rigid wire via the glass bead. The
polymer disc was fastened to the apparatus using ethyl cyanoacrylate. Once this was
accomplished the polymer disc was lowered to about 2-3 centimeters above the lumen of
the intestine that is submerged in the PBS solution. This was done by moving the mobile
stage of the balance. Once the polymer disc was stabilized in the PBS solution the
balance was zeroed again. The apparatus was then lowered until the polymer disc just
touches the lumen of the intestine. The balance was, again, tared so that the polymer disc
did not exert any pressure on the lumen. The balance was locked, and the tension dial
was turned clockwise in order to provide a certain amount of force that was exerted on
the right hand side of the balance. This force was in the range of 40 milligrams of force.
The balance was then unlocked and the 40 milligrams of force was exerted upon the
lumen. The polymer disc was allowed to adhere to the lumen for approximately five
minutes.

At the predetermined time, the tension dial was turned counterclockwise in a uniform
manner. This counterclockwise turning provided the adherent tension that we were
seeking. The tension pulled the disc from the lumen and the force that enabled the disc
to break free from the lumen was recorded.

As we exited the Phase I SBIR, we had shown that the in vivo uptake PLGA
microparticulates could be significantly enhanced when prepared with a bioadhesive.
Recall that in an oral system uptake and the induction of mucosal immunity centers
optimal with PLGA particles < 10mm, even then only - 1% of the particulate is taken up.
There are no published data relating efficiency of particle uptake with the onset of
immunogenicity; however, it is commonly assumed that an increase particle uptake will
increase the initial immune response and, more importantly, insure the development of
protective immunity.

It is our central premise that the use of readily available bioadhesives in a PLGA matrix
preparation will enhance particle uptake. Thus, while it would be desirable to ultimately
have all particles sticky and < 10mm, our first goal in year one was to determine the
relationships between stickiness, particle uptake, and the development of the immune
response.
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5. RESULTS AND DISCUSSION

5.1 In Vitro Bioadhesion Studies

The bioadhesion studies were based on a modification of the procedure described
by Chickering and Mathiowitz (1995). PLGA/PLL-FITC samples were tested at varying
concentrations of gelatin to determine the relative effects on bioadhesion for eventual
reconciliation with the protein release data.The percent of gelatin ranged from 0 to 10%.
Figure 3 shows a graph of the results obtained. Adhesion strength is directly proportional
to the amount of gelatin present in the sample, as might be expected. These data are now
of limited value; the data are of more practical import to the in vivo uptake experiments
where bioadhesion will be directly related to particle uptake and eventually to
immunogenicity and protection.

1.25

1.15
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e
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Figure 3. Graphical Representation of the Adhesion Profile with Gelatin as the
Bioadhesive.

In Phase I, other bioadhesives (e.g., Eudragit) were utilized. The formulations with
gelatin exhibited the strongest bioadhesion, with the poly-L-lysine protein contributing
also to bioadhesion.

5.2 Particle Size Reduction

Since obtaining the correct particle size is paramount to the success of the uptake
studies, a major emphasis of the first year of this Phase II SBIR has been in developing an
optimized procedure for grinding the polymer to the required size distribution. Although
the weight percentage of the target particles was not optimal, the initial results from the
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microfluidization experiments proved very encouraging. The pressure for this set of
samples varied from 22 to 5 Kpsi. The size fed into the instrument ranged from 45 to 400
microns. The polymer concentration was 0.3 g/L, and the chamber was cooled with the
aid of an ice bath. It was observed that samples of 400 ýtm clogged the interaction
chamber. Particles of less than 10 [tm were obtained; however, these agglomerated
around the larger particles still present. The SEMs corroborated this finding. Figures 4A
and 4B showed the morphology of the polymer at different magnifications. It was also
noticed that the interaction chamber got very hot while the grinding was taking place
(70'C). This was of concern since degradation of the polymer and melting could occur at
those temperatures with the thermoplastic PLGA polymer. An ice bath was not sufficient
to cool the chamber.

Figure 4A. Scanning Electron Micrograph of
PLGA after processing through a microfluidizer.
Magnification = x 1000; [PLGA] - 0.3 g/L; solvent
= isopropyl alcohol
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Figure 4B. Scanning electron micrograph of
PLGA after processing through a
microfluidizer. Magnification = x 1500;
[PLGA] = 0.3 g/L; solvent = isopropyl
alcohol

Several modifications were made for the next series of experiments. The solvent
matrix remained the same (isopropyl alcohol). The concentration of polymer, however,
was reduced to 0.1 g/L to reduce the problem of agglomeration. At a lower concentration
of PLGA, surface effects are minimized an thus there is a reduced chance that a smaller
particle would be drawn to a larger particle. The pressure was lowered to 5000 Psi, and
the average size of the original sample was also dropped to an average size range of 45-90
ýtm. An ice bath was utilized again to cool the interaction chamber. The same sample
was recirculated for 1 h. To determine the amount of time required to obtain polymer of
adequate size, aliquots samples were observed under the microscope at six minute
intervals. It was noticed that reduction of size stopped after 18 minutes, and some
agglomeration was observed but less than in previous attempts. Figures 5A and 5B
represent the micrographs of samples after grinding for 18 minutes (5A) and after
grinding for 30 minutes (5B).
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Figure 5A. SEM of PLGA after processing through a
microfluidizer for 18 minutes. Magnification = x 2000;
[PLGA] = 0.1 gIL; solvent = isopropyl alcohol; pressure =

5000 Psi; method of cooling - ice bath

Figure 5B. SEM of PLGA after processing through a
microfluidizer for 30 minutes. Magnification = x 2000;
[PLGA] = 0.1 g/L; solvent = isopropyl alcohol; pressure =
5000 Psi; method of cooling = ice bath

The temperature was a reason for concern as it increased to 70 'C during the
experiment. Agglomeration of the small particles around the remaining larger particles
did occur to a lesser extent. To address these problems, cryogenic cooling was used to
cool the chamber. A dry ice/acetone bath (-45 'C) was utilized; the concentration of
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polymer remained at 0.1 g/L. The pressure was increased to 10 kPsi; one desired
outcome of increasing the pressure was an increase in the speed of grinding. Aliquot
samples of solution were examined with the aid of a microscope at 6 minute intervals.
Little or no agglomeration occurred as a result of the new conditions. The temperature of
the PLGA/isopropyl alcohol matrix remained at -15'C throughout the run. Particle
reduction was achieved in 18 minutes. Figure 6A shows the SEM of the polymer after 18
minutes of grinding through a microfluidizer, and Figure 6B shows the same after 30
minutes. No appreciable change occurred after 18 minutes.

Figure 6A. SEM of PLGA after processing through a
microfluidizer for 18 minutes. Magnification = x 6500;
[PLGA] = 0.1 g/L; solvent = isopropyl alcohol; method
of cooling= dry ice/isopropyl alcohol bath

Figure 6B. SEM of PLGA after processing through a
microfluidizer for 30 minutes. Magnification = x 6500;
[PLGA] = 0.1 g/L; solvent = isopropyl alcohol; method
of cooling= dry ice/isopropyl alcohol bath

The recovery of particles of less than 10 ýtm by the use of these combined particle
reduction techniques is good. Table I shows the recovery of particles after utilizing the
microfluidizer at 5 Kpsi.
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Particle Size (microns) Volume Fraction
45 20.90
35 16.86
25 15.36
15 19.91
7 26.97

Table I. Distribution of Particles Represented as Volume Fraction at a
Temperature of 30 *C and a Pressure of 5 Kpsi.

It is apparent that particles of less than 10 jim (7 [tm in this case) are in abundance. This
table can be better observed as a distribution graph of volume fraction as a function of
particle size. Figure 7 shows such a graph.
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Figure 7. Graphical Representation of the Distribution of Particles After
Microfluidization at 5 Kpsi

A dramatic increase in the amount of particles of less than 10 [Lm is observed when the
temperature is decrease to -15 'C, and the pressure is increase to 10 Kpsi. Table II
presents the analysis of the data obtained after grinding at such conditions.

Particle Size (microns) Volume Fraction
45 6.53
35 15.37
25 16.81
15 12.10
7 49.19

Table II. Distribution of Particles Represented as Volume Fraction at a
Temperature of -15 'C and a Pressure of 10 Kpsi.
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Figure 8 shows the results graphically. Although the recovery of particles in the range of
35-15 microns remains the same, the real difference comes in the decrease in the presence
of the larger particles utilizing cryogenic cooling and higher pressures.
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Figure 8. Graphical Representation of the Distribution of Particles After
Microfluidization at 10 Kpsi

6. FUTURE WORK

The use of microfluidizer technology along with other methods of particle
reduction have resolved the issue of obtaining the proper particle size for the in vivo
uptake studies. Cambridge Scientific, Inc. is now strongly positioned to proceed with the
in vivo bioadhesion studies. The first series of experiments will include the incorporation
of the poly-L-lysine as a fluorescent label; extrusion into a rod of the matrix followed by
size reduction of the rod. These studies with the fluoresecent label will be followed by
the evaluation of immunogenicity of candidate antigen matrices. These formulations will
include gelatin type A as the bioadhesive aid (10%). The project collaborators at OraVax,
Inc. (Dr. Paul Giannasca and Dr. Thomas Monath) are assisting with this aspect of project
planning.

It is unlikely that the PLGA formulation methodology proposed for the subject
vaccines will prove applicable as a universal carrier for all antigens. However, it will be
possible to exploit the characteristics of this PLGA-based technology to deliver vaccines
for which it is best suited. The tasks proposed in this Phase II project will assist in
delineating those application areas for which the subject technology will be best applied.
Beginning with what we believe are two marketable applications areas based on expert
scientific and marketing input, results of this Phase II project will support future product
development activities at Cambridge Scientific, Inc. Further product development can be
applied to both new vaccines and improved vaccines against diseases that are poorly
controlled (e.g., infections caused by rotavirus, influenza virus, Escherichia coli,
Shigellae, Vibrio cholerae, and Salmonella typhi). It is anticipated that successful Phase
II performance will establish the feasibility of our PLGA technology for oral vaccines and
allow us to reach out to additional private sector and Government markets.
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Oral vaccines are more likely to be effective in protecting against mucosal
infections because of their ability to induce an slgA response. In addition to this potential
immunological advantage there are practical benefits to oral vaccines. These include
easier administration and 'unlimited' frequency of boosting (if necessary) owing to the
fact that oral vaccines reduce the need for trained personnel to deliver the vaccines.
Additionally, the avoidance of needles predicts greater product safety eliminating the
possible risks of contamination and cross-infection. Moreover, an oral vaccine should
ultimately be cheaper because (1) needle purchase would be eliminated, and (2) oral
products traditionally require less stringent manufacturing conditions for approval. The
cost of vaccines to the healthcare industry, at large, and military and developing country
markets, specifically, is an important issue. The development of less expensive vaccines
would have a significant impact upon the extent of vaccine coverage throughout these
markets.

Vaccines are the most efficient and cost-effective means for disease prevention,
but only 12% of the total costs for vaccination is to pay for the vaccine (O'Hagan, 1994).
Operational costs, such as personnel training, transportation, and maintenance of the cold
chain, are responsible for the remainder of the cost (Aguado and Lambert, 1992). Trained
personnel would not be requires to administer oral vaccines, and this is a major
advantage. Clearly, oral vaccines would be advantageous in the developing world and in
the military where both would profit from increased ease of mass immunization. And, in
the streamlining of the American healthcare system, cost benefits address issues of
affordable immunization for all of our citizens.

We have selected two oral vaccines for Phase II studies. One would clearly have
private sector commercialization potential; the other is targeted for military application.
The urease system is of interest to our collaborator, OraVax, Inc. It is anticipated that
successful Phase II performance would support the continued business relationship
resulting in Phase LIT commercialization. The VEE system (or alternative, as selected by
the USAMRTJD) would be of interest to the Army. In this case, it is projected that
success in Phase II would result in a Phase T11 commercialization effort with Government
support. Further, then, Phase II success will allow Cambridge Scientific, Inc. to develop
additional vaccine delivery products.
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